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This paper updates and extends previous critical evaluations of the kinetics and
photochemistry of gas phase chemical reactions of neutral species involved in atmo-
sphere chemistry [J. Phys. Chem. Ref. Data 9, 295 (1980); 11, 327 (1982); 13, 1259
(1984); 18, 881 (1989)]. The work has been carried out by the authors under the
auspices of the IUPAC Subcommittee on Gas Phase Kinetic Data Evaluation for
Atmospheric Chemistry. Data sheets have been prepared for 189 thermal and pho-
tochemical reactions, containing summaries of the available experimental data with
notes giving details of the experimental procedures. For each reaction, a preferred
value of the rate coefficient at 298 K is given together with a temperature depen-
dence where possible. The selection of the preferred value is discussed, and esti-
mates of the accuracies of the rate coefficients and temperature coefficients have
been made for each reaction. The data sheets are intended to provide the basic
physical chemical data needed as input for calculations which model atmospheric
chemistry. A table summarizing the preferred rate data is provided, together with
an appendix listing the available data on enthalpies of formation of the reactant and
product species.

Key words: air pollution; atmospheric chemistry; chemical kinetics; data evaluation; gas phase; photo-
absorption cross-section, photochemistry; quantum yield; rate coefficient.
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1. Preface

This paper is the fourth supplement to the original set
of critically evaluated kinetic and photochemical rate
parameters for atmospheric chemistry, published by the
CODATA Task Group on Gas Phase Chemical Kinetics
in 1980! and subsequently updated by the first supple-
ment in 1982,° and the second supplement in 1984.° The
original evaluation and the first two supplements were
primarily intended to furnish a kinetic data base for mod-
cling middle atmosphere chemistry (10-55 km altitude).

In 1985 the International Union of Pure and Applied
Chemistry (IUPAC) set up a group to continue and en-
large upon the work initiated by CODATA. The Subcom-
mittee on Gas Phase Kinetic Data Evaluation for
Atmospheric Chemistry is chaired by J. A. Kerr and is
part of the Commission on Chemical Kinetics (1.4) of the
IUPAC Physical Chemistry Division.

This subcommittee produced the third supplement in
1989,% in which the original data base was extended and
updated to include more reactions involved in tropo-
spheric chemistry. Since it was not possible to cope with
all of the very large number of chemical reactions in-
volved in tropospheric chemistry, it was decided to limit
the coverage to those organic reactions for which kinetic
or photochemical data exist for species containing up to
three carbon atoms. The present fourth supplement has
continued this policy in considering the reactions of or-
ganic species.

This publication differs from the previous supplements
in that here we provide a data sheet for each reaction
whether or not new data have been published since the
previous publication. For reactions for which no new data
have been published since the last data sheet was pre-
sented, we have largely reproduced that data sheet,
merely updating the Reviews and Evaluations. For reac-
tions for which new data have subsequently appeared
since the data sheet was last published, we have followed
our previous practice of listing only the new data, to-
gether again with updated Reviews and Evaluations. We
have also prepared a large number of data sheets for
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“new” reactions, which were not previously included in
our evaluations.

For each reaction the data sheet includes the preferred
rate coefficient with a statement of the error limits, a
comment giving the basis for the recommendation, and a
list of the relevant references. To the extent that this in-
formation suffices, the reader can use this publication
without need to refer to the previous publications. How-
ever, it should be noted that in preparing the updated
data sheets, we have not listed all of the previous data
contained in the original cvaluation' and the three sup-
plements.** Consequently, for many reactions, to obtain
the overall picture and background to the preferred rate
parameters the present supplement must be read in con-
junction with its predecessors.”™

It should also be noted that a number of reactions con-
tained in our previous evaluations have been omitted
from the data sheets in this evaluation, on the grounds
that they are unimportant in atmospheric chemistry.
These reactions are, however, still included in the Sum-
mary of Reactions, where, for each, the entry from the
1989 publication® is given, with a reference to the most
recent evaluation containing a data sheet.

Unfortunately it has not been possible for us to include
an evaluation of atmospheric heterogeneous reactions in-
volving aerosol particles, now known to play an important
role particularly in the chemistry of nitrogen and chlorine
in the stratosphere. We intend to evaluate such reactions
in our next updated review. In the meantime we have
omitted from the Summary Table and the data sheets our
previous evaluations of the homogeneous gas-phase reac-
tions CIONO; + H;O — HOCl + HONO: and CIONO,
+ HCl — Cl, + HONO,. The experimental data re-
ported for these gas-phase reactions are influenced by
the much more rapid heterogeneous reactions. The data
indicate that the gas-phase reactions are too slow to be
significant.

The cutoff point for literature searching for this sup-
plement was May 1991. As in our previous evaluations,
we also include data which were available to us in
preprint form at that point.
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2. Summary of Reactions and Preferred Rate Data

Page kags Temp. dependence of Temp. A(E/R)/
number Reaction cm® molecule ™' s~ ! Alog kaog k/cm® molecule ="' s~! range/K K
Oy Reactions
1148 O+0;,+M—->0:+ M 6.0 X 107* [0O,] (ko) +0.05 6.0 X 107%(7/300)~2%0,] 100-300 An = %05
5.6 x 107% [N] (ko) +0.05 5.6 x 10~3(T/300)"2%[N;] 100-300 An = %205
* O + 0, - O3* See previous evaluation
* O* + M->0; + M See previous evaluation
1149 O+0:—-20, 8.0 x 10°% +0.08 8.0 x 10~ '%exp(—2060/T) 200400 +200
* O + O3* — products See previous evaluation
1150 O('D) + 0, — O(°P) + O 40 x 10~ +0.05 3.2 x 10~ "exp(67/T) 200-350 +100
I - 3 ~10 +
st o(D) + O = ?20:'(3;;;( ?) i; : }g—m ;g}} 2.4 x 10~" 100-400 Alogk = +0.05
1152 O+ 0,20+ 20, See data sheet
1152 Ox('Ag) + M = O,(°25) + M 1.6 x 10°'% M =0, +0.2 3.0 x 10~ "% exp(—200/T) 100-450 +200
<14 x 1079 M = Ny)
5 x 10°'® M = H0) +03
<2 x 1072 (M = COy)
* O('35) + M- 0:(335) + M See previous evaluation
* 0:('Z) + O3 — products See previous evaluation
* OA('TH)* + 02— Ox('23) + O2 See previous evaluation
1153 O + hv — products See data sheets’
1155 O; + hv — products See data sheets
HO, Reactions
1157 H + HO; = H: + O 56 x 107" +0.5 5.6 x 10712 245-300 Alog k = 05
- 2 HO 7.2 x 10~ +0.1 7.2 x 107" 245-300 Alog k = +0.1
- H0 + O 24 x 10- +0.5 24 x 10712 245-300 Alog k = =05
1158 H+O0,+M->HO, +M 6.2 X 107%[N;] (ko) +0.05 6.2 x 107(T/300)" ' ¢[N;] 200-600 An = £0.6
7.5 x 107" (k) +0.3 7.5 x 10" 200-300 An = +0.6
F. =055 AF. = +0.15 F. = exp(~7/498) 200-300
* H+ O0;—>HO + O, See previous evaluation
* H+ 0;,- HO + 0O, See pirevious evaluation
* O+ H,-HO + H See previous evaluation
1159 O+HO—-0,+H 33 x 107 +0.1 2.3 x 10~ "'exp(110/T) 220-500 +100
1160 O + HO; —» HO + O» 5.8 x 10! +0.08 2.7 x 10~ 'exp(224/T) 200400 +100
1161 O + H;0; - HO + HO: 1.7 x 107"% +0.3 1.4 x 107 "Z%exp(—2000/T) 250-390 +1000
1162 O('D) + H, > HO + H 1.1 x 1071 +0.1 .1 x 107" 200-350 +100
1163 O('D) + H;0 - 2 HO 22 x 107" +0.1 2.2 x 107" 200-350 +100
1164 HO + H; > H.0 + H 6.7 x 101 +0.1 7.7 x 10~ %exp(—2100/T) 200450 +200
* HO + Hx(v=1) - H,O + H See previous evaluation
1165 HO + HO-H,0 + O 1.9 x 10712 +0.15 4.2 x 10~ "%exp(—240/T) 250-500 +240

AHLSHINIHO JIHIHASOWLY HOd YL1vd TVOINIHOOLOHd GNV DILINI
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaos Temp. dependence of Temp. A(E[R)/
number Reaction cm’ molecule™! s™! Alog kzes k/cm® malecule ! s~ range/K K
1165 HO + HO + M - H,0;, + M 8 % 107%[No] (ko) +0.3 8 x 10771(T/300)~%[N,] 200-300 An = %05
3 x 10! (k) +03 3 x 1071 200-300 An = *05
F. =05 F. = 05 200-300
1167 HO + HO, - H;O + O; 1.1 x 1071 +0.1 4.8 x 10~ 'exp(250/T) 250-400 +200
1168 HO + H;0; - H,O + HGO; 1.7 x 10~*2 *+0.1 2.9 x 10" Zexp(—1€0/T) 240-460 =100
1169 HO + O3 = HO; + O, 6.7 x 1074 *0.15 1.9 x 10~ 'Zexp(~ 1C00/T) 220-450 +300
* HO + M—>HO + M See previous evaluation
* HO" + O3 — products See previous evaluation
1170 HO; + HO; — H,0; + O; 1.6 x 107" +0.15 2.2 X 10~ exp(600/T) 230-420 +200
1170 HO; + HO; + M > H;0; + O; + M 5.2 x 107%[N,] +0.15 1.9 x 10~ Pexp(980/T)[N2] 230-420 +300
45 x 10~ [0,] *0.15
See data sheets for effect of H,O
1171 HO, + O3 - HO + 20, 20 x 1071 +0.2 1.4 x 10~ “exp(—-6C0/T) 250-350 +500
-100
1172 H,O + h - HO + H See data sheets
1173 H,0; + hv - 2 HO See data sheets
NOy Reactions
1175 O+NO+M->NO;, +M 1.0 x 1073 [Ny] (ko) +0.1 1.0 x 1073(T/300)~"°[N;] 200-300 An = =03
30x 107" (k=) +0.3 3.0 x 107'Y(T/300)" 200-1500 An = £03
F. =085 AF. = 0.1  F. = exp(—T/1850) 200-300
1176 O + NO; » O, + NO 9.7 x 10-12 +0.06 6.5 x 10~ "%exp(120/T) 230-350 =120
1177 O + NO; + M > NO; + M 90 x 1072 [N;] (ko) +0.1 9.0 x 107*(T/300)~29[N,] 200400 An = %1
22 % 10-" (k) +0.2 22 x 107 200-400 An = =05
F. =08 AF. = 0.1  F. = exp(—T/1300) 200400
1178 O + NO3 — O, + NO; 1.7 x 10~ +0.3
* O + N;Os - products See previous evaluation
1178 O('D) + N2 — O(CP) + N, 2.6 x 10" +0.1 1.8 x 10~ "'exp(107/T) 200-350 100
1179 O('D) + N;O—» N; + O, 44 x 10~ +0.15 44 x 107! 200-350 +100
- 2NO 72 x 10~" +0.15 7.2 x 107" 200-350 100
* N+ HO—-NO +H See previous evaluation
* N+ O;—-NO + O See previous evaluation
* N +°0,('a;) > NO + O See previous evaluation
* N+ O;—»NO + O See previous evaluation
* N+NO->N, +O See previous evaluation
* N + NO; - N,O + O See previous evaluation
1181 HO + NH; —» H,O + NH; 1.6 x 1071 +0.1 3.5 x 107 'Zexp(—-925/T) 230-450 +200
1181 HO + HONO — H;0 + NO; 49 x 10712 +0.3 1.8 x 10~ "exp(—390/T) 280-340 +400
1182 HO + HONO, — H;O + NO; 1.5 x 1079 (1 bar) +0.1 See data sheets
1183 HO + HO;NO,; — products 50 x 10?2 £0.2 1.5 x 10~ “2exp(360/T) 240-340 *uo

8cLi
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kass Temp. dependence of Temp. A(E[R)/
namber Reaction cm® molecule ™' s~! Alog kxe kjcm® molecule ™! s~! range/K K
1184 HO + NO + M >HONO + M 74 x 1073 [Ny] (ko) +0.1 7.4 x 1073YT/300)~24[N;} 200-300 M = £05
32 x 107" (k) +0.3 32 x 107" 200-400 Alog k = +03
F. =08
1185 HO + NO; + M — HONO:; + M 2.6 X 107%[Ny] (ko) +0.1 2.6 x 107(T/300)~2°[N,] 200-300 &n = %05
6.0 x 0~ (k) +0.1 6.0 x 10" 200-300 M = %05
F. = 043
1186 HO + NO; - HO; + NO; 23 x 1o~ +0.2
1187 HO; + NO —» HO + NO; 83 x 107" +0.1 3.7 x 10~ 2exp(240/T) 230-500 +100
1188 HO; + NO; + M - HO:NO; + M 1.8 x 1073 [Ny] (ko) +0.1 1.8 x 10~*Y(T/300)*%[N,] 200-300 M= %1
47 x 10712 (ke) +0.2 4.7 x 10" 200-300 Mn = %1
F. =06 F. =06
1189 HO:NO; + M - HO; + NO, + M 1.3 x 072 [N;] (ko/s™Y) =03 5 x 107 %exp{ - 10000/T [N,] 260-300 +500
0.34 (keels™) +0.5 2.6 X 10%exp(~ 10900/T) 260-300 =500
F. =06
1190 HO, + NO; —» O; + HONO, 3= 12 -
oo - 02} 43 x 10 +0.2
* NH; + HO — products See previous evaluation
* NH: + HO; — products See previous evaluation
1191 NH; + O; — products <3 x 10°%
1192 NH; + O; — products 1.7 x 10=% +0.5 4.9 x 10~ 'Zexp( — 1000/T) 250-380 +500
1193 NH; + NO — products 1.6 x 10~" +0.2 1.6 x 10-'(T/298)~ 13 210-500 An = %05
1194 NH, + NO, — procucts 2.0 x 107! £0.2 2.0 x 10-'(T/298)-2¢ 250-500 fn = *0.7
1195 2NO + O; = 2 NO, 2.0 x 107 (cm® molecule=25!) +0.1 3.3 x 10~ exp(530/T) 273-600 +400
1196 NO + 03 = NO; + Oz 18 x 10°% +0.08 1.8 x 10~ Zexp(~1370/T) 195-304 =200
1197 NO + NO; — 2 NO, 26 x 1074 +0.1 1.8 x 10~ "exp(110/T) 220-400 =100
1198 NO; + O3 = NO; + O: 3.2 x 107" +0.06 1.2 x 10~ ¥exp( — 2450/T) 230-360 +150
1199 NO; + NO; + M > N:Os + M 2.7 x 107%[N,) (ko) +0.1 2.7 x 10(T/300)~34[N,] 200-400 An = %05
20 x 107" (k) +0.2 2.0 x 10™'YT/300)"2 200-500 Mn = *0.6
F, =033 F. = [exp(~T/250) + 200-500
exp{ - 1050/T)]
1200 N)Os + M = NO, + NO; + M 1.6 x 107"[N,] (kofs™ 1) +0.2 2.2 x 107%7T/300) %4 220-300 An = £0.5
exp( — 11080/T)[N-]
69 x 1072 ke/s™h) +0.3 9.7 x 10"(T1300)! 200-300 M = £0.2
exp(—11080/T)
F. =033 F. = [exp(~T/250) + 200-300
exp(—1050/T)]
1201 N;Os + H,O — 2 HONO; <2 x 1072
1202 HONO + hv — products See data sheets
1204 HONO:; + Av — products See dala sheets

1205

1206
1208

HO;NO; + hv — products
NO + hv — produds
NO; + hv — products
NO; + hv — products

See dala sheets
See previous evaluation
See dala sheets
See dala sheets

AHLSINGHO JIH3IHdSOWLY HO4 Vivad TvOINIHOOLOHd ANV JILIANII
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2. Summary of Reactions and Preferred Rate Data — Continued

Page ka2og Temp. dependence of Temp. AE[R)/
number Reaction cm® molecule ™' s~! Alog kaon kjcm® molecule™! s~ range/K K
1212 N2O + hv — products See data sheets
1213 N2Os + hv — products See data sheets

Organic Reactions
1214 O + CH; - HCHO + H 1.4 x 10~ +0.1 1.4 x 107 200-900 +100
* O + CN - CO + N(®D) See previous evaluation
— CO + N(*S) See previous evaluation
1215 O('D) + CH; —» HO + CH;, 1.35 x 107 +0.1 1.35 x 107 200-300 +100
- HCHO + H; 1.5 x 10~ +0.1 1.5 x 107! 200-300 +100
1216 HO + CH, — H,O + CH, 70 x 10°8 +0.10 3.9 x 10~ 'Zexp(—1885/T) 240-300 +100
1217 HO + GH; + M —» G;H,0H + M 5 x 107%[N,] (ko) +0.1 5 x 10~%(T/300)~“{N;] 200-300 An = %15
9.0 x 10-% .) *0.1 9.0 x 10-'3(T/300)* 200-300 An = %1
Fo = 0.62 F. = exp(—T/623) 200-300
1219 HO + CH4 + M - GH,OH + M 7 x 10~2[N;] (ko) +0.3 7 x 10-2(T/300)~*N,] 200-300 An = %2
9 x 10-12 - (k) 0.3 9 x 10-" 200-300 An = %05
F. =07
1221 HO + GHs —» H;0 + Gl 25 x 10~ 13 +0.10 7.8 x 10~ exp(~ 1020/T) 240-300 £100
1222 HO + GHs + M — GHOH + M 8 x 10-"[Nq] (ko) +1 8 x 10-7(T/300)~*IN,] 200-300 An = %1
30 x 1071 (k) +0.1 3.0 x 10 200-300 An = *1
. =05
1223 HO + GiHg — H,O + GH, 1.14 x 10~ +0.10 9.8 x 10~ exp(—640/T) ~300 +150
1225 HO + CO—H + CO, 1.5 x 107" (1 + 0.6 P/bar) +=0.1 1.5 x 107'%(1 + 0.6 P/bar) 200-300 +300
1226 HO + HCHO — H,0 + HCO 9.6 x 10-'2 +0.10 8.8 x 10~ Zexp(25/T) 240-300 £150
1227 HO + CH;CHO — H,O + CH\:CO 1.6 x 10~ +0.10 5.6 x 10~'%exp(310/T) 240-530 +200
1228 HO + CH;CHO — products 20 x 10~ +0.15
1229 HO + (CHO); — products 1.1 x 107" +0.3
1229 HO + HOCH;CHO — H,O + HOCH.CO 80 x 10~ +0.3
- H,O + HOCHCHO 2.0 x 10~ +0.3
1230 HO + CHyCOCHO — H;O + CH;COCO 1.7 x 10" +0.3
1231 HO + CH;COCH; — H;0 + CH,COCH; 23 x 10°% +0.2 1.7 % 10~ 'Zexp(—600/T) 240440 +300
1232 HO + CH,OH - H,0 + CH,OH 7.8 x 10~ +0.15 -12 _
- H,0 + CH:0 14 x 10-1 ::0.15} 3.3 x 10~ "%exp(—380/T) 240-300 +200
1233 HO + CH;OH — H;O + CH,CH,OH 1.6 x 10~% +0.15
— H,O0 + CH;CHOH 29 x 10~*2 +0.15 4.1 x 10~ "Zexp(-70,T) 270-340 +200
— H,0 + CH;CH,O 1.6 x 1079 +0.15
1235 HO + n-C3B,0H — products 55 x 10~ +0.2
1235 HO + i-C;H,OH — products 5.7 x 10~ *0.2 5.7 x 107 240440 *+200
1236 HO + CH3;COCH;OH — products 30 x 10712 +0.3
1237 HO + CH,00H — H,O + CH,OOH 1.9 x 10-1 +0.2 1.0 x 10~ '%exp(190/T) 220-430 +=150
- H,0 + CH;00 36 x 107 +0.2 1.9 x 10~ 'Zexp(190/T) 220-430 *150
1238 HO + HCOOH — products 45 x 10-1 +0.15 4.5 x 107 290-450 +250
1239 HO + CH3COOH -» products 8 x 10-% +0.3 )

ocLl
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaos Tzmp. dependence of Temp. A(E/R)/
number Reaction cm® molecule ™! 5! Alog ko k'cm® molecule=! s~} range/K K
1239 HO + CH;ONO; — products 35 x 10713 (1 bar) +0.10 10 X 10~ "exp(1060/T) (1 bar) 290-400 +500
1240 HO + C:HsONO; — products 49 x 1071 (1 bar) +0.15 44 % 10~ "exp(T20/T) (1 bar) 290-380 +500
1241 HO + n-C3H,;ONO, — products 73 x 10~ (1 bar) +0.15 73 x 10~'* (1 bar) 290-370 +500
1242 HO + i-C;H,ONO; — products 49 x 107" (1 bar) +0.25
1242 HO + CH3iCO3;NO, — products 1.1 x 1071 +0.2 95 X 10~ Yexp(—650/T) 270-300 +400
1243 HO + HCN — products I x 107" (1 bar) *0.5 12 x 107"%(—400/T) (1 bar) 290440 +300
1244 HO + CH:CN — products 22 x 10~" (1 bar) +0.15 81 x 10~ '%exp(—1080/T) (1 bar)  250-390 +200
1245 HO, + CH;0; — O; + CH;0,H 52 x 10712 +0.3 38 x 10~ exp(780/T) 225-580 +500
1246 HO; + HOCH;0O; —» O, + HOCH,O,H - - ~1s = -

~ 0, + HCOH + HzO} 1.2 x 10 *0.3 56 x 10~ "exp(2300/T) 275-335 +1500

1247 HO, + C;Hs0; — 0, + C;HsOH 58 x 10-'2 +0.2 65 x 10~ Yexp(650/T) 240-380 +200

1248 HO, + CH3;CO; — O, + CH;CO;H 42 x 10~ +03 13 x 10~ Yexp(1040/T) 250-370 +*500
- 0; + CHi:COH 1.0 x 10°1 +0.3 30 x 10~ Yexp(1040/T) 250-370 +500

1249 HO, + HOCH,CH,0, — products 10 x 10~4 +0.3
1250 HO, + HCHO — HOCH,00 79 x 10— +0.3 97 x 10~ "exp(625/T) 275-333 +600
1251 HOCH,00 — HO, + HCHO 1.5 x 102 (kis™Y) +0.3 24 x 102exp(—7000/T) 275-333 +2000
1252 NO; + C;H; — products <1 x 1016
1252 NO; + C;H, — products 2.1 x 10~'6 +0.2 33 x 10~ '%exp(—2880/T) 270-330 +500
1253 NO; + C3He — products 9.4 x 107" +0.2
1254 NO; + HCHO — HNO; + HCO 58 x 10716 +0.3
1256 NO; + CH3;CHO — HNO; + CH;CO 27 x 10°% +0.2 14 x 10~ '%exp(— 1860/T) 260-370 +500
1257 NQO; + CH;OH — products 24 x 10°'6 +0.5 13 x 10~ 'Zexp(—2560/T) 290-480 +700
1257 NO; + C;HsOH — products <2 x 107"

1258 NO; + i-CaH;OH — products <5 x 10°%
1258 CH; + 0 + M = CH:0; + M 10 x 10°%[N;] (ko) *0.2 10 X 107%9(T/300)~*[N,] 200-300 An = %1
22 x 1072 (k) *+0.3 22 % 10~'%(T/300)'* 200-300 An = *1
F. =027
1259 CH;s + O — C;Hs + HO; 38 x 10°% (1 bar air) +0.5
1.9 x 10~ (0.133 bar air) +0.5
1260 CHs + 02 + M - GH:0;, + M 5.9 x 1072 [N,] (ko) +0.3 59 x 1072%(T/300)*#[N,] 200-300 An = =1
7.8 x 10~12 (k) +0.2 78 x 1012 200-300 Alog k = %02
F. = 0.54 F. = {0.58 exp(—T/1250) 200-300
+0.42 exp(~ T/183)}

1262 n-CH; + O + M - n-GH;0, + M 8 x 10~ (k) +0.2 8 x 10~ 200-300 Alog k = *0.2
1263 i-CiH; + O + M = i-GH,0, + M 1.1 x 107" k<) +03 11 x 104 200-300 Alog k = *03
1263 CH;COCH,+0,;+M — CH3COCH;0; + M 1.5 x 10~ 12 (km) +0.5
1264 HCO + O; = CO + HO; 5.5 x 10~ +0.15 55 x 102 200-400 *150
1265 CH;CO + O; + M — CH;CO; + M 5.0 x 1072 (ke) *0.5 50 x 10712 200-300 Alog k = =05
1265 CH;0OH + O, — HCHO + HO, 9.4 x 10°'2 +0.12
1266 CH3;CHOH + O; - CH;CHO + HO» 19 x 10°" +0.3
1267 CH,CH,0OH + O, — products 30 x 10712 +0.3
1267 CH;0 + O; - HCHO + HO; 19 x 10°% +0.2 7.2 x 10~ '*exp(—1080/T) 298-610 +300
1268 GHsO + O; = CHiCHO + HO, 9.5 x 10~ *0.2 60 x 10~ Mexp(—550/T) 295-425 +300
1269 n-C:H,0 + O; —» C;H;CHO + HO; 8 x 10~ *+0.5
1270 i-C3H,0 + O, — CH;COCH; + HO; 8 x 10718 +0.3 L5 % 10~ Mexp( —200/T) 290-390 +200
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2. Summary of Reactions and Preferred Rate Data — Continued

Page koo Temp. dependence of Temp. A(E/R)/

number Reaction cm® molecule™! s~! Alog ks k/cm® molecule™" s~! range/K K

1270 CH; + O; — products 25 x 1072 +0.3 5.1 x 10~ "2exp(—210/T) 240400 +200

1271 CH:O + NO + M — CH;ONO + M 1.6 x 10-%[N;] (ko) *0.1 1.6 X 1072%(T/300)~*5[N,] 200-400 An = %05
3.6 x 10~ (k=) £0.5 3.6 x 107'(T/300)(¢ 200-400 An = +05
F. = 06

1271 CH;O + NO -~ HCHO + HNO 4 x 10712 4 x 10~'YT/300)~°7 200-400 An = %05

1272 CHsO + NO + M —» C;HsONO + M 44 x 107" (k) +03 4.4 x 107" 200-300 An = =05

1272 C:HsO + NO — CH3CHO + HNO 1.3 x 10~

1273 i-C:H,0 + NO + M = i-CGH,ONO + M 34 x 10-" (k) +0.3 34 x 107! 200-300 An = *0.5

1273 i-C3H;0 + NO — CH3;COCH; + HNO 6.5 x 10~ +0.5

1274 CH;O + NO; + M — CH;ONO; + M 2.8 x 10-2[N,] (ko) £03 2.8 X 10-2%(T/300)~*5[N;] 200-400 An = %1
2 x 107" (k=) +0.3 2 x 1071 200-400 An = £0.5
F. =044

1274 CH;0 + NO, - HCHO + HONO See data sheets

1275 C:Hs;O + NO; + M —» C;H.ONO; + M 2.8 x 10~ (k) +0.3 2.8 x 10°1 200-300 An = %05

1275 C;HsO + NO, —» CH;CHO + HONO See data sheets

1276 i-CGH,0 + NO; + M — i-GH,ONO; + M 3.5 x 10" (k) +0.3 35 x 107! 200~300 An = %05

1276 i-C3H,0 + NO; - CH;COCH; + HONO See data sheets

1276 CH:0; + NO — CH:0 + NO; 7.6 x 10712 +0.1 4.2 X 10~"%exp(180/T) 240-360 +180

1277 CHs0; + NO — C;H;O + NO, 89 x 10-% +0.3

1277 GH;0; + NO (+M) — CHsONO: (+M) <13 x 1079 (1 bar)

1278 n-C:H,0; + NO - n-C;H,0 + NO; 8.7 x 1071 +0.3

1278 n-C3H;0; + NO (+M) — n-CsH;ONO, 1.8 x 109 (1 bar) £05

(+M)
1279 i-C;H,0; + NO — i'CJH']O + NOZ 8.5 x 10~ +0.5
1279 i-CH;0; + NO (+M) — i-C;H;ONO; 37 x 1071 (1 bar) *0.5
(=M)

1280 CHiCO; + NO — CH; + CO; + NO, 20 x 10~ +0.2 20 x 107" 280-325 +600

1281 CH;O; + NO; + M —> CH;0;NO; + M 2.5 x 107¥[N,) (ko) +03 2.5 x 10-%(T/300)~%5[Ny] 250-350 An = 1
7.5 x 10~ (ke) +03 7.5 x 10712 250-350 An = =05
F. =04

1282 CH:O:NO; + M - CHyO; + NO, + M 6.8 x 107 [Ny (kols™") +0.3 9 x 10~ Sexp(—9690/T)[N;] 250-300 500
4.5 (kefs™") +0.3 1.1 x 10' exp( -~ 10560/T) 250-300 +500
F. =04

1283 CH;0; + NO; + M —» GHsO,NO; + M 1.3 x 107%[N,] (ka) =03 1.3 x 1072(T/300)~5%[N;] 200-300 An = *1
8.8 x 10-12 (k) +0.3 8.8 x 10712 200-300 Alog k =
F. =031 ) F. = 031 250-300

1285 CH;0:NO; + M - GHsO; + NO, + M 1.4 x 107'[N] (ko/s™") +0.5 4.8 x 10~%exp(—9285/T)[N:] 250-300 +1000
5.4 (kafsY +0.5 8.8 x 10%exp(— 1044)/T) 250-300 *+1000
Fe. = 031 F. = 031 250-300

1286 CH;CO; + NO; + M - CHyCOsNO; + M 2.7 x 10~%[Ny] (ko) +04 2.7 x 10-28(T/300)~™[N,] 250-300 An = %2
1.2 x 10~ (k) +0.2 1.2 x 107'Y(T/300)~%° 250-300 An = *1

F. =03
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaogg Temp. dependence of Temp. A(E/R)/
number Reaction cm* molecule ™! s~! Alog kaos k/cm® molecule ™! s~! range/K K
1287 CH;CO3NO; + M — CH;CO; + NO; + M 1.1 x 107%[N;]  (ko/s™") +04 4.9 x 10~ %xp(— 12100/,T)[N2] 300-330 +1000

6.1 x 1074 (kefs™") +0.2 4.0 x 10'exp(— 13600/T) 280-330 +200
F. =03
1288 CH30; + NO; — products No recommendation (see data sheets)
1289 CH_’;O: + CH302 - CHwOH + HCHO + 02
- 2CH,0 + O, 3.7 x 10-1 £0.12 L1 X 10~ Yexp(365/T) 200-400 *200
— CH300CH; + O,
1291 CH;0; + CH;CO; — CH30 + CH;CO;
+ O, 5.5 x 10'2 *0.5
— CH;CO.H + HCHO
+ 0, 55 x 10712 *+0.5
1292 HOCH,0; + HOCH,0; - HCOOH +
CHx(OH); + O, 7.0 x 1071 +0.3 5.7 x 10~ "exp(750/T) 275-325 +750
— 2 HOCH,O + O, 55 x 107'2 +0.3
1293 CH;0; + C;H;0; — C;H;OH + CH;CHO + O
- 2CHs0 + O, }5.8 x 107" £0.12 6.8 x 10~ "“exp(~110/T) 250-450 P
hand CszOOCgHs -+ O;
1294 CH;CO; + CH;CO; — 2 CHiCO:2 + O: 1.6 x 10" +0.5 2.8 x 107 '%xp(530/T) 250-370 +500
1295 HOCH,CH,0, + HOCH.CH,0,
— HOCH.CH;OH + HOCHCHO + 0, 1.5 x 107*2 +0.3
— 2 HOCH,CH,0 + O, 3.3 x 1074 *+0.3
1296 n-C3H702 + n-C3H702 b n-C,H7OH +
GH;CHO + O 3 x 101 0.5
-2 n-CH,0O + 0, }
1297 i-C3H,0; + i-C;H,0; — i-C3H,0H
+ CH,COCH; + O 44 x 107" +0.3
- 2i-GH;0 } 16 x 10~ 'Zexp(~2200/T) 300-400 +300
+ O; 5.6 x 10°'° +0.3
1298 CH3:COCH;0, + CH3;COCH,0;
— CH3;COCH,OH + CH;COCHO + O, <1 x 107"
-2 CH}COCHzo + Oz
1299 RCHOO + H,0 - RCOOH + H,O
1299 RCHOO + NO; = RCHO + NO; .
1299 RCHOO + SO, - products No recommendations (see data sheets)
1299 RCHOO + HCHO — products
* CN + O, — products See previous evaluation
1301 0; + C;H; — products 1 x 10-2 +1.0
1302 0; + CH, — products 17 x 10-18 +0.10 1.2 x 10~ “exp(—2630/T) 180-360 +100
1304 0; + C3Hg — products 1.2 x 10~"7 +0.15 6.5 X 10~ "exp(—1880/T) 230-370 +400
1306 HCHO + hv — products See data sheets
1308 CH;CHO + hv — products See data sheets
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaos Temp. dependence of Temp. AE/R)/
number Reaction cm® molecule™! 5! Alog kaos k/cm® molecule ™! s~ range/K K
1309 C;HsCHO + hv — products See data sheets
1310 (CHO); + hv — products See data sheets
1312 CH:COCHO + hv — products See data sheets
1313 CH;COCH; + hv — products See data sheets
1315 CH;OO0H + hv — products See data sheets
1316 CH;ONO; + hv — products See data sheets
1317 C;HsONO, + hv — products See data sheets
1318 n-C3H;0ONO; + hv — products See data sheets
1319 i-C3H,ONO, + hv — products See data sheets
1320 CH3O0;NO;, + hv — products See data sheets
1321 CH;CO3NO; + hv — products See data sheets

SO, Reactions

* O + H,S - HO + HS See previous evaluation
1323 O+CS—->CO+ S 21 x 10-% +0.1 2.7 X 10~ Yexp(~76)/T) 150-300 +250
1324 O + CHiSCH; — CH;SO + CH;, 50 x 107" +0.1 1.3 x 10~ exp(409/T) 270-560 +100
1325 O + CS; —» SO + CS 3.6 x 1072 +0.2 3.2 x 10" "exp(—65¥T) 200-500 +100
1326 O + CH;SSCH; — CH3SO + CHsS 1.3 x 107" +0.3 5.5 x 10" 'exp(250/T) 290-570 +100
1327 O + OCS - SO + CO 1.2x 10" +0.2 1.6 x 10~ ‘'exp(—2150/T) 220-500 +150
1328 O+ 8SO0,+M->S8S0; + M 1.4 x 107%[N,] (ko) +0.3 4.0 x 10" ¥exp( —1000/T)[N-] 200-400 +200
1329 S$+0,—-S0+0 21 % 10-12 +0.2 2.1 x 10-1? 230-400 +200
1329 S+ 0;—->80 + O, 12 x 1074 +0.3
1330 Cl + H,S — HCl + HS 57 x 107! +0.3 5.7 x 107" 210-350 +100
1331 HO + H;S —» H,O + HS 48 x 10712 +0.08 6.3 x 107 '%exp(—80T) 200-300 +80
1332 HO + SO, + M — HOSO; + M 4.0 x 107%[N;] (ka) +0.3 4.0 x 1073(T/300)~*[N,]} 300400 An = *1
F. =08
2 x 10712 (k) +0.3 2 x 1077 200-300 Alog k = *03
F. =045 :
1333 HOSO; + O; —» HO, + SO, 4.0 x 1071 +0.1 1.3 x 10~ "%exp(—-33)/T) 290420 +200
1334 HO + OCS — products 2.0 x 1071 +0.3 1.1 x 107 Vexp(—1200/T) 250-500 +500
1335 HO + CS; + M — HOCS; + M 8 x 107%[N;] (ko) +0.5 8 x 107¥[N,] 270-300 Alog k = *0.5
8 x 10°12 (k) +0.5 8 x 16-7 250-300 Alog k = %05
F. =08
1335 HO + CS; - HS + OCS <2x 10°%
1337 HOCS; + M- HO + CS; + M 4.8 x 107 "[N;] (ka/s™") +0.5 1.6 x 10~ %exp(—5160/T)[N-] 250~-300 +500
4.8 x 10° (ke/s™") +0.5 1.6 x 10%exp(—5160/T) 250-300 +500
F. =08
1338 HOCS; + O; — products 2.8 x 107" +0.3 2.8 x 10°* 240-300 Alog k = 03
1340 HO + CH,SH — products 33x 10~ +0.10 9.9 x 10" 'Zexp(356/T) 240-430 +100
1341 HO + CH;SCH; — H;O + CH,SCH; 44 x 10712 +0.10 9.6 x 10~ '%exp(—234/T) 250-400 +300
— CH;3S(OH)CH; See data sheets
1342 HO + CH3SSCH; — products 2.0 x 10~ +0.10 6.0 x 10~!'exp(380/T) 250-370 +300

1343 HO; + SO; — products <1x10°'®
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaog Temp. dependence of Temp. A(EIR)/
number Reaction cm® molecule™! s~! Alog kass kjcm® molecue~! s~} range/K K
1344 NO; + H;S — products <1 x 10°%

1344 NO; + CS; — prodects <1 x 107"

1345 NO; + OCS — products <1 x 076

1345 NO; + SO, — products <l x 0°%

146 NO; + CHiSH — pioducts 92 x 10749 +0.15 9.2 x 107" 250-370 +400

1347 NO; + CH;SCH; — products 1.1 x 1012 *+0.15 19 x 10""’exp(520/T) 250-380 +200

1348 NO; + CH3SSCH; - products 7 x 10713 +0.3 7 x 1071 300-380 +500

* CH;0, + SO; — CH30 + SO, See previous evaluation

— CH,0,80; See previous evaluation

1349 HS + O; — products <4 x 1079

1350 HS + O3 > HSO + O; 3.7 x 10712 *+0.2 9.5 X 10“2exp(~280/7‘) 290450 +250

1351 HS + NO + M — HSNO + M 24 x 0°%N;] (ko) £0.3 2.4 x 10-*(T/300)~25(N,] 200-300 Ar = +1
27 x 107" (k<) +0.5 2.7 x 101! 200-300 Aog k = =05
F. =058

1352 HS + NO; —» HSO + NO 58 x 10~ +0.3 2.6 x 10~ exp(240/T) 220450 +200

1353 HSO + O, — products <20 x 107V

1353 HSO + O3 — products 1.1 x 10" +0.3

1354 HSO + NO — products <1.0 x 10-%5

1355 HSO + NO; — products 9.6 x 10-'2 +03

1355 HSO, + O, — products 3.0 x 107 +0.8

1356 SO+ 0,—-580,+0 6.7 x 1077 +0.15 1.4 x 10~ Yexp(—2280/T) 230420 +500

1357 SO + O3 —> SO; + O, 89 x 1074 +0.10 45 x IO'IZCXp(—U'lO/T) 230420 +150

1357 SO + NO; = SO, + NO 1.4 x 10-% +0.1 1.4 x 107" 210-360 +100

1358 SO; + H,O — products <6 x 0°'

1359 CS + O, — products 29 x 107 +0.6

1360 CS + O; = OCS + O, 3.0 x 1016 *0.5

1360 CS + NO; - OCS + NO 7.6 x 107" +0.5

1361 CH:S + O; — products <25 x 1078

1362 CHiS + Oz — products 41 x 10~%2 *0.5

1363 CHsS + NO + M — CH;SNO + M 32 x 107N} (ko) +03 3.2 x 1072(T/298) ‘(N3] 250450 Mn = %2
4 x 1071 k) +0.5 4 % 10°" 250-450 dlog k = =05
F. = 050 F. = exp(—T7/580)

1364 CHiS + NO; —» CH;SO + NO 5.6 x 10" +0.2

1365 CH:SO + Oj; —» products 1 x 10712 +0.7

1365 CH3iSO + NO; — products 1.2 x 174 +0.5

1366 O3 + CHaSCH; — products <l x 107

1366 OCS + hv — products See data sheets

1368 CS; 4+ hv — products See data sheets

1369 CHiSSCH; + hv — products See data sheets

1370 CHiSNO + hv — products See data sheets
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaog Temp. dependence of Temp. A(E/R)/
number Reaction cm® molecule™! s~! Alog kaog k/cm® molecule ™! s—! range/K K
FO, Reactions

1372 O+FO—-0,+F 5 x 1074 +0.5
1372 O + FO; = O, + FO 5 x 10~ +0.7
1372 O('D) + HF > HO + F —t0 -

2 OCF) + HE } 1 %10 +0.5
1373 O('D) + COF, —» CO; + F, 22 x 10~" +0.2

— O(’P) + COF, 52 x 107! +0.2

1374 O('D) + CHsF — products 14 x 10-% +0.5
1374 O('D) + CH,F, — products 9 x 10~ *0.5
1374 O('D) + CHF; — products 8.4 x 10-" +0.5
1374 O('D) + CH;CHF; — products 1 x10°% +0.7
1374 O('D) + CH;CF; — products 1 x 10-1° +0.5
1374 O('D) + CH,FCF; — products 1 x 10- +0.7
1374 O('D) + CHF,CF; — products 5 x 10" +0.5
1375 F+H,—HF + H 2.6 x 107" +0.1 1.4 x 10~ '"%xp(—500'T) 200-375 +200
1376 F + H,O -» HF + HO 14 x 10-" +0.1 1.4 x 107" 240-370 +200
1377 F+0,+M—-FO, + M 3.7 x 107%[N,] (ko) +0.3 3.7 x 107(T/300)~'[N,] 300-400 An = x05
1378 FO, + M>F+0,+ M No rzcommendation (see data sheets)
1378 F+ O0;—>FO + O, 13 x 10-" +0.3 2.8 x 107 "exp(—230/T) 250-365 +200
1379 F + HONO; — HF + NO; 23 x 10~" +0.1 6.0 X 10~'%exp(400/T) 260-320 +200
* F + NO;, + M- FONO + M See previous evaluation
1380 F + CH, —» HF + CH; 8 x10°" +0.2 3.0 x 10~ "%exp(—400T) 250-450 +200
1380 HO + CHsF — H,0 + CHyF 1.7 x 10-" +0.10 3.7 x 107 "%exp(—160)/T) 270-340 *+300
1381 HO + CH.F, —» H.O + CHF; 1.1 x 10-" +0.10 2.0 x 10~ "%exp( —~1545/T) 240-300 +200
1382 HO + CHF; - H,0 + CF; 24 % 10716 +0.5 1.0 x 10~ '2%exp(—249)/T) 270-340 *500
1383 HO + CH;CH;F — products 23 %x 1071 +0.3
1384 HO + CH;CHF; — products 3.6 x 107" +0.10 1.0 x 10~'%exp(—990'T) 240-300 +200
1385 HO + CH;CF; — H;0 + CHCF; 13 x 1071 +0.15 1.05 x 10~ "%exp(~1990/T) 240-300 +300
1386 HO + CH,FCHF; — producis . 1.8 x 10~ +0.3
1386 HO + CH;FCF; — H;O + CHFCF, 49 x 1075 +0.2 8.4 x 10~ exp(—1535/T) 240-300 +300
1387 HO + CHF;CHF, — H,O + CF,CHF, 57 x 1078 +0.3
1388 HO + CHF,CF; — H,0 + CF.CF; 19 x 10715 +0.2 4.9 x 10~ '"%exp(—1655/T) 240-300 +300
1389 HO + CF;CHO — H;O + CFi:CO 1.1 x 10712 +0.3
1389 FO + O3 — products No rzcommendation (see data sheets)
1390 FO + NO —» F + NO; 26 x 107" +0.3
* FO + NO, + M —- FONO; + M See previous evaluation
1391 FO + FO — products 1.5 x 10~ +0.3
1392 COF; + hv — products See data sheets
1392 HCOF + hv — products See data sheets
1393 CF3COF + hv — products See data sheets
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaos Temp. dependence of Temp. AME[R)/
number Reaction cm® molecule ™! 57! Alog ks k/cm® molecule ! 5! range/K K
ClO, Reactions

* O + HCl—-HO + Cl See previous evaluation

1395 O + HOCl — HO + CIO No recommendation (see data sheets)

1395 0+ CO—-C + 0, 38 x 107" +0.1 38 x 1071 200-300 +250

1396 O + OCI0O —» 0, - CIO 1.0 x 1077 +0.3 2.5 x 10~ '%exp(—950/T) 240-400 +300

1397 O+ 0OCIO + M~ ClO; + M 18 X 10°%[Na] (ko) +03 1.8 x 10-37/298)~'[N3] 250-300 A o= 205
3.1 x 101 k) *0.3 3.1 X 1071T/298)" 250-300 an o= 21
F. = 048

1398 0O + CLO - ClO + CIO 35 x 1012 +0.15 2.9 x 10~ Hexp(—630/T) 235-300 +200

1399 O + CIONO; — products 20 x 1079 +0.1 3.0 x 10~ '%exp(—800/T) 213-295 +200

1400 O('D) + CHF,Cl — products 9.5 x 10~ % +0.2 9.5 x 1071 175-340 Alog k = +02

1400 O('D) + CHFCl, — products 19 x 107" +0.2 1.9 x 107 175-340 Alog k = =02

1400 O('D) + CH;CF,Cl — produc's 14 x 10~ +0.3

1400 O('D) + CH;CFCl; — produc:s 1.5 x 1010 +05

1400 O('D) + CH,CICF; -» producs 1.5 x 10~ +03

1400 O('D) + CH,CICF,Cl — products 1.6 x 10-1 +03

1460 O('D) + CHFCICF; — products 1.0 x 10-% 05

1400 O('D) + CHCI;,CF;: — producis 22 x 107" +0.3

1401 O('D) + CF;Cl; — products 14 x 1071 +0.1

1402 O('D) + CFCl; — products 23 x 10" +0.1

1403 O('D) + CCl; — products 33 x 10-% +0.1

1404 O('D) + COFCl — products 1.9 x 10~ +03

1405 O('D) + COCl; — products 3.6 x 107% =03

1405 Cl + H,—HCl + H 1.6 x 10714 *0.1 3.7 x 10~ Yexp(—2300/T) 200-300 +200

1406 Cl + HO, — HCl + O 32 x 104 +0.2 1.8 x 10~ exp(170/T) 250420 +£250

- CIO + HO 9.1 x 1012 +0.3 4.1 x 10~ exp(—450/T) 250420 +250
1407 Cl + H,0, — HCI + HO, 41 x 1079 *0.2 1.1 X 10~"'exp(—980/T) 265-424 +500
1408 Cl+0,+M—C00 + M 14 x 10°9[N;] (ko) 0.2 1.4 X 107T/300)*9[N,] 160-300 an = %1
' 1.6 x 10~%[0,] (ko) +0.2 1.6 x 107%(T/300)~2°[0,] 160-300 A= %1

1409 CIOO+M->Cl+ O+ M 6.2 X 107 '[N,] (ko/s™Y) +03 2.8 x 10~ Yexp( — 1820/T)[N-] 200-300 +£200

1410 Cl+ O3 - ClO + O, 1.2 x 107" *0.06 2.9 x 10~ exp(—260/T) 205-298 +100

1411 Cl + HONOQO; — HC! + NO, <20 x 10-'6

1411 Cl + NO; = CIO + NO; 2.6 x 10°" +0.3 2.6 x 10~ 200-300 +400

1412 Cl + OCIO — CIO + CIO 58 x 10~ +0.1 3.4 x 10~ exp(160/T) 298-450 +200

1413 Cl + CLO—->Ch + CIO 9.8 x 10~% +0.1 9.8 x 107! 200-300 +250

1414 Ct + CLO; — Cl; + CIOO 1.0 x 10°1¢ +0.3 1.0 x 10°'¢ 230-298 +300

1415 Ci + CIONO; — C; + NOs 1.2 x 1071 +0.12 6.8 x 10~ Zexp(160/T) 219-298 +200

1416 Cl + CHy — HCl + CH; 1.0 x 107¥ +0.08 9.6 X 10~ %exp(—1350/T) 200-300 £250

1417 Cl+ GH; + M>CHCl + M 6 x 10Ny ko) 03 6 X 10~%(T/300)*5[N,] 200-300 A= 2l
2.3 x 10~ (k=) +0.5 23 % 107" 200-300 A = %1
F. =06
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2. Summary of Reactions and Preferred Rate Data — Continued

Page ka2os Temp. dependence of Temp. AE/R)/
number Reaction cm® molecule ™! s! Alog kaog k/cm® molecule~"! ! range/K K
1419 Cl+CHs + M- CGHCl + M 1.6 X 10~ *[air] (ko) +0.5 1.6 x 10~2%(T/298)~*[air] 250-300 An = %1

3 x 101 (k=) +0.3 3 x 107% 250-300 An = %1
F.= 06
1420 Cl + C;Hg — HCl + C,H;s 59 x 10" +0.06 8.2 x 10~ 'exp(—100/T) 220-600 +100
1421 Cl + C;Hg — HCl + CG:H; 14 x 1010 +0.12 1.2 x 107 "exp(40/T) 220-600 +200
1422 Cl + HCHO — HC] + HCO 7.3 x 10~ +0.06 8.2 x 1€~ exp(-34T) 200-500 +100
1423 Cl + CH;CHO — HCl + CHi:CO 7.2 x 10~" +0.15 7.2 x 1¢~4 210-340 +300
1424 Cl + C;HsCHO ~> products 1.2 x 10" +0.3
1424 Cl + CH;COCH;z — HC! + CH,COCH; 35 x 10712 +0.3
1425 Cl + CH;OH — HCl + CH,OH 53 x 1071 +0.15 53 x 10~ 200-500 +200
1426 Cl + C;HsOH — products 9.4 x 10~ +0.2
1426 Cl + n-C3H,0H — products 1.5 x 10-% +0.2
1427 Cl + i-C3H;0H - products 84 x 10~ +0.3
1427 Cl + CH;00H — products 59 x 10~ +0.5
1428 Cl + HCOOH — products 20 x 1074 +0.2
1428 Cl + CH;COOH — products 2.8 x 10~ +0.3
1429 Cl + CH;ONO; — products 24 x 10" +0.3
1429 Cl + C,HsONO; —» products 4.7 % 10~1? +0.2
1430 Cl + n-C;H;ONO; — products 2.7 x 107" +0.2
1431 Cl + i-C;H,ONO; — products 58 x 10~ +0.3
1431 Cl + CH;CO;3;NO; — products <2 x 107"
1432 Cl + CH;CN — products <2 X 1078
1433 Cl + HCOCl — HC! + CICO 7.8 x 10~4 +0.15 1.2 x 10'“exp(-8[5/T) 265-325 +300
1434 Cl + CH;Ci — HCl + CH,C! 49 x 1013 +0.15 3.3 x 10~ "exp(—1250/T) 233-322 +300
1435 Cl + CH,Cl; —» HCl + CHC}, 4.1 x 101 +0.25 8.7 x 10~ "?%exp(—~910/T) 270-330 +400
1436 Cl + CHCl3; — HCl + CCl; 7.6 x 107" +03 4.9 x 10~ "exp(—1240/T) 240-330 +400
1437 Cl + CH;CCl; — HCl + CH,CCl; <4 x 107"
1437 HO + HCl - H,O + Cl 81x 107" +0.1 2.4 x 10~ "%exp(—330/T) 200-300 +150
1438 HO + HOCI - CIO + HO 50 x 109 +0.5 3.0 x 10~ "Z%exp(-500/T) 200-300 +500
1439 HO + CIO - HO, + C‘} 17 x 10" +02 1.1 x 10-Vexp(120T) 200-373 +150
— HCl + O,
1440 HO + OCIO — HOCI + O, 7.0 x 102 +0.3 4.5 x 10~ Yexp(800T) 290430 +200
1441 HO + CINO,; — HOCI + NO; 35 x 10714 +03 )
1441 HO + CIONO; — products 39 x 107" +0.2 1.2 x 10~ 2exp(—330/T) 246-387 +200
1442 HO + CH,Cl - H,0 + CH(Cl 43 x 104 +0.10 1.8 x 10~ '%exp(—~1115/T) 240-300 +200
1443 HO + CH,FCl — H,0 + CHFCl 44 x 107" +0.10 2.0 x 10~ "Zexp(— 1135/T) 240-300 +200
1444 HO + CHF.)Cl —» H,0 + CFCl 4.6 x 10~ +0.10 7.8 x 10~ exp(— 1530/T) 240-300 +200
1445 HO + CHFCl; - H,0 + CFCl, 3.0 x 107 +0.10 8.8 x 10~ Vexp(—1010/T) 240-300 +200
1446 HO + CH.Cl; —» H,O + CHCL 14 x 1079 +0.10 4.4 x 10~ exp(—1030/T) 240-300 +250
1447 HO + CHCl; — H,0 + CCl3 1.0 x 1074 *0.10 3.3 x 10~ 'Zexp(—1030/T) 240-300 +100
1448 HO + CFCl; = HOCI + CFCl; <5 x 1078 <1 x 10~ 2exp(—3650/T) 250-480
1449 HO + CF;Cl, = HOCl + CF,Cl <7 x 10°%® <1 x 10~ "2exp(- 3540/T) 250478
1450 HO + CClL — HOC! + CClz <5 x 10™'¢ <1 x 10~ 2exp(-2260/T) 250-300
1451 HO + GHCl; — products 22 x 10°% +0.10 5.0 x 10~ Yexp(d45/T) 230-420 +200

8ell
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaog Temp. dependence of Temp. A(E/R)/
number Reaction cm® molecule Alog kaos k/em® molecule ™! s™! range/K K
1452 HO + C:Cly — products 1.7 x 10-% +0.10 9.4 x 10~ '%exp( — 1200/T) 300-420 +200
1453 HO + CH;CF:Cl — H,O + CH,CF,Cl 30 x 10°% +0.10 9.2 x 10~ Mexp(—1705/T) 240-300 +200
1454 HO + CH;CFCl; - H,O + CH,CFCl; 59 x 10°1 +0.2 7.0 X 10~ Yexp(—1425/T) 240-300 +300
1455 HO + CHiCCl; —» H,O + CHCCl3 95 x 10~ +0.10 12 x 10~ '"Zexp( — 1440/T") 240-300 +200
1456 HO + CHCICF; — H.O + CHCICF; 1.3 x 1071 +0.2 5.2 x 10~ Mexp(—1100/T) 260-380 +250
1457 HO + CH,CICF,Cl — H;O + CHCICF.Cl 1.6 x 10°" +0.3 32 x 10~ Zexp(—1580/T) 250-350 +500
1458 HO + CHFCICF; — H.O + CFCICF; 9.5 x 10°% +0.10 54 x 10~ Mexp(—1205/T) 240-300 +200
1459 HO + CHCLCF; — H.0 + CCL,CF; 3.6 x 107" +0.15 55 x 10~ "%exp(—815/T) 240-300 +200
1460 HO + CHCLCF,CF; — H;O +
CClLCF,CF; 2.5 x 10714 +0.15 11 x 10~ 2exp(—1130/T) 270-400 +300
1460 HO + CHFCICF,CF,Cl - H,0 +
CFCICF,CF.Ci 8.9 x 10-% +0.10 5.5 x 10~ Yexp(—1230/T) 290-400 +300
1461 HO + CH;CF.CFCl, —» H;0O +
CH,CF,CFCl, 2.4 x 107" +03 7.0 x 10~ Yexp( — 1690/T) 290-370 +300
1462 HO + HCOCI —- H,0 + CICO <5 x10°% :
1462 HO + COCl; — products <5 x10°%
1463 HO + CH,CICHO — products 3.0 x 1072 +0.3
1463 HO + CHCI,CHO — products 24 x 10712 +0.3
1464 HO + CCI;CHO — H;0 + CCILCO 1.4 x 1072 +0.3
1464 HO + CH;COCl — H,O + CH.COCl 9 x 1075 +1.0
1465 HO + CHF,OCHCICF; — products 2.1 x 107" +0.5
1465 HO + CHF,OCF,CHFCl — products 1.6 x 10~ +0.5 6.1 x 10~ Yexp(— 1080/T) 300430 +500
1466 NO; + GHCl; — products 29 x 10-1'6 +0.3
1466 NO; + C,Cly — products <1l x 1016
1467 ClO + HO; —» HOCI + 02} 50 x 10712 £0.15 46 x 10~ Pexp(710/T) 200-300 +300
— HCl + O3
* ClO + Oy('A,) — sym-ClO; See previous evaluation
1468 ClO + O3 — CIOO + O, <15 x 107V
— OCIO + O, <1 x10"'®
1469 ClO + NO — Cl + NO; 1.7 x 10-" +0.1 6.2 x 10~ '%exp(294/T) 202415 +100
1470 ClO + NO; + M — CIONO; + M 1.6 x 107*[Ny] +0.1 16 x 1073T/300)~*4[N,] 200-300 An = =1
2 x 10" +0.3 2x 107" 200-300 Alog k = =03
Fo =05 F. = exp(=T/430) 200-300
1472 ClO + NO;3 — CIOO + NOz] 40 X 10-9 +03
- OCIO + NO
* CIO + HCHO - products See previous evaluation
1473 ClO + CIO — Cl + CIOO 34 x 10°% +0.3
— Cl + OCIO 1.7 x 10°% 03
- Cl + O 49 x 107 +0.3
1474 ClO+ClO +M—-ClL0; + M 1.7 X 107%N,] +0.1 17 x 107*(T/300)~4(Ny] 200-260 An = +1.5
5.4 x 107'2 +0.3 54 x 10772 200-300 Alog k = *03
F. = 06
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaog Temp. dependence of Temp. A(E/R)/
number Reaction cm® molecule ™! 5! Alog kasg k/cm® molecule~! s~ range/K K
1475 CLO; + M > CIO + CIO + M 27 % 107¥N;]  (kols™Y) +03 1.35 x 10-%(T/300)7 200-300 +900
exp(—8720/T)[N;]
8.7 x 107 (katfs™") +0.3 1.8 x 105exp(—845(/T) 200-300 +900
F. = 0.6
1476 ClO + OCIO + M - Ci,O: + M 2.8 x 1073[N;] (ko; 226 K) +0.5 (226 K)
1477 CLO; + M — ClO + OCIO + M 28 x 107%[Ny]  (ka/s™; 226 K) +0.5 (226 K)
1477 CIO + CH;0; — ClIOO + CH;0 <4 x 1077 (200 K)
— OCIO + CH;O <ix 10°% (200 K)
1478 OCIO + 03 — ClO; + O, 3.0 x 1079 +0.4 2.1 x 10~ exp(—4700/T) 262-298 +1000
1479 OCIO + NO — NO; + CIO 3.4 x 107 +0.3
1479 CLO; + O3 — CIO + CIO0 + O, <1x 107" (200 K)
1480 CF; + O; + M = CF:0; + M 19 x 107%[N;] (ko) £02 1.9 X 1072(T/300)*7[N,] 200-300 An = =1
1.0 x 10°" (k=) +0.3 1.0 x 1079 200-400 Alog k = %03
F. =06 :
1481 CF,Cl + O; + M - CF,CIO; + M 1.4 x 10°2[N,] (ko) +0.5 1.4 x 1072%(T/300)*[N,] 200-300 An = +2
9 x 10712 (k<) +0.5 9 x 1078 200-300 Alog k = 05
F. =06
1482 CFCl; + O; + M — CFCl,0; + M 5.5 x 107%[N,] (kq) +0.3 5.5 x 1073(T/300) "[N;] 200-300 An = %2
9 x 10~ (k) +0.5 9 x 10~% 200-300 An = %1
F. =06 .
1483 CCly + O; + M = CCLO; + M 16 x 10°™[N;] (ko) 0.3 1.6 X 107%(T/300)~¥(N,] 200-300 An = *2
3.6 x 1012 (ka) +0.5 3.6 x 10712 200-300 Alog k = *05
F. =06
1485 CF,0 — COF; + F <107® (k=/s")
1485 CF,CIO — COF; + Cl 7 x 10° (k/s™") +1.0 3 x 10%exp( —S5250/T) 220-300 +£1000
1485 CFCl;0 — COFC! + Cl 7 x 10° (k/is™hH *1.0 3 x 10%%exp(—5250/T) 220-300 +1000
1485 CCl;0 — COClL, + Cl 8 x 10° (k/s™Y +1.0 4 x 10%exp(—4600/T) 220-300 +1000
1486 CF;0; + NO — CF;0 + NO; 1.6 x 10~ +0.2 1.6 x 107*Y(T/300)~ 2 230430 Alog k = 0.2
1486 CF;ClO; + NO — CF,CIO + NO; 1.6 x 10~ +0.3 1.6 x 10-'Y(T/300)~ 3 230430 Alog k = %03
1486 CFCl,0; + NO — CFCLL,O + NO; 15 x 10~ +0.2 1.5 x 10°'Y(T/300)~ - 230-430 Alog £k = =02
1486 CCl30; + NO — CClO + NO; 1.8 x 107! +0.2 1.8 x 107'Y(T/300)~ * 230-430 Alog k = %02
1487 CF;0; + NO; + M — CFi0;:NO; + M 4.5 x 10-%[N,] (ko) +0.3 4.5 x 10-%(T/300)~*“[N,] 220-300 An = %1
: 7.5 x 10™12 (ka) +0.5 7.5 x 10712 200-300 Alog k = =05
F. = 0.28 F. = 0.28 220-300
1489 CFiO;NO; + M —» CF:0; + NO; + M 3.6 x 107"[N,] (ko/s™") +0.4 5 X 10Y{T/300)"¢ 233-373 +500
: exp{ — 12460/T)[N,]
5.6 x 1072 (k=fs™") +0.5 1.2 x 10"exp(—12580/T) 233-373 +500
F. = 0.28 F. = 028 220-300
1490 CF,ClO; + NO; + M = CF,CIO;NO, + M 1.4 x 107%[N;] (ko) +0.5 1.4 x 107%(T/300)~*[N;] 200-300 An = 2
75 x 10~ 7 (k) 0.3 75 x 10-12 200-300 Alog k = =03
F. = 0.26 F. = 0.26 220-300
1491 CF,CIO;NO; + M — CF,CIO; + NO; + M 9.0 x 107"[N,] (kefs™") +0.3 1.8 x 10" %exp(— 10500/T)[N,] 260-300 +500
5.4 x 1072 (ka/s™") +03 1.6 x 10%exp(—1199%0/T) 260-300 +500
F. = 0.26 F, = 0.26 250-300
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Page kaos Temp. dependence of Temp. AE/R)/
number Reaction cm® molecule™! s~! Alog kaos k/cm® molecule~! st range/K K
1492 CFCL0; + NO; + M — CFCLLO;NO; + M 1.7 x 10~%[N;] (ko) +0.3 1.7 x 10~2(T/300) ~57[N;] 230300 An = %
75 x 10~ (k=) *0.3 75 % 1070 250-300 Alog k
F. =023 F.= 023 230-300

1494 CFCL,0,NO; + M — CFCL,O; + NO; + M 1.5 x 107'¥N;) (kofs™") +0.3 1.0 x 10~Zexp( - 10860/T) 250-300 +500
9.6 x 10~2 (ke/s™") +0.3 6.6 X 10'Sexp( - 12240/T) 250-300 +500
F. =023 F.= 023 250-300

1495 CCl;0, + NO; + M — CCl;O.NO, + M 3.2 x 107%(N,] (ko) +0.5 3.2 x 1072%T/300)~77[N,] 230-300 An = +
7.5 x 10712 (k) +0.3 7.5 x 1072 250~300 Alog k
F. =021 F.= 021 250-300

1496 CCl;0:NO2 + M = CCl:0; + NO; + M 7.6 x 107¥N;] (ko/s™) +0.3 6.3 X 10~ %exp(— 10235/T)[N>] 250-300 +500
0.29 (ke/s™") +0.3 4.8 x 10'exp(— 11820/T) 250-300 +500
F. =020 F. = 020 250~300

1498 03 + CHCl; — products <5 x 10-2

1498 0O; + CCls — products <10-%

1499 HCl + hv — products See data sheets

1499 HOCI + hv — products See data sheets

1500 OCIO + Av — products See data sheets

1501 CLL,O + kv — products See data sheets

1501 Cl,0; + hv — products See data sheets

1503 Cl,0O3 + hv — products See data sheets

1503 CINO + hv — products See data sheets

1504 CIONO + hv — products See data sheets

1505 CINO; + hv — products See data sheets

1305 CIONO; + hv — products See data sheets

1507 Cl; + hv — products See data sheets

1507 CH;Cl + hv — products See data sheets

1508 CHF,Cl + hv — products See data sheets

1509 CF,Cl; + hv — products See data sheets

1510 CFCl3 + hv - products See data sheets

1511 CCly + hv — products See data sheets

1512 CHiCFCl + hv — products See data sheets

1512 CHiCFCl; + hv — products See data sheets

1513 CH;CCl; + hv — products See data sheets

1514 CF;CHFCl + hv — products See data sheets

1514 CFiCHCl; + hv — products See data sheets

1515 CF,CICFCl; + hv — products See data sheets

1516 CF,CICF,Cl + hv — products See data sheets

1516 CF3iCF,(l + hv — products See data sheets

1517 CF;CF,CHCl; + hv — products See data sheets

1518 CF,CICF,CHFCl + hv — products See data sheets

1518 HCOCI + hv — products See data sheets

1519 COFCI + hv — products See data sheets

1520 COCl; + hv — products See data sheets

1520 CCl:CHO + hv — products .See data sheets
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2. Summary of Reactions and Preferred Rate Data — Continued

Page ko8 Temp. dependence of Temp. AE/R)/
number Reaction cm® molecule ' s~! Alog kaeg k/cm® molecule~! s~ range/K K
1521 CF:COCI + hv — products See data sheets

BrOy Reactions
* O + HBr —» HO + Br See previous evaluation
* O + Br, — BrO + Br See previous evaluation
1523 O + BrO —» O; + Br 3 x 107" +0.5
1523 Br + HO; — HBr + O, 2.0 x 10~ +0.3 1.4 x 10~ Vexp(—S5%0/T) 260-390 +200
1524 Br + H;O; — HBr + HO, -16
— HOBr + HO} <5 x 10
1525 Br + Oy > BrO + O, 12 x 10-% +0.08 1.7 x 10~ “exp( - 800/T) 195-392 +200
1526 Br + NO; + M — BINO, + M 42 x 107" [N2] (ko) +0.3 42 x 10-*(T/300)24[N,] 200-300 An = *1
27 x 10~ (k) +0.4 27 x 10°Y 200~-300 Alog k = *04
F. = 055
1527 Br + OCIO — BrO + CIO 34 x 10°9 +0.3 2.6 x 10~ ''exp(—1300/T) 200450 +300
1528 Br + CL,O — BrCl + ClO 38 x 10~ +0.3 2.1 x 10~ ''exp(—520/T) 220-298 +300
1528 Br + CLO; — BrCl + CIOO 3.0 x 1072 | +0.3
1529 Br + HCHO — HBr + HCO 1.0 x 102 +0.15 1.7 x 10~ "'exp( —800/T) 223-480 +250
1529 Br + CH3;CHO — HBr + CH;CO 39 x 10~ +0.2 1.3 x 10~ "'exp(—360/T) 250-400 +200
1530 HO + HBr — H,O + Br 1.1 x 10~4 +0.1 1.1 x 1074 249-416 +250
1531 HO + Br, — HOBr + Br 45 x 10~ +0.15 1.2 x 10~ exp(400/T) 260-360 +400
1532 HO + CH3Br —» H,O + CH:Br 30x 107" +0.10 1.9 x 10 'Zexp(—1240/T) 240-300 +200
1532 HO + CHF:Br —» H,0 + CF,Br 95 x 1074 +0.2 7.7 x 10~ "exp(~1310/T) 240-300 +200
1533 HO + CF3Br — products <1 x 10°1
1534 HO + CF,CIBr — products <1 x 10-'¢
1534 HO + CF;Br; — products <5 x 10~
1535 HO + CF;CHFBr — H,0 + CF;CFBr 1.7 x 1074 +03 1.1 x 10~ "2exp(—1250/T) 270-430 +500
1535 HO + CF;CHCIBr — H,O + CF,CCIBr 58 x 10~" +03
1536 HO + CF;BrCF;Br — products <13 x 10-'6
1536 BrO + HO; ~ HOBr + O, } 33 x 107" £0.5 6.2 x 10" Zexp(S00/T) 200-300 £500
— HBr + O;
1537 BrO + O3 — Br + 20; <5x 10°%
1537 BrO + NO — Br + NO, 21 x 10" +0.1 8.7 x 10~ "%exp(260/T) 224425 +100
1538 BrO + NO; + M — BrONO; + M 47% 107" [N)] (ko) +0.1 4.7 x 1073(T/300)~*'[N;] 200-300 An = %1
1.7 x 10~ (k<) +0.1 1.7 X 10-'(T/298)~ 200-300 M= =1
F. = 0.40 Fe = exp(-T/327) 200-300
1540 BrO + ClO — Br + OCIO 6.8 x 10712 +0.1 1.6 x 10~ "2exp(430/T) 220400 +200
- Br + ClIOO 6.1 x 1012 +0.1 2.9 x 10~ '2exp(220/T) 220-400 +£200
- BrCl + 0, 1.0 x 1072 +0.1 5.8 x 10~ "exp(170/T) 220-400 +200
- -2 +0. "
1542 BrO + BrO __ZBBr; I gz i:{ X ig_,_, :g_}! } 1.1 x 10~ 2exp(250/T) 223-400 +200
1543 HOBr + hv — products See data sheets
1543 BrO + hv — products See data sheets

ra 483
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2. Summary of Reactions and Preferred Rate Data — Continued

Page kaog Temp. depencence of Temp. A(E/R)/

number Reaction cm® molecule™' s Alog ks k/em® molecule ™! s~! range/K K

1544 BrONO; + hv — products See data sheets

1545 CH;Br + hv — products " See data sheets

1545 CF3Br + hv — products See data sheets

1546 CF;CIBr + hv — products See data sheets

1547 CF;Br, + hv — products See data sheets

1548 CHBr3 + hv — products See data sheets

1550 CF;BrCF,Br + hv — products See data sheets

10« Reactions

1551 O+L—-I10+1 14 x 10-1 +0.3 14 x 1071 200-400 +250

1551 O+10->50; +1 3 x 1o +0.5

1552 I + HO; —» HI + O, 38 x 1071 +0.3 1.5 x 10~ "'exp( - 1090/T) 250-350 +500

1552 [+ O3—10 + O 1.0 x 10~ +0.2 2.0 x 10~ "exp(—890/T) 200-350 +300

1553 I+NO+M—-INO+M 1.8 x 107%[Ny] (ko) +0.1 1.8 x 107*(T/300)""' °[N;] 200400 An = *05
1.7 x 107 (k) +0.3 1.7 x 10~ 200400 An = *0.5

. = 075 F; = [exp(—T/1040) + 200400
exp(—4160/T}]

1554 I+ NO; + M= INO; + M 3.0 x 1073 [Ny] (ko) +0.2 3.0 x 1073(T/300)~'[N] 200-400 An = %1
6.6 x 10~ %) +03 6.6 x 10-" 200-400 Alog k = %03
F. = 063 F. = [exp(—T/650) + 200400

exp( —2600/T)}

1555 HO + HI - H,0 + I 3.0 x 1071 +0.3

1556 HO + I, - HOI + I 1.8 x 1071 +03

1556 HO + CHil — H:O + CHol 72 x 107 +0.5 3.1 x 107 Pexp( - 1120/T) 270430 +500

1557 NO; + HI = HNO; + [ No recommendation (see data sheets)

1557 I0 + HO, —» HOI + O, 6.4 x 107" +0.3

1558 IO + 1O — products 52 x 10~ +0.3 1.7 x 10~ '%exp(1020/T) 250-373 +500

1558 IO + NO =» 1 + NO; 22 x 107" +0.3 73 x 10~ 2%exp(330/T) 200400 +150

1559 IO + NO; + M = IONO; + M 7.7 x 10~ [N,] (ko) +0.3 7.7 x 1073Y(T/300) 5[N] 250-350 An = %2
1.6 x 10" (k=) +0.3 1.6 x 101 250-350 Alog k = %03
F. =04

1560 10 + CH3SCH; — products 1.2 x 107" +0.3

1561 INO + INO—- 1L, + 2NO 13 x 10~ +0.4 8.4 x 10~ "exp(—2620/T) 300-450 +600

1562 INO; + INO; = I; + 2 NO; 47 x 107 +0.5 2.9 X 10~ "exp(—2600/T) 298-400 +1000

1562 HOI + hv — products See data sheets

1563 I0 + hv — products See data sheets

1564 INO + Av - products See data sheets

1565 INO, + hv — products See data sheets

1565 IONO; + hv — products See data sheets

AHLSINIHO OIHIHdSOWLY HOL V1Vad TvOINIHOOLOHd ANV JLLINDA

*No data sheet or recommendation presented in this article. See our earlier evaluation; J. Phys. Chem. Ref.

Data 18, 881 (1989) for our most recent recommendation.
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3. Guide to the Data Sheets

The data sheets are of two types: (i) those for the ther-
mal reactions and (ii) those for the photochemical reac-
tions.

3.1. Thermal Reactions

The data sheets begin with a statement of the reactions
including all pathways which are considered feasible.
This is followed by the corresponding enthalpy changes at
298 K, calculated from the enthalpies of formation sum-
marized in Appendix 1.

The available kinetic data on the reactions are summa-
rized under three headings: (i) Absolute Rate Coeffi-
cients, (ii) Relative Rate Coefficients, and (iii) Reviews
and Evaluations. Under headings (i) and (ii), we list ei-
ther new data which have been published since the last
IUPAC evaluation* or we reproduce the data sheet from
a previous evaluation containing the most recent pub-
lished data. Under heading (iii) are listed the preferred
rate data from the most recent NASA evaluation and our
own IUPAC evaluation, and from any new review or eval-
uation source. Under all three 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 temperature-dependent form over a stated
range of temperatures. For bimolecular reactions, the
temperature dependence is usually expressed in the nor-
mal Arrhenius form, k = A exp(—B/T), where B = E/R.
For a few bimolecular reactions, we have listed tempera-
ture 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 their data. For pressure-depen-
dent combination and dissociation reactions, the non-
Arrhenius temperature dependence is used. This is
discussed more fully in a subsequent section of the Intro-
duction.

Single temperature data are presented as such and
wherever possible the rate coefficient at, or close to,
298 K is quoted directly as measured by the original au-
thors. This means that the listed rate coefficient at 298 K
may differ slightly from that calculated from the Arrhe-
nius parameters determined by the same authors. Rate
coefficients at 298 K marked with an asterisk indicate
that the value was calculated by extrapolation of a mea-
sured temperature range which did not include 298 K.
The tables of data are supplemented by a series of com-
ments summarizing the experimental details. The follow-
ing list of abbreviations, relating to experimental
techniques, is used mainly in the Comments section:

EPR-clectron paramagnetic resonance
FTIR-Fourier transform infrared

GC-gas chromatography/gas chromatographic
IR-infrared

LIF-laser induced fluorescence

LMR-laser magnetic resonance

MS-mass spectrometry/mass spectrometric
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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 reference reaction used to calculate the absolute rate
coefficient listed in the data table. The absolute value of
the rate coefficient given in the table may be different
from that reported by the original author owing to a dif-
ferent choice of rate coefficient of the reference reaction.
Whenever possible the reference rate data are those pre-
ferred in the present evaluation.

The preferred rate coefficients are presented (i) at a
temperature of 298 K and (ii) in temperature-dependent
form over a stated range of temperatures.

This is followed by a statement of the error limits in
log k at 298 K and the error limits either in (E/R) or in
n, for the mean temperature in the range. Some com-
ments on the assignment of errors are given later in this
introduction.

The “Comments on Preferred Values” describe how
the selection was made and give any other relevant infor-
mation. The extent of the comments depends upon the
present state of our knowledge of the particular reaction
in question. The data sheets are concluded with a list of
the relevant references.

3.2. Conventions Concerning Rate Coefficients
All of the reactions in the table are elementary pro-
cesses. Thus the rate expression is derived from a state-

ment of the reaction, e.g.,

A+A-B+C

1

—= d[A]

2 d[B] _ d[C 2
L= = T = ar

Note that the stoichiometric coefficient for A, i.e., 2, ap-
pears in the denominator before the rate of change of [A]
(which is equal to 2k[A]?) and as a power on the right-
hand side.

3.3. Treatment of Combination and
Dissociation Reactions

The rates of combination and the reverse dissociation
reactions

A+B+M=AB+ M

depend on the temperature T, and the nature and con-
centration of the third body [M]. The rate coefficients of
these reactions have to be expressed in a form which is
more complicated than those for simple bimolecular re-
actions. The combination reactions are described by a
pseudo second-order rate law

d[AB

= = k[A][B]



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

i which the second-order rate coefficient depends on
M| The low-pressure third-order limit is characterized
Iy A,

ko = lim k(IM])
M]—0

which is proportional to [M]. The high-pressure second-
order limit is characterized by k=,

ko = lim k (M)
[M] -

which is independent of [M]. For a combination reaction
i the low-pressure range, the summary table gives a sec-
ond-order rate coefficient expressed as the product of a
third-order rate coefficient and the third body concentra-
tion. The transition between the third-order and the sec-
ond-order range is represented by a reduced falloff
expression of ko/k« as a function of

ko/km = rM]/rM]Cy

where the “center of the falloff curve” [M] indicates the
third-body concentration for which the extrapolated k.
would be equal to k.. The dependence of k on [M] in
general is complicated and has to be analyzed by uni-
molecular rate theory. For moderately complex
molecules at not too high temperatures, however, a sim-
ple approximate relationship holds:

kok =

k=t k.

F=ko(1+—M)F

- k()

where the first factors at the right-hand side represent
the Lindemann-Hinshelwood expression, and the addi-
tional broadening factor F, at not too high temperature,
is approximately given by*®

log F = log F.
1 + [log(kotk<))?
In this way the three quantities k., k.., and F, characterize
the falloff curve for the present application.
Alternatively, the three quantities k., [M]., and F. (or
ko, [M]., and F.) can be used. The temperature depen-
dence of F., which is sometimes significant, can be esti-
mated by the procedure of Troe.** The results can
usually be represented® approximately by an equation

Fo = (1- a) exp(—T/T***)
+ a exp(—T/T*) + exp(—T**/T).

The last term becomes relevant only at high tempera-
tures. In Ref. 2, for simplicitya = 1 and T** = 4T* was
adopted. Often F. = exp(—T/T*) is sufficient for low
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temperature conditions. With molecules of increasing
complexity, additional broadening of the falloff curves
may have to be taken into account.5® For simplicity these
effects are neglected in the present evaluation. An even
simpler policy was chosen in Ref. 5 where a temperature
independent standard value of F. = 0.6 was adopted.

Changes in F. would require changes in the limiting k.
and k., values. For the purpose of this evaluation, this will
be irrelevant in most cases, if the preferred ko and k- are
used consistently together with the preferred F. values.

Theoretical predictions of F. have been derived from
rigid RRKM-type models including weak collision ef-
fects.™®

The dependence of k. and k. on the temperature T is
represented in the form:

k «T™"

(except for the cases with an cstablished encrgy barricr in
the potential). We have used this form of temperature
dependence because it often gives a better fit to the data
over a wider range of temperature than does the Arrhe-
nius expression. The dependence of k, on the nature of
the third-body M generally is represented by the relative
efficiencies of M; and M,.

ko(Ml)/[Ml] Zka(Mz) /[Mz]

The few thermal dissociation reactions of interest in the
present application are treated by analogy with combina-
tion reactions, with pseudo-first-order rate coefficients
k([M]). The limiting low- and high-pressure rate coeffi-
cients expressed in units of s™! are denoted in the tables
by the symbols (ko/s™') and (k=/s~"!). F. is the same in
combination and dissociation reactions.

3.4. Photochemical Reactions

The data sheets begin with a list of feasible primary
photochemical transitions for wavelengths usually down
to 170 nm, along with the corresponding enthalpy
changes at 0 K where possible or alternatively at 298 K,
calculated from the data in Appendix 1. Calculated
threshold wavelengths corresponding to .these enthalpy
changes are also listed.

This is followed by tables summarizing the available ex-
perimental data on (i) absorption cross-sections and (ii)
quantum yields. These data are supplemented by a series
of comments.

The next table lists the preferred absorption cross-sec-
tion data and the preferred quantum yields at appropri-
ate wavelength intervals. For absorption cross-sections
the intervals are usually 1, 5 or 10 nm. Any temperature
dependence of the absorption cross-sections is also given
where possible. The aim in presenting these preferred
data is to provide a basis for calculating atmospheric pho-
tolysis rates.

The comments again describe how the preferred data
were selected and include other relevant points. The pho-
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tochemical data sheets are also concluded with a list of
references.

In this evaluation we have provided data sheets for all
of the photochemical reactions listed in the Summary
Table and not just those for which new data have become
available since our last evaluation.

3.5. Conventions Concerning Absorption
Cross-Sections

These are presented in the data sheets as “absorption
cross-sections per molecule, base e.” They are defined
according to the equations

I/l = cxp( o[N]I),
o = {UINIOIAI),

where /; and [ are the incident and transmitted light in-
tensities, ¢ is the absorption cross-section per molecule
(expressed in this paper in units of cm?), [N] is the num-
ber concentration of absorber (expressed in cm ™), and /
is the path length (expressed in cm). Other definitions
and units are frequently quoted. The closely related
quantities “absorption coefficient” and “extinction coef-
ficient” are often used, but care must be taken to avoid
confusion in their definition; it is always necessary to
know the units of concentration and of path length and
the type of logarithm (base e or base 10) corresponding
to the definition. To convert an absorption cross-section
to the equivalent Naperian (base e) absorption coeffi-
cient of a gas at a pressure of one standard atmosphere
and temperature of 273 K (expressed in cm™'), multiply
the value of o in cm? by 2.69 x 10",

3.6. Assignment of Errors

Under the heading “reliability,” estimates have been
made of the absolute accuracies of the preferred values
of k& at 298 K and of thc prcferred valucs of £/R over the
quoted temperature range. The accuracy of the preferred
rate coefficient at 298 K is quoted as the term Alog &,
where Alog k = D and D is defined by the equation, logia
k = C = D. This is equivalent to the statement that k is
uncertain to a factor of F, where D = logF. The accu-
racy of the preferred value of E/R is quoted as the term
A(E/R), where A(E/R) = G and G is defined by the
equation E/R = H = G.

For second-order rate coefficients listed in this evalua-
tion, an estimate of the uncertainty at any given temper-
ature within the recommended temperature range may
be obtained from the equation:

Alog k (T) = Alog £(298) exp

E(l__l_)i
R\T 298
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(note that the exponent in this equation is an absolute
value).

The assignment of these absolute error limits in k and
E/R is a subjective assessment of the evaluators. Experi-

“ence shows that for rate measurements of atomic and

free radical reactions in the gas phase, the precision of
the measurement, i.e., the reproducibility, is usually
good. Thus, for single studies of a particular reaction in-
volving one technique, standard deviations, or even 90%
confidence limits, of +10% or less are frequently re-
ported in the literature. Unfortunately, when evaluators
come to compare data for the same reaction studied by
more than one group of investigators and involving differ-
ent techniques, the rate coefficients often differ by a fac-
tor of 2 or even more. This can only mean that one or
more of the studies has involved large systematic errors
which arc difficult to detect. This is hardly surprising
since, unlike molecular reactions, it is not always possible
to study atomic and free radical reactions in isolation,
and consequently mechanistic and other difficulties fre-
quently arise.

The arbitrary assignment of errors made here is based
mainly on our state of knowledge of a particular reaction
which is dependent upon factors such as the number of
independent investigations made and the number of dif-
ferent techniques used. On the whole, our assessment of
error limits errs towards the cautious side. Thus, in the
case where a rate coefficient has been measured by a sin-
gle investigation using one particular technique and is un-
confirmed by independent work, we suggest that
minimum error limits of a factor of 2 are appropriate.

In contrast with the usual situation for rate coeffi-
cients, where intercomparison of results of a number of
independent studies permits a realistic assessment of reli-
ability, for many photochemical processes there is a
scarcity of apparently reliable data. Thus, we do not feel
justified now in assigning error limits to the parameters
reported for the photochemical reactions.
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¢J. Troe, J. Phys. Chem. 83, 114 (1979).
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4. Data Sheets

4.1. Oxygen Species

0+02+M—)03+M

AH® = —106.5 kJ-mol~!

Low-pressure rate coefficlents

Rate coefficient data

ko/cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
7.2 x 1073 (T/100)~37 [He] 100-200 Hippler, Rahn and Troe, 1990! (a)
34 x 10-% (T/300)~12 [He] 200-1000
8.0 x 10~3 (T/100)~>2 [Ar] 80-150
4.5 x 1073 (7/300)~27 [Ar] 150-400
4.0 x 1073 (T/1000)'9 [Ar] 700-3000
55 x 10-3 (T/300)~2% [Na] 100-400
5.2 X 10~% (T/1000)~!* [N} 700-900
Reviews and Evaluations
6.2 x 107** (T/300)2° [0O,] 200-300 CODATA, 1980% IUPAC, 19893 (b)
5.7 x 1073 (T/300)~2* [N,] 200-300
6.0 x 10~ (T/300)~2? [air] 200-300 NASA, 1990* (©
Comments confirm the earlier absolute values of ko at 298 K. The

(a) Oxygen atoms were generated by laser flash photol-
ysis of Oz, N;O or O;. Os formation was studied by UV
absorption measurements over the range 1-1000 bar and
90-370 K. The expressions given for ko at T < 400 K are
from Ref. 1. They are consistent with less extensive ear-
lier results from Refs. 5-9. The expressions for kpat T >
400 K are based on dissociation experiments®*? con-
verted to recombination data with the equilibrium con-
stant. The reaction is suggested to follow the energy
transfer mechanism at high temperatures. At low temper-
atures a radical-complex mechanism apparently domi-
nates with contributions from metastable excited
electronic states of O;.

(b) Based on the data from Ref. 5-9.

(c) Average of the results from Ref. 7 and 8.

.Preferred Values

ko = 5.6 x 1073(T/300)~*% [N;] cm® molecule™! s™!
over the temperature range 100-300 K.
ko = 6.0 x 107°%(7/300)728 [O,] cm® molecule™! s~*
over the temperature range 100-300 K.
Reliability
Alog ko = =0.05 at 298 K.
An = *0.5.

Comments on Preferred Values
The new results obtained over extended temperature
ranges' confirm the large negative values of n, and also
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value of n is probably similar for N, and O, as for the
reaction Cl + O; + M — CIOO + M also studied at low
temperatures (see this evaluation) and governed by a rad-
ical-complex mechanism.

Comments on High-pressure Rate Coefficients and Falloff
Range

The new experiments from Ref. 1 under low tempera-
ture and high pressure conditions indicate anomalous
falloff behavior different from the formalism described in
the Introduction. These effects are not relevant for atmo-

spheric conditions, and they are not included in this eval-
uation.

References

'H. Hippler, R. Rahn, and J. Troe, J. Chem. Phys. 93, 6560 (1990).

2CODATA, 1980 (see references in Introduction).

3IUPAC, Supplement I1I, 1989 (see references in Introduction).

*NASA Evaluation No. 9, 1990 (see references in Introduction).

*R. E. Huie, J. T. Herron, and D. D. Davies, J. Phys. Chem. 76, 2653
(1972).

°L. Arnold and F. J. Comes, Chem. Phys. 42, 231 (1979).

0. Klais, P. C. Anderson, and M. J. Kurylo, Int. J. Chem. Kinet. 12, 469
(1980).

8C. L. Lin and M. T. Leu, Int. J. Chem. Kinet. 14, 417 (1982).

*W. T. Rawlins, G. E. Caledonia, and R. A. Armstrong, J. Chem. Phys.
87, 5209 (1987).

1"W. M. Jones and N. Davidson, J. Am. Chem. Soc. 84, 2868 (1962).

UR. E. Center and R. T. V. Kung, J. Chem. Phys. 62, 802 (1975).

2H. Endo, K. Glanzer, and J. Troe, J. Phys. Chem. 83, 2083 (1979).
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0O+ 0; - 20;
A = —391.9 kJ-mol !
Rate coefficient data
A /em* molecule =1 s~! Temp./K Reference Comments
thholute Rate Coefficients
56 x 107'2 exp(—1959/T) 220-377 Wine et al., 1983! (a)
826 x 10715 297
Reviews and Evaluations
B0 X 10712 exp(—2060/T) 220-400 CODATA, 1984% IUPAC, 1989° (b)
80 x 10~'2 exp(—2060/T) 200-300 NASA, 1990 (©
Comments Comments on Preferred Values

(a) O(P) atoms produced by the laser photolysis of Os at
532 nm, and monitored by time-resolved resonance
fluorescence.

(b) See Comments on Preferred Values.

(c) Obtained by Wine' from an unweighted linear least-
squares fit of the data of Wine et al.,! McCrumb and
Kaufman,® Davis ef al ., West et al.” and Arnold and
Comes.®

Preferred Values

k = 8.0 x 10~ cm® molecule™! s~! at 298 K.
k = 8.0 x 107'? exp(—2060/T) cm® molecule™* s™*
over the temperature range 200-400 K.

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

This data sheet is reproduced from our previous evalu-
ation, CODATA, 1984.> The study of Wine et al.! yields
values of & in close agreement with those from other stud-
ies, over the whole temperature range covered. Our rec-
ommendations are based on the least-squares expression
obtained by Wine et al.! from a fit of their data plus those
of McCrumb and Kaufman,’ Davis et al., West et al.” and
Arnold and Comes.*

References

'P. H. Wine, J. M. Nicovich, R. J. Thompson, and A. R. Ravishankara,
J. Phys. Chem. 87, 3948 (1983).

2CODATA, Supplement I1, 1984 (see references in Introduction).

*TUPAC, Supplement 11, 1989 (see references in Introduction).

“NASA Evaluation No. 9, 1990 (see references in Introduction).

%J. L. McCrumb and F. Kaufman, J. Chem. Phys. 57, 1270 (1972).

‘D. D. Davis, W. Wong, and J. Lephart, Chem. Phys. Lett. 22, 273
(1973).

’G. A. West, R. E. Weston, Jr., and G. W. Flynn, Chem. Phys. Lett. 56,
429 (1979).

®]. Arnold and F. J. Comes, Chem. Phys. 42, 231 (1979).
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O('D) + 0z > OCP) + O('%;) (1)
— O(P) + 0:('A)) (2)
- O(CP) + 0:(%;) (3)

AH°(1) = —32.8 kJ-mol™~!
AH®(2) = —95.4 kJ-mol~!
AH°(3) = —189.7 kJ-mol -

Rate coefficient data (k = ki + k2 + k3)

k/cm® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(42 = 02) x 101 295 Amimoto et al., 1979! (a)
(4.0 = 0.6) x 1071 298 Brock and Watson, 19812 (b)
Branching Ratios
kik = 0.77 = 0.2 300 Lee and Slanger, 19783 (c)
ko/k < 0.05 300 Gauthier and Snelling, 1971* (d)
Reviews and Fvaluations
3.2 x 10~ exp(67/T) 200-350 CODATA, 1982°%; IUPAC, 1989¢ (e)
3.2 x 10~ exp(70/T) 200-300 NASA, 19907 )
Comments Comments on Preferred Values

(a) O('D) atoms produced by laser flash photolysis of O,
at 248 nm, and O(’P) detected by resonance absorp-
tion at 130 nm.

(b) O(’D) atoms produced by laser flash photolysis of O;
at 266 nm, and O(°P) detected by resonance fluores-
cence at 130 nm.

(c) O('D) atoms detected by O('D) — O(°P) emission at
630 nm. O('Z,") was monitored from the O,('3;) —
0:(°%;) (1-1) and (0-0) band emission. Ox('Z;) is
only formed in the v = 0 and 1 levels, with k(1)/k (0)
= 0.7.

(d) O('D) atom production by the photolysis of Os.

(¢) Scc Comments on Preferred Valucs.

(f) Based on the results of Amimoto et al.,' Brock and
Watson,> and earlier references, excluding those
measurements employing O(*D) atom absorption.

Preferred Values

k = 4.0 x 107" cm® molecule™" s™" at 298 K.

k = 3.2 x 107" exp(67/T) cm® molecule ' s™! over the
temperature range 200-350 K.

ki/k = 0.8 at 298 K.
ko/k < 0.05 at 298 K.

Reliability
Alog k = +0.05 at 298 K.
A(E/R) = =100 K.
Alog(ki/k) = +0.1 at 298 K.
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This data sheet is reproduced from our previous evalu-
ation, CODATA, 1982.° The earlier controversy between
measurements using O('D) emission at 630 nm and ab-
sorption at 115 nm now appears to be resolved, since
O(’P) atom detection by absorption at 130 nm and fluo-
rescence support the O('D) emission results. Apparently
the y-value in the Lambert-Beer law used for the O('D)
absorption results was too small. The preferred 298 K
rate coefficient is the average of the results from Ami-
moto et al.,! Brock and Watson,” Lee and Slanger® and
Streit et al .® The branching ratios of Lee and Slanger® and
Gauthier and Snelling* are recommended.
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O('D) + O; — O, + 20(°P) (1)
— O(P) + O; @)
— 20('Ag) (3)
- 0('%]) + 0:0°%;) (4)
— 20.(°%q) (5)

A1) = —83.2 kJ'mol ™!

\I(2) = —189.7 ki-mol ™!
\H(3) = —393.0 kJ-mol !
\I1"(4) = —424.7 kJ-mol~*
\/1*(5) = —581.6 kI'mol !

Rate coefficient data (k = ky + k2 + ka + kg + ks)

k7t m® malecnle—1 g=1 Temp. /K Reference Comments
tnolute Rate Coefficients
(25 £ 0.2) x 107 298 Greenblatt and Wiesenfeld, 1983 (a)
liranching Ratios
Atk = 0.53 298 Cobos, Castellano, and Schumacher, 19832 (b)
kik = 0.47
Reviews and Evaluations
24 x 10-1° 100-400 CODATA, 19843 IUPAC, 1989* (c)
kik = kstk = 0.5 298
24 x 1071 200-300 NASA, 1990° (©)
kik = kslk = 0.5 298

(a) Laser photolysis of O3 at 248 and 308 nm, using a
flow system. O(*P) atoms were monitored by time-re-
solved resonance fluorescence.

(b) Steady-state photolysis of pure O; and Os-inert gas
mixtures. Ozone removal was monitored manometri-
cally at high pressures and spectrophotometrically at
lower pressures. The quantum yield of O; removal
was interpreted in terms of a complex reaction
scheme.

(c) Based on the data of Streit e al.,* Amimoto et al .,
Ravishankara and Wine’ and Davenport et al "’

Preferred Values

k =24 x 107" cm’ molecule ™" s ™! over the tempera-
ture range 100-400 K.
kitk = kslk = 0.5 at 298 K.

Reliability
Alog k = =0.05 over the temperature range 100-
400 K.
Alog ki/k = Alog ksfk = +0.1 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, CODATA, 1984.% The measurement of the rate co-
efficient k at 298 K by Greenblatt and Wiesenfeld! is in
excellent agreement with our previous recommenda-
tion."! The determination of k;/ks by Cobos etal.? is
rather indirect, but provides further evidence that ky=ks.
Our previous recommendations®*!! are unchanged.

References
!G. D. Greenblatt and J. R. Wiesenfeld, J. Chem. Phys. 789, 4924
(1983).
*C. Cobos, E. Castellano, and H. J. Schumacher, J. Photochem. 21, 291
(1983).

3CODATA, Supplement II, 1984 (see references in Introduction).

‘IUPAC, Supplement III, 1989 (see references in Introduction).

*NASA Evaluation No. 9, 1990 (see references in Introduction).

5G. E. Strcit, C. J. loward, A. L. Schmeltekopl, J. A. Davidson, and H.
L. Schiff, J. Chem. Phys. 65, 4761 (1976); J. A. Davidson, C. M. Sad-
owski, H. L. Schiff, G. E. Streit, C. J. Howard, D. A. Jennings, and A.
L. Schmeltekopf, J. Chem. Phys. 64, 57 (1976).

’S. T. Amimoto, A. P. Force, and J. R. Wiesenfeld, Chem. Phys. Lett.
60, 40 (1978).

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

°A. R. Ravishankara and P. H. Wine, Chem. Phys. Lett. 77, 103 (1981).
1], E. Davenport, B. Ridley, H. I. Schiff, and K. H. Welge, J. Chem.
Soc. Faraday Disc. 53, 230 (1972).

""CODATA, Supplement I, 1982 (see references in Introduction).

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992



1152

ATKINSON ET AL.

0; + 0; > 0 + 20,

Comments

These Comments are reproduced from our previous
evaluation, JTUPAC, 1989.! Arnold and Comes* have
studied this reaction of vibrationally excited oxygen
molecules in the ground electronic state with ozone, and
they report a rate coefficient value of 2.8 x 10~ cm?
molecule ™ s~ at 298 K. The vibrationally excited oxygen
molecules were produced in the reaction of O('D) atoms
with Os following the UV photolysis of ozone. This is the

only reported study of this rate coefficient, and we prefer
to make no recommendation. For further discussion the
reader is referred to the review by Steinfeld ef al.*
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2I. Arnold and F. J. Comes, Chem. Phys. 47, 125 (1980).

31. Arnold and F. J. Comes, J. Mol. Struct. 61, 223 (1980).

4]. 1. Steinfeld, S. M. Adler-Golden, and J. W. Gallagher, J. Phys.
Chem. Ref. Data 16, 911 (1987).

O:('Ag) + M — 0:0°%;) + M

AH® = —943 kJ-mol~}

Rate coefficient data

Temp./K

Comments

k/cm® molecule~! s=! M Reference

Absolute Rate Coefficients
(33 = 04) x 10~¥ (o 298 Eisenberg et al., 1984} (a)
(1.65 = 0.07) x 107 0, 298 Raja, Arora, and Chatha, 19862 (b)
3.15 x 10~ ¥ exp(—-205)/T O 100450 Billington and Borrell, 1986 (c)
1.57 x 10~ 0, 298
5 x 107" CO, 298 Singh et al., 1985* (d

Reviews and Evaluations
3.0 x 10~ exp(—200/T) (o} 100-450 CODATA, 1984%; IUPAC, 1989° (e)
<14 x 1079 N 298 ®
5% 1018 H;0 298 ®
<2 x 1072 Co; 298 (h)

Comments

(a) Direct laser excitation of O, at 1065 nm to give
O:(*Ag, v = 1). Oz('A,) was observed in emission at
1270 nm. The pressure was 1 atm of O,.

(b) Discharge flow system, with O,(*A;) being monitored
by its dimol emission at 635 nm. The total pressure
was 5-12 Torr.

(c) Discharge flow system, with O,('A;) being monitored
by its dimol emission at 635 nm and also by monitor-
ing the emission from O,('3;) at 762 nm. The total
pressure was 3-12 Torr.

(d) Discharge flow system. O.('A,) was monitored in
emission at 1270 nm. No quenching could be ob-
served for M = CO,.

(e) Based on the data of Borrell e al.,” Leiss et al.® and
Findlay and Snelling.’

(f) Based on the data of Collings et al .*°

(g) Based on the data of Findlay and Snelling’ and
Becker et al M

(h) Based on the data of Leiss efal.® and Findlay and
Snelling.’
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Preferred Values

k = 1.6 x 1078 cm?® molecule ! s™! for M = O, at
298 K.

k = 3.0 x 107" exp(—200/T) cm® molecule™ s~! for
M = O, over the temperature range 100-450 K.

k< 1.4 x 107" cm® molecule™! s™! for M = N; at
298 K.

k =5 x 107" cm® molecule™ s™! for M = H;O at
298 K.

k< 2 x 107® cm® molecule™! s! for M = CO, at

298 K.

Reliability
Alogk = 02 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 of k(M = Q) is based on the re-
sults of Raja et al.,? Billington and Borrell,? Borrell e al.’
and Leiss ez al .® The temperature dependence of Billing-




KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

1o and BorrellP® is adopted in this evaluation. The much
lwer vilue of Eisenberg et al ! by a new technique is not
n b derivation of the preferred value. The previous
« OODATA recommendations® for M = N, H;O, and CO,
we unchanged.
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0O; + hv — products

Primary photochemical processes

Hoactions &/kJmol ! Athreshold/NM
).+ hv = OCP) + OCP) 494 242
— O(P) + O('D) 683 175
— O('D) + O('D) 873 137
— OCP) + O('S) 898 132
Absorption cross-section data
Wavelength range/nm Reference Comments
179-201 Yoshino et al., 1983} (a)
175-205 Yoshino, Freeman and Parkinson, 19842 (b)
193-204 Cheung et al ., 1984> (©)
205-225 Johnston, Paige and Yao, 1984* (d)
205-241 Cheung et al ., 1986° (e)
205-240 Jenouvrier, Coquart and Merienne, 1986° ®
175-247 WMO, 19867 ()
179-198 Yoshino et al., 1987 (h)
175-205 Nicolet, Cieslik and Kennes, 1987¢ (i)

Comments

(a) Measured at 300 K with a spectral resolution of
0.0013 nm. Band oscillator strengths of S-R band
(12,0) through (1,0) determined. .

(b) Measured at 300 K at high resolution with a vacuum
spectrograph. Includes an atlas of S-R absorption
bands of O; at 300 K showing detailed rotation line
assignments for 175-205 nm region.

(c) Measured at 300 K with a spectral resolution of
0.0013 nm. Absorption includes discrete line of S-R
bands and two underlying dissociation continua —
the weak Herzberg continuum of O; and a pressure
dependent continuum involving two oxygen
molecules.

(d) Measured at 206-327 K with a spectral resolution of
0.2 nm and O, pressures of 100-750 Torr.

(e) Measured at 296-300 K with a spectral resolution of

0.13 nm and O, pressures of 5-760 Torr. Observed
attenuation was due to Rayleigh scattering and to ab-
sorption into two continua [see note (c)].

(f) Measured at 289-294 K at low spectral resolution
and O; pressures of 5-100 Torr.

(g) Ciritical review of all published data. Recommended

values given for standard spectral intervals from 175-

247 nm. Transmission in the S-R system (bands +

continuum) tabulated as a function of column O, for

standard spectral intervals from 175-206 nm.

(h) Measured at 79 K with spectral resolution of 0.0013
nm. Band oscillator strengths of S-R bands (12,0)
through (2,0) determined by numerical integration of
cross-section data.

(i) Tables of calculated absorption cross-sections pre-
sented for the range of the (0,0) to (19,0) bands from
49000 to 57000 cm ™" and the temperature range 190
300 K in 32 intervals of 250 cm™".

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Preferred Values

Absorption cross-sections of O, Iin the Herzberg continuum

A/nm 10%* g/cm?
205 135
210 6.51
215 5.59
220 4.46
225 345
230 243
235 1.63
240 1.01

Comments on Preferred Values

This data sheet is largely reproduced from our previous
evaluation, IUPAC, 1989." The recommended absorp-
tion cross-section values for the Herzberg continuum are
taken from the recent study by Yoshino et al.,!! where
values are tabulated for every nm from 205-240 nm.
These values were derived from an analysis and combina-
tion of the data of Cheung et al.’ and those of Jenouvrier
et al ® They are in agreement with the results of Johnston
etal.* They are consistent with the lower absorption
cross-section values inferred from balloon-borne mea-
surements of solar irradiance attenuation in the strato-
sphere by Frederick and Mentall,”” by Herman and
Mentall” and by Anderson and Hall," but are in dis-
agreement with the results derived by Pirre et al.” from
a similar in-situ stratospheric study. An analysis of the
photodissociation of oxygen in the Herzberg continuum
has recently been published by Nicolet and Kennes.!

For the Schumann-Runge wavelength region the
reader is referred to the review in WMO, 19867 and to the
tables of absorption cross-sections in Nicolet ez al.’ In this
spectral region a detailed analysis of the penetration of
solar radiation requires absorption cross-section mea-
surements with very high spectral resolution. Absorption
cross-section vahies for the (0,0)-(12,0) S-R bands mea-
sured by the Harvard-Smithsonian group'# are the first
set of values which are independent of instrumental
width. Band oscillator strengths for these bands have
been determined by direct numerical integration of these
absolute cross-section values. The results of more recent
studies of the S-R bands for isotopic oxygen molecules
are presented in references 17-21. The cffect on ozone
formation in the 214 nm photolysis of oxygen due to

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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0, — O; collision pairs at high O, pressure and the effect
of high N; pressure have been studied by Horowitz et al .2
Greenblatt et al 2 studied the absorption spectrum of O
and O; — O collision pairs over the wavelength range
330-1140 nm for O; pressures from 1 to 55 bar at 298 K.
Band centers, band widths, and absorption cross-sections
were reported for the absorption features in this wave-
length region.
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0; + hv — products
Primary photochemical processes
Reactions AHS/k Jmol ! Athresnora/nm
Or + hv = OCP) + O°%) %) 101 1180

— OCP) + Oy('Ay) ) 196 611

- OCP) + O,('%}) 3) _ 258 463

— O('D) + 0,(°%y) ) 291 411

- O('D) + O('A,) ) 386 310

- O('D) + O,('%}) (6) 448 267

Ahsorption cross-section data

Wavelength range/nm Reference Comments
240-350 Freceman et al., 1984} (a)
245-350 Bass and Paur, 19852 (b)
310-350 Malicet, Brion and Daumont, 1985° (©
185-350 Molina and Molina, 1986* (d)
254 Mauersberger ef al., 19863 (e)
175-360 WMO, 1986° ®
238-335 Yoshino et al., 19887 @
590-610 Amoruso et al ., 1990% (h)

Comments

(a) Measured at 195 K with a spectral resolution of 0.003
nm. Relative values normalized to values at five mer-
cury lines.

(b) Measured at 200300 K with a spectral resolution of
0.025 nm. Relative values normalized to value of
1147 x 1072 cm? at the 253.65 nm mercury line.

(c) Measured at 228 K and 298 K at five mercury line
wavelengths in the ultraviolet and in the continuous
spectral range 320-330 nm with a spectral resolution
of 0.02 nm.

(d) Measured at 226-298 K with a spectral resolution of
0.07 nm.

(e) Measured at 297 K at the 253.7 nm mercury line.
Later measurements (Ref. 9) extended the measure-
ments to the temperature range 195-351 K.

(f) Critical review of all published data. Recommended
values given for standard spectral intervals from 175~
360 nm for 203 K and 273 K. Recommended values
were also tabulated for visible spectral region.

(g) Measured at 195 K, 228 K, and 295 K at thirteen
wavelengths in this region. These absolute measure-
ments were used to convert the relative values in
Ref. 1 to absolute values.

(h) Measured at 230 K and 299 K. Results were tabu-
lated at 0.5 nm intervals,

O2one absorption cross-sections at 273 K averaged over spectral intervals

Int # ANnm 10% o/cm? Int # ANnm 10% o/cm?
1 175.4-177.0 81.1 31 238.1-241.0 797
2 178.6 79.9 32 2439 900
3 180.2 78.6 33 246.9 1000
4 181.8 76.3 34 250.1 1080
5 183.5 72.9 35 253.2 1130
6 185.2 68.8 36 256.4 1150
7 186.9 62.2 37 259.7 1120
8 188.7 57.6 38 263.2 1060
9 190.5 52.6 39 266.7 965

10 1923 47.6 40 2703 834
11 194.2 42.8 41 274.0 692
12 196.1 383 42 277.8 542
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Ozone absorption cross-sections at 273 K averaged over spectral intervals — Continued

Int # AMnm 10* o/cm? Int # ANnm 10® gfcm?®
13 198.0 34.7 43 281.7 402
14 200.0 323 44 285.7 277
15 202.0 314 45 289.9 179
16 204.1 326 46 294.1 109
17 206.2 36.4 47 298.5 62.4
18 208.3 434 48 303.0 34.3
19 210.5 54.2 49 307.7 185
20 212.8 69.9 50 3125 9.8
21 215.0 92 51 3175 5.0
22 2174 119 52 3225 249
23 219.8 155 53 327.5 1.20
24 2222 199 54 3325 0.617
25 224.7 256 55 3375 0.274
26 227.3 323 56 3425 0.117
27 2200 400 57 347.5 0.059
28 232.6 483 58 352.5 0.027
29 235.3 579 59 3575 0.011
30 238.1 686 60 362.5 0.005

o=(1147£20) X 10-? cm? at 253.7 nm.

Ozone absorption cross-sections In the visible spectral region

Mnm 10 ofcm? Mnm 10* g/cm?
410 29 560 388
420 4.0 580 455
440 12.5 600 489
460 357 620 390
480 711 640 274
500 122 660 202
520 178 680 142
540 288 700 92
Quantum ylelds for O, photolysis

A/nm Quantum yield Temp./K
248-300 ¢s =09 = 0.1 200-300
248300 $1 1 by = 1.00 200-300
302 és = 0.90 298
304 0.90 298
306 0.85 298
308 0.74 208
310 0.56 298
312 0.34 298
314 0.18 298
316 0.08 298
318 0.02 298
320 0.00 298

Comments on Preferred Values

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Absorption Cross-sections

This data sheet is largely reproduced from our previous
evaluation, IUPAC, 1989." The recommended absorp-
tion cross-section values for the wavelength range 175-
362 nm are averaged values for the standard spectral
intervals used in modeling calculations. These values
have been adopted from the NASA 1990 review,!! which
accepted the values tabulated in the WMO 1986 review,®
except for the region 185-225 nm where the values were
taken from the recent study of Molina and Molina.* For
the 245-350 nm region the results of Bass and Paur? are
used, while for the remaining spectral regions the values
were originally tabulated in Ackerman’s review.? The
value recommended for the mercury line at 253.7 nm is
based on results reported by Hearn,” Molina and
Molina® and Mauersberger eral® The values for the
wavelength range 400-700 nm are taken from the WMO
1986 review.® The spectroscopy of ozone has been re-
viewed very recently by Steinfeld, Adler-Golden and Gal-
lagher.*

Quantum Yields

The recommended quantum yield values for the 248-
300 nm region are based on absolute quantum yield mea-
surements at 248-266 nm (see CODATA, 1984% and
CODATA, 1982'%), The quantum yield values for 300-
320 nm have been calculated from the expression for
&s(\,T) given in the NASA, 1990 review."" That expres-
sion was derived from the expression of Moortgat and
Kudszus'” by using the scaling factor 0.9 to account for
the absolute value of ¢s at the shorter wavelengths. There
is a need to confirm that the values of ¢s determined at
248-266 nm applies throughout the wavelength region up
to 300 nm (see review by Wayne').
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'"NASA Evaluation No. 9, 1990 (see references in Introduction).

12M. Ackerman in Mesospheric Models and Related Experiments (D.
Reidel Publishing Co., 1971) pp. 149-159.

13A. G. Hearn, Proc. Phys. Soc. London 78, 932 (1961).

143, 1. Steinfeld, S. M. Adler-Golden, and J. W. Gallagher, J. Phys.
Chem. Ref. Data 16, 911 (1987).

I5SCODATA, Supplement II, 1984 (see references in Introduction).

1CODATA, Supplement 1, 1982 (see references in Introduction).

G. K. Moortgat and E. Kudszus, Geophys. Res. Lett. 5, 191 (1978).

¥R, P. Wayne, Atmos. Environ. 21, 1683 (1987).

4.2. Hydrogen Species

H+H02“‘>H2+02 (1)
S2H0 ()
- H,0 + O (3)

AH°(1) = =233 kJ'mol !
AH®(2) = —154 kJ'mol ™!
AH(3) = —225 kJ-mol™*

Rate coefficlent data (k = ky + k2 + k3)

k/cm® molecule ™! ™! Temp./K Reference Comments
Absolute Rate Coefficients
(8.7 £ 15) x 1071 245-300 Keyser, 1986! (a)
Branching Ratios
ki/k = 0.08 = 0.04 245-300 Keyser, 1986 (a)
ko/k = 0.90 = 0.04
kilk = 0.02 = 0.04
Reviews and Evaluations
8.0 x 10-1 245-300 1UPAC, 1989 (b)
8.1 x 107 200-300 NASA, 1990° (c)

Comments

(a) Discharge flow system with He as the carrier gas. HO»
was produced by the F + H,O, reaction and was
present in large excess over H atoms. HO; was moni-
tored by conversion to HO by reaction with NO, with
resonance fluorescence detection of HO. The OH
radical and O(’P) atom reaction products were also
monitored by resonance fluorescence.

(b) See Comments on Preferred Values.

(c) Based on the data of Sridharan et al.’ and Keyser.!

Preferred Values

k = 8.0 x 107" cm® molecule™! s~!, independent of
temperature over the range 245-300 K.

ky = 5.6 x 107" cm® molecule™! s}, independent of
temperature over the range 245-300 K.

ka = 7.2 x 107" cm® molecule™! s~!, independent of
temperature over the range 245-300 K.

k3 = 2.4 x 10~ cm® molecule™! s~', independent of
temperature over the range 245-300 K.
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Reliability
Alog k = %0.1 over the range 245-300 K.
A(E/R) = =200 K.
Alog ky = *0.5 over the range 245-300 K.
Alog k; = %0.1 over the range 245-300 K.
Alog ks = *=0.5 over the range 245-300 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, [UPAC, 1989.7 The study of Keyser! is the most de-
tailed 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 those obtained by Sridharan
et al.,* who used a similar technique. The recommended
rate coefficient k and the branching ratios are the aver-
ages from these two studies.™ In both cases k,/k was not
measured directly but obtained by difference. A direct
measurcment of this branching ratio is desirable.

The yield of Oz('2;") in this reaction has been mea-
sured by Hislop and Wayne,’ Keyser et al® and Michelan-

ATKINSON ET AL.

geli et al.,” who report formation yields of (2.8 % 1.3) x
1074 <8 x 1073 and <2.1 X 107 respectively.

Keyser! observed no effect of temperature on the rate
coefficient k over the small range studied. This suggests
that the value of k; = 3.3 x 107" cm’® molecule™! s™!
obtained by Pagsberg et al.® at 349 K is too low or that
there is a substantial negative temperature coefficient.
We provisionally recommend E/R = 0 but only over the
range 245-300 K.

References

L. F. Keyser, J. Phys. Chem. 90, 2994 (1986).

2JUPAC, Supplement III, 1989 (see references in Introduction).

3NASA Evaluation No. 9, 1990 (see references in Introduction).

4U. C. Sridharan, L. X. Qui, and F. Kaufman, J. Phys. Chem. 86, 4569
(1982).

5J. R. Hislop and R. P. Wayne, J. Chem. Soc. Faraday 2, 73, 506 (1977).

L. F. Keyser, K. Y. Choo, and M. T. Leu, Int. J. Chem. Kinet. 17, 1169
(1985).

D. V. Michelangeli, K. Y. Choo, and M. T. Leu, Int. J. Chem. Kinet.
20, 915 (1988).

P, B. Pagsberg, J. Eriksen, and H. C. Christensen, J. Phys. Chem. 83,
582 (1979).

H+0,+M—->HO:+ M

AH® = —203.4 kJ-mol !

Low-pressure rate coefficients

Rate coefficient data

ko/em?® molecule~! s~} Temp./K Reference Comments
Absolute Rate Coefficients
6.2 x 1073(T/300)~! % [N,] 298-639 Hsu e al., 1989' (a)
Reviews and Evaluations
5.9 x 1073(T/300)~ " [N;] 200-300 CODATA, 1980% CODATA, 1984 (b)
TUPAC, 1989*
5.7 X 107**(T/300)~* {air] 200-300 NASA, 1990° (c)

Comments

(a) Discharge flow study with resonance fluorescence
detection of H, HO, and HO; (after chemical
titration) using total pressures up to 70 Torr. Relative
rate coefficients k(M = H:O) : ko(He) : k(N2) =
10.7 : 0.43 : 1 were obtained at 298 K. The results are
consistent with earlier recommendations from Ref. 3.

(b) Average of the data from Kurylo® and Wong and
Davis.” The temperature coefficient was estimated on
the basis of these experiments and calculations from
Ref. 8.

(c) Based on data from Kurylo® and Wong and Davis.”
The temperature coefficient estimated on the basis of
Ref. 9.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Preferred Values

ko = 6.2 x 107°4(T/300)~' [N;] cm® molecule™ s~}
over the temperature range 200-600 K.

Reliability
Alog ky = +0.05 at 298 K.
An = *0.6.

Comments on Preferred Values

The preferred values are from the recent study of Hsu
et al.,! which appears to be most complete and accurate.
The older data from Refs. 6-8 are in excellent agreement
with the new results. Recent high temperature experi-
ments by Pirraglia er al.”® are consistent with the pre-
ferred values.
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High pressure rate coefficlents
Rate coefficient data
A ./cm’ molecule~! s~! Temp./K Reference Comments
Reviews and Evaluations
7.5 x 10~Y(T/300)°¢ 200-300 CODATA, 19843 IUPAC, 1989* (a)
7.5 x 10~1 200-300 NASA, 1990° (b)

Comments

(a) Based on measurements, as well as calculations, of
the temperature coefficient by Cobos et al®

(b) Based on measurements from Ref. 8. The tempera-
ture dependence was estimated.

Preferred Values

ko = 7.5 x 107" cm® molecute ! s7%, independent of
temperature over the range 200-300 K.

Reliability
Alog k. = *0.3 at 298 K.
An = =0.6.

Comments on Preferred Values

Measurements in M = Ar, N> and CH, all extrapolate
to the same limiting value. The results are from a single
study.?

Intermediate Falloff Range

The measured broadening factor F. = 0.55 + 0.15 for
M = N; from reference 8 is in agreement with a calcu-
lated value of F. = 0.66. Representation of the measured
F.by F. = exp(—T/T*) gives T* = 498 K.

References

K. J. Hsu, S. M. Anderson, J. L. Durant, and F. Kaufman, J. Phys.
Chem. 93, 1018 (1989).

2CODATA, 1980 (sce references in Introduction).

3CODATA, Supplement I, 1984 (see references in Introduction).

‘TUPAC, Supplement 111, 1989 (see references in Introduction).

SNASA Evaluation No. 9, 1990 (see references in Introduction).

‘M. J. Kurylo, J. Phys. Chem. 76, 3518 (1972).

"W. Wong and D. D. Davis, Int. J. Chem. Kinet. 6, 401 (1974).

*C. Cobos, H. Hippler, and J. Troe, J. Phys. Chem. 89, 342 (1985).

R. Patrick and D. M. Golden, Int. J. Chem. Kinet. 15, 1189 (1983).

1A, N. Pirraglia, J. V. Michael, J. W. Sutherland, and R. B. Klemm, J.
Phys. Chem. 93, 282 (1989).

O+HO—-0,+H

AH® = —70.5 kJ-mol !

Rate coefficlent data

k/em® molecule = 5! Temp./K Reference Comments
Absolute Rate Coefficients
(3.1 £ 05) x 10°1 300 Brune, Schwab and (a)
Anderson, 1983!
Relative Rate Coefficients
34 x 10-1 299 Keyser, 19832 (b)
Reviews and Evaluations
2.3 x 107" exp(110/T) 220-500 CODATA, 1984% 1UPAC, 1989* (c)
22 x 10! exp(117/T) 200-300 NASA, 19905 (d)
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Comments

(a) Fast flow discharge study with O(’P) atoms in excess.
HO radicals were monitored by LMR and resonance
fluorescence, OCP) atoms were monitored by reso-
nance fluorescence and absorption, and H atoms
were monitored by resonance fluorescence.

(b) Fast flow discharge study. HO and HO; radicals were
produced by the reactions of H with NO; and O, re-
spectively. Steady-state concentrations of HO and
HO; were established in the presence of excess O(CP)
atoms by the reaction sequence O + HO; - HO +
0,0+ HO—->H+ Ojand H+ O; + M >
HO, + M. HO was monitored by resonance fluores-
cence. HO; was determined by titration with NO and
detection of HO. The measured [HOJ[HO-] ratios
gave a rate coefficient ratio of k/k(O + HOQO;) =
0.59 = 0.07, which has been placed on an absolute
basis by use of k(O + HO;) = 58 x 107" c¢m?®
molecule™ s™! (this evaluation).

(c) See Comments on Preferred Values.

(d) Based on the data of Westenberg et al.,® Lewis and
Watson’ and Howard and Smith.®

Preferred Values
k = 3.3 x 107" cm® molecule~! s™! at 298 K.

k =23 x 107" exp(110/T) cm® molecule ™! s™! over
the temperature range 220-500 K.

ATKINSON ET AL.

Reliability

Alog k = +0.1 at 298 K.
A(E/R) = =100 K.

Comments on Preferred Values

The most recent studies are those of Brune etal.! and
Keyser.? Both are in excellent agreement with our previ-
ous recommendations,” which were based on a least
squares fit to the data of Lewis and Watson’ and Howard
and Smith.® The reaction has been the subject of a num-
ber of theoretical studies; see Troe® and Miller.®

References

'Wm. H. Brune, J. J. Schwab, and J. G. Anderson, J. Phys. Chem. 87,
4503 (1983).

’L. F. Keyser, J. Phys. Chem. 87, 837 (1983).

3CODATA, Supplement 11, 1984 (see references in Introduction).

‘TUPAC, Supplement II1, 1989 (see references in Introduction).

SNASA Evaluation No. 9, 1990 (scc rcferences in Introduction).

SA. A. Westenberg, N. deHaas, and J. M. Roscoe, J. Phys. Chem. 74,
3431 (1970).

7R. S. Lewis and R. T. Watson, J. Phys. Chem. 84, 3495 (1980).

$M. J. Howard and I. W. M. Smith, J. Chcm. Soc. Faraday Trans. 2, 77,
997 (1981).

%J. Troe, 22nd International Symposium on Combustion, 1988 (The
Combustion Institute, Pittsburgh, PA, 1989) pp. 843-862.

193, A. Miller, J. Chem. Phys. 84, 6170 (1986).

O + HO; > HO + O

AH® = —225 kJ'mol~!

Rate coefficient data

k/em® molecule ! s™? Temp./K Reference Comments
Absolute Rate Coefficients

291 x 107! exp[(228 = 75)/T] 266-391 Nicovich and Wine, 1987* (a)

(6.30 = 0.91) x 10! 298
Reviews and Evaluations

2.9 x 10~ exp(200/T) 200-400 IUPAC. 1989* (b)

3.0 x 10~" exp(200/T) 200-300 NASA, 1990° (b)

Comments Reliability

(a) Pulsed laser photolysis of H;0,-O3-N. mixtures at
248.5 nm. Total pressure = 80 Torr. O(*P) atoms
were monitored by resonance fluorescence.

(b) Based on the data of Keyser,* Sridharan et al.,’ Ravis-
hankara et al.,® Brune et al.” and Nicovich and Wine.!

Preferred Values
k =58 x 107" cm® molecule™! s~! at 298 K.

k = 27 x 107" exp(224/T) cm® molecule ! s~! over
the temperature range 200400 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

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

Comments on Preferred Values

This data sheet is largely reproduced from our previous
evaluation, ITUPAC, 1989.> The study of Nicovich and
Wine! is in excellent agreement with the earlier data of
Keyser,* Sridharan et al.,’ Ravishankara et al % and Brune
etal.” The recommended 298 K rate coefficient is the
mean of the values obtained in these studies."*” The tem-
perature coefficient is the mean of the values obtained by
Nicovich and Wine' and Keyser,* with a pre-exponential
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tactor based on this value of E/R and the recommended
value of k at 298 K.

Keyser et al.® have shown that the yield of Ox(b'Z;)
from this reaction is <1 x 107? per HO; removed. Srid-
haran et al.’ have shown, in an 'O labelling experiment,
that the reaction proceeds via formation of an HO,— "0
intermediate which dissociates to OH and *OO by rup-
ture of an O-O bond rather than via a four centre inter-
mediate yielding *OH + OO.

References

'J. M. Nicovich and P. H. Wine, J. Phys. Chem. 91, 5118 (1987).
‘IUPAC, Supplement III, 1989 (see references in Introduction).
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3NASA Evaluation No. 9, 1990 (see references in Introduction).

‘L. F. Keyser, J. Phys. Chem. 86, 8439 (1982).

5U. C. Sridharan, L. X. Qui, and K. Kaufman, J. Phys. Chem. 86, 459
(1982).

SA. R. Ravishankara, P. H. Wine, and J. M. Nicovich, J. Chem. Phys. 78,
6629 (1983).

"Wm. H. Brune, J. J. Schwab, and J. G. Anderson, J. Phys. Chem. 87,
4503 (1983).

L. F. Keyser, K. Y. Choo, and M. T. Leu, Int. J. Chem. Kinet. 17, 1169
(1985).

U. C. Sridharan, F. S. Klein, and F. Kaufman, J. Chem. Phys. 82, 592
(1985).

0O + H;0; -~ HO + HO:

AH® = —59.0 kI-mol~}

Rate coefficient data

k/cm® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients )

See comment (a) 302-349 Roscoe, 1982! (a)

113 x 10712 exp[-(2000 = 160)/T] 298-386 Wine et al., 19832 ®)

(145 = 0.29) x 10~% 298
Reviews and Evaluations

1.4 x 102 exp(—2000/T) 250-390 CODATA, 1984% IUPAC, 1989 (©)

1.4 x 1072 exp(—2000/T) 200-300 NASA, 1990° (d)

Comments Reliability

(a) Fast flow discharge system. O(’P) atoms were pro-
duced from the N + NO reaction and monitored by
chemiluminescent reaction with NO. H,0, was deter-
mined by trapping and titrating with KMnO4. The
rate coefficient k for O(P) removal was found to vary
with the initial [H,0,]/[O-] ratio in the range 5-220.
The importance of secondary reactions was con-
firmed by computer modeling of the system. The au-
thor concluded that secondary reactions had affected
all previous measurements except that of Davis et al .*
Modeling confirmed the predominance of the chan-
nel leading to HO + HO; over the alternative giving
HO + O,

(b) Laser flash photolysis of Os at 532 nm in the presence
of excess H;0,. OCP) atoms were monitored by time-
resolved resonance fluorescence.

(c) See Comments on Preferred Values.

(d) Based on the data of Davis et al.® and Wine et al

Preferred Values

k =17 x 107" cm® molecule™! s7! at 298 K.
k = 14 x 107" exp(—2000/T) cm® molecule™ s~!
over the temperature range 250-390 K.

Alog k = +0.3 at 298 K.
AE/R) = 1000 K.

Comments on Preferred Values

This data sheet is reproduced from our previous cvalu-
ation, CODATA, 1984.% The results of Wine et al .? agree
with those of Davis er al .® with regard to the temperature
coefficient, but the absolute values of the rate coefficient
k in the two studies® differ by approximately a factor of
2 throughout the range. In both cases*® the observed pre-
exponential factor is low compared with other atom-
molecule reactions. The preferred values are derived
from these® two sets of data.

References

'J. M. Roscoe, Int. J. Chem. Kinet. 14, 471 (1982).

2P. H. Wine, J. M. Nicovich, R. J. Thompson, and A. R. Ravishankara,
J. Phys. Chem. 87, 3948 (1983).

3CODATA, Supplement I, 1984 (see references in Introduction).

‘TUPAC, Supplement 111, 1989 (see references in Introduction).

SNASA Evaluation No. 9, 1990 (see references in Introduction).

‘D. D. Davis, W. Wong, and R. Schiff, J. Phys. Chem. 78, 463 (1974).
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O(D) +H:>HO +H (1)
SO(CP)+H, (2

AH°(1) = —181.6 kJ-mol~!
AH®(2) = —189.7 kJ-mol "

Rate coefficient data (k = ky + k)

k/cm® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients

(1.0 = 0.1) x 101 298 Force and Wiesenfeld, (a)

1981!

Relative Rate Constants

(79 = 0.6) x 10~ 298 Ogren et al., 19822 (b)
Branching Ratios

kifk < 0.049 298 Wine and Ravishankara, 1982 (c)
Reviews and Evaluations

1.1 x 1071 200-350 CODATA, 1984% TUPAC, 1989° (@)

1.0 x 1071 200-300 NASA, 1990° (e)

Comments Reliability

(a) Pulsed laser photolysis of O; at 248 nm. H and O(P)
atoms were monitored by time-resolved absorption
spectroscopy. :

(b) Photolysis of O;-H, mixtures in the Hartley band. A
rate coefficient ratio of k/k[O('D) + O] = 1.97 +
0.15 was obtained from measurements of O, deple-
tion. The rate coefficient k was calculated using
k[O('D) + Oz] = 4.0 x 107" cm® molecule™! 57!
(this evaluation). Reaction of O(*D) assumed to oc-
cur entirely via channel (1).

(c) Laser flash photolysis of O; at 248 nm. O(’P) atoms
were monitored by time-resolved resonance fluores-
cence.

(d) See Comments on Preferred Values.

(e) Based on the data of Wine and Ravishankara,>’
Davidson et al ®° and Force and Wiesenfeld.'

Preferred Values

k = 1.1 x 107" cm® molecule™ s™!, independent of
temperature over the range 200-350 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Alog k = =0.1 at 298 K.
A(E/R) = =100 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, CODATA, 1984.* The recommended value is the
mean of the values of Wine and Ravishankara,” Davidson
et al ® and Force and Wiesenfeld,! all of which are in ex-
cellent agreement. Channel (1) appears to be the domi-
nant pathway (>95%)* for the reaction.

References

'A. P. Force and J. R. Wiesenfeld, J. Chem. Phys. 74, 1718 (1981).

2P. J. Ogren, T. J. Sworski, C. J. Hochanadel, and J. M. Cassel, J. Phys.
Chem. 86, 238 (1982).

°P. H. Wine and A. R. Ravishankara, Chem. Phys. 69, 365 (1982).

‘CODATA, Supplement I, 1984 (see references in Introduction).

STUPAC, Supplement 111, 1989 (see references in Introduction).

SNASA Evaluation No. 9, 1990 (see references in Introduction).

7P. H. Wine and A. R. Ravishankara, Chem. Phys. Lett. 77, 1U3 (1981).

3], A. Davidson, C. M. Sadowski, H. I. Schiff, G. E. Streit, C. J. Howard,
D. A. Jennings, and A. L. Schmeltekopf, J. Chem. Phys. 64, 57 (1976).

). A. Davidson, H. L. Schiff, G. E. Streit, J. R. McAfee, A. L.
Schmeltekopf, and C. J. Howard, J. Chem. Phys. 67, 5021 (1977).
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O('D) + H;0 — 2HO )
- H,+ 0O ()
— O(P) + H.0 (3)
Aty =~ —118.5 kJ-mol~!
) - —197.1 kJemol ™!
AV - ~189.7 kJ-mol ™!
Rate coefficient data (k = ky + k2 + k3)
L vm* molecule~! s~! Temp./K Reference Comments
{thvolute Rate Coefficients
Ay~ (202 = 0.41) x 10~ 298 Gericke and Comes, 1981 (a)
Hrunchung Ratios
Avk <0.049 = 0.032 298 Wine and Ravishankara, 19822 (b)
kifk <0.006 x 0.007 298 Glinski and Birks, 1985° (c)
Keviews and Evaluations
22 x 107 200-350 CODATA, 1984% TUPAC, 1989° (d)
2.2 x 107 200--300 NASA, 1990° (e)
Comments Comments on Preferred Values

(a) Laser flash photolysis of Os-H;O-Ar mixtures at 266
nm. HO radicals were monitored by light absorption
using a tunable dye laser. The rate coefficient k; was
shown to be independent of the translational energy
of O('D).

(b) Laser flash photolysis of O; at 248 nm. O(P) atoms
were monitored by time-resolved resonance fluores-
cence.

(c) Photolysis of O3-H.O mixtures at 253.7 nm. H, yield
measured by GC.

(d) See Comments on Preferred Values.

(e) Based on the data of Gericke and Comes,! Amimoto
etal.” Lee and Slanger,® Wine and Ravishankara >’
Streit et al.'® and Glinski and Birks.?

Preferred Values

k = 2.2 x 107" cm® molecule ™! s7*, independent of
temperature over the range 200-350 K.

ki = 2.2 x 107" cm® molecule™ 57" at 298 K.

ky < 2.2 x 107 cm® molecule™! s™! at 298 K.

ks < 1.2 x 107" cm® molecule™! s~! at 298 K.

Reliability
Alog k = *0.1 at 298 K.
A(E/R) = =100 K.
Alog kK, = £0.1 at 298 K.

‘T'his data sheet is reproduced fargely from our previous
evaluations, CODATA, 1984* with the comments from
IUPAC, 1989° being included.

The preferred rate coefficient is a mean of the values
of Gericke and Comes,! Amimoto etal.’ Lee and
Slanger,! Wine and Ravishankara® and Streit et a/.,' all
of which are in good agreement. We make use of the
work of Wine and Ravishankara® and the earlier work of
Zellner et al M in our recommendations for ki/k, and the
results of Glinski and Birks® and of Zellner eral.!! for
Kok,
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*NASA Evaluation No. 9, 1990 (see references in Introduction).

7S. T. Amimoto, A. P. Force, R. G. Gullotty, Jr., and J. R. Wiesenfeld,
J. Chem. Phys. 71, 3640 (1979).

*L. C. Lee and T. G. Slanger, Geophys. Res. Lett. 6, 165 (1979).

°P. H. Wine and A. R. Ravishankara, Chem. Phys. Lett. 77, 103 (1981).

YG. E. Streit, C. J. Howard, A. L. Schmeltekopf, J. A. Davidson, and
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HO + H, » H.0 + H

AH® = —63.1 kJmol™!

Rate coefficlent data

k/em® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(6.1 = 1.0) x 107 298 Zeliner and Steinert, 1981! (a)
Relative Rate Coefficients
(85 = 1.8) x 10~ 296 Sworski, Hochanadel and Ogren, 1980° (b)
Reviews and Evaluations
7.7 X 107*? exp(—2100/T) 200-450 CODATA, 1984% TUPAC, 1989* (c)
5.5 x 10~'2 exp(—2000/T) 200-300 NASA, 1990° (d)
Comments lute values of the rate coefficient. The preferred 298 K

(a) Fast flow discharge study. The H + NO; reaction was
used as the HO source. HO radicals were monitored
by resonance fluorescence.

(b) Flash photolysis of H;O-CH,-H, mixtures at a total
pressure of 760 Torr. CHj; radicals were monitored by
absorption at 216 nm. The rate coefficient k was
derived by computer fit of CH; decay profile to an as-
sumed reaction mechanism.

(c) See Comments on Preferred Values.

(d) Based on the data of Zellner and Steinert,' Greiner,*
Tully and Ravishankara,” Ravishankara et al.,* Stuhl
and Niki,’ Westenberg and deHaas,'° Smith and Zell-
ner,"* Overend et al .2 and Atkinson et al.”

Preferred Values

k = 6.7 x 107" cm® molecule™ 5! at 298 K.
k = 7.7 x 107" exp(—2100/T) cm® molecule™! s~!
over the temperature range 200450 K.

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

Comments on Preferred Values
This data sheet is reproduced from our previous evalu-

ation, CODATA, 1984.% There are several studies in good
agreement on both the temperature coefficient and abso-

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

rate coefficient is the mean of the results of Zellner and
Steinert,’ Greiner,” Tully and Ravishankara,” Stuh!l and
Niki,’ Ravishankara efal.? Westenberg and deHaas,"
Smith and Zellner," Overend et al.'* and Atkinson et al .*®
The preferred value of E/R is the mean of the valucs of
Smith and Zellner,"! Atkinson et al.’* and Ravishankara
et al ® The pre-exponential factor in the rate expression is
calculated to fit the preferred value of k at 298 K and of
E/R.
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KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY 1165
HO + HO—->H,0 + O
i - 71.2 kJmol !
Rate coefficient data
+ om* molecule ™! s™! Temp./K Reference Comments
thwolite Rate Coefficients
(17 +02) x 1077 298 Farquharson and Smith, 1980 (a)
V2 ox 1072 exp(—242/T) 250-580 Wagner and Zellner, 19812 (b)
(143 = 0.3) x 107* 298
Koviews and Evaluations
I8 x 10712 298 CODATA, 1982% IUPAC, 1989* (c)
42 X 10712 exp(—240/T) 200-300 NASA, 1990° (d)
Comments rate coefficient k at temperatures close to 298 K, with k

{.1) Discharge flow system used. HO radicals were gener-
ated by the H + NO; reaction and monitored by res-
onance fluorescence.

(b) Flash photolysis of N>-H,O mixtures. HO radicals
were monitored by resonance absorption.

(c) Mean of results from Refs. 1 and 6-13.

(d) Based on average of the data from Refs. 1, 2 and 6-9
with the temperature dependence from Ref. 2.

Preferred Values

k =19 x 1072 cm® molecule ' s~ at 298 K.
k = 4.2 x 1072 exp(—240/T) cm® molecule ™' s ™! over
the temperature range 250-500 K.

Reliability
Alog k = =0.15 at 298 K.
A(E/R) = £240 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation® with the inclusion of the work of Wagner and Zell-
ner.? There are a number of measurements"**** of the

being in the range (1.4-2.3) x 10~"? cm® molecule ™' s~

We take the mean of the more recent studies"** for our
preferred value at 298 K and accept the. temperature de-
pendence determined by Wagner and Zellner? for the
temperature coefficient of k.
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HO + HO+ M - H,0: + M

AH® = —214.9 kJ-mol~?

Low pressure rate coefficients

Rate coefficient data

ky/cm® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
6.9 x 1073(T/300)~°% [N,] 253-353 Zellner et al ., 1988! (a)
Reviews and Evaluations
8.0 x 10~3Y(7/300)~°7¢ [N,] 200-1500 Brouwer et al., 1987* (b)
6.9 x 10731(T/300)~"* [N,] 200-300 CODATA, 1980; ITUPAC, 1989* (c)
6.9 x 10-3(T/300)~"* [air] 200-300 NASA, 1990° (d)

"
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Comments

(a) HO was generated by the flash photolysis of H.O va-
por in the pressure of 26-1100 mbar of N, and de-
tected by resonance absorption. The reaction was
found to be close to the low-pressure limit. Analysis
of the falloff curves was made by estimating F. = 0.6.

(b) Theoretical analysis of the collision-free dissociation
of H;O; after overtone excitation and the high pres-
sure thermal recombination of HO radicals (F. =
0.5). Limiting rate coefficients based on data from
Ref. 6 in agreement with Ref. 1 at low temperatures
and the data of Meyer et al.” at 1200 K (corrected ac-
cording to Ref. 8).

(c) Based on the data from Ref. 6.

(d) Based on the data from Ref. 1.

Preferred Values

ko = 8 x 1073(T/300) % [N,] cm® molecule ™' s ™! over
the temperature range 200-300 K.

ATKINSON ET AL.

Reliability
Alog ko = +0.3 at 298 K.
An = *05.

Comments on Preferred Values

Because of the discrepancy with the data from Trainor
and von Rosenberg’® (which were lower by a factor of 2.7),
the low pressure rate coefficients of Ref. 1 need experi-
mental verification. The recent high pressure measure-
ments from Ref. 10 suggest a slight shift of the falloff
curve which is more consistent with the ko value of the
analysis of Ref. 2. The reported value of n is also consis-
tent with this theoretical analysis.”

High-pressure rate coefficients

Rate coefficient data

k/cm® molecule ™! s~* Temp./K Reference Comments
Absolute Rate Coefficients
1.5 x 1071 253-353 Zellner et al., 1988! (a)
3.0 x 107 295 Forster et al., 1991' (b)
Reviews and Evaluations
1.5 x 10™1(7/300)~"% 200-1500 Brouwer et al., 1987% (c)
3.0 x 1071 200-300 CODATA, 1980% TUPAC, 1989* (d)
15 x 10~ 200-300 NASA, 1990° (e
Comments Comments of Preferred Values

(a) See comment (a) for k. Only the lower part of the
falloff curve was studied, with N; pressures < 1 bar.
The extrapolation to k. was relatively uncertain.

(b) Laser flash photolysis in M = He at pressures up to
200 bar, with LIF detection of HO. The experiments
approached the high pressure limit.

(c) See comment (b) for k.

(d) See comment (c) for k.

(e) See comment (d) for k.

Preferred Values

ke = 3 x 107" cm® molecule™! 57!, independent of
temperature over the range 200-300 K.

Reliability

Alog k. = 0.3 at 208 K.
An = 05.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

The new experiments from Ref. 10 are the first con-
ducted close to the high pressure limit. Together with the
analysis® of photolysis and thermal dissociation rates they
provide a consistent picture of the falloff curve con-
structed with a theoretically determined value of F. = 0.5
over the temperature range 200-300 K.
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KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

‘1" W Trainor and C. W. von Rosenberg, J. Chem. Phys. 61, 1010
(1ul4).
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MR. Forster, M. 1. Frost, H. Hippler, and J. Troe, preprint 1991; R.
Forster, Ph.D. Thesis, Gottingen, 1991.

HO + H02 el Hzo + 02

\i® - =296 kJ-mol~!
Rate coefficient data
& vm' molecule ! s™! Temp./K Reference Comments
tinolute Rate Coefficients
(2 = 1.2) x 1071 298 Rozenshtein ez al., 1984} (a)
17 x 10~ exp[(416 = 86)/T] 252420 Sridharan, Qui and Kaufman, 19842 (b)
(69 = 1.1) x 107" 298
(1.t = 0.28) x 1071 298 Dransfeld and Wagner, 1986 (c)
A8 x 10-1 exp[(250 = SO)/T] 254-383 Keyser, 1988* (d)
(1.1 = 0.3) x 10-10 299
(80239 x 10-4 298 Schwab, Brune and Anderson, 1989° (e)
Reviews and Evaluations
4R x 1071 exp(250/T) 250-400 THIIPAC, 19895 6]
4.8 x 10~ exp(250/T) 200-300 NASA, 19907 ®

Comments

(a) Discharge flow study with He as the carrier gas. HO,
produced by the F + H;O; reaction, and HO by the
reaction sequence H + O, —» HO; + M and HO; +
H — HO + HO. HO radicals were monitored by
EPR and HO; by LMR.

(b) Discharge flow study with He as the carrier gas. HO
produced by the reactions H + F. — HF + F and
F + H,O — HF + HO. HO radicals were monitored
by LIF at 308.6 nm. HO; produced by the reaction
of F + H;O0; — HF + HO,. HO; was determined by
rapid conversion to HO by reaction with NO and de-
tection of HO by LIF. HO; was present in large ex-
cess over HO.

(c) Discharge flow study with He as the carrier gas.
Isotopic labelling was used to study the reactions
BOH + H“O; —» H,®*0 + 0, and ¥OH + H“O,
— YOH + H™O0"O. HO; was prepared by H +
0, + M and OH by F + H,O reactions. YOH, *OH
and H"0'"®0O were monitored by LMR. Results sug-
gested that both reaction pathways are equally prob-
able, but this result may have been affected by side
reactions due to traces of H and O(’P) atoms. Kurylo
et al * found no evidence for isotopic scrambling.

(d) Discharge flow study with He as the carrier gas. HO,
was produced by F + H;0;, and OHby F + H:0. A
large excess of HO, was used. HO was monitored by
resonance fluorescence and HO, was determined by
titration with NO. NO, was added to the system to
scavenge small amounts of O(’P) and H atoms
present.

(e) Discharge flow study using He and Ar as the carrier
gases. HO and HO; radicals were monitored by
LMR. Computer modeling was used to check on in-
terference by reactions of traces of H and O(°P)
atoms.

(f) See Comments on Preferred Values.
(g) Accepts the expression of Keyser.*

Preferred Values

k = 1.1 x 107 cm® molecule™! s™! at 298 K.
k = 4.8 x 107" exp(250/T) cm® molecule ™' s~! over the
temperature range 250400 K.

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

Comments on Preferred Values

This data sheet is largely reproduced from our previous
cvaluation® but with the inclusion of data from Dransfield
and Wagner’ which was overlooked previously and the
new data of Schwab er al.,” both of which studies give a
rate coefficient at 298 K in excellent agreement with our
recommendations.®

There has been considerable controversy over the ef-
fects of pressure on the rate coefficient for this reaction.
Discharge flow measurements at low total pressures
(1-10 Torr) consistently gave values of k approximately a
factor of 2 lower than those obtained by other techniques
at pressures close to atmospheric. The discharge flow
study of Keyser* appears to have resolved the problem.
The results of Keyser* suggest that (a) the presence of
small quantities of H and O(*P) atoms present in previous
discharge flow studies could have led to erroneously low
values of k, and (b) there is no evidence for any variation
in k with pressure. These findings* are accepted and we
take the expression of Keyser* for the rate coefficient k as
our recommendation.

In another discharge-flow study, Keyser et al.® moni-
tored the Ox(b'3;) — X(*Zg) transition at 762 nm and

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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showed that the yield of O,(b'S;) from the reaction is
small (<1 x 1073).
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HO + H.0, — H.0 + HO:

AH° = —130.2 kJ-mol~!

Rate coefficient data

k/cm® molecule~! s~* Temp./K Reference Comments
Absolute Rate Coefficients

276 x 10712 exp[— (110 = 60)/T] 273-410 Vaghjiani, Ravishankara (a)

and Cohen, 1989}

(1.86 = 0.18) x 10~12 298
Reviews and Evaluations

2.9 x 1072 exp(— 160/T) 240460 CODATA, 1984% TUPAC, 1989° (b)

2.9 x 107'2 exp(—160/T) 200-300 NASA, 1990* (c)

Comments Comments on Preferred Values

(a) Pulsed laser photolysis of H,O; or O3-H;O mixtures in
a variety of buffer gases (He, N2, SFs) at total pres-
sures of 50-500 Torr. DO + D;0,, DO + H,0,; and
HO + D:0O; reactions were also studied in similar
fashion.

{b) See Comments on Preferred Values.

(c) Based on the data of Wine et al.,! Kurylo et al.,’ Srid-
haran et al .° and Keyser.”

Preferred Values
k = 1.7 x 107" cm? molecule ™ s~! at 298 K.
k =29 x 107" exp(—160/T) cm® molecule™! s~! over
the temperature range 240-460 K.
Reliability

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

J. Phys. Chem. Ref. Data, Vol. 21, No.-6, 1992

The most recent study' is in good agreement with pre-
vious work.*'® Our previous recommendations>* are un-
changed and are identical with the values derived by
Kurylo et al® from a least-squares fit to the data in Refs.
6-10.
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HO + O; — HO; + O,
A/ = —167.4 kJ-mol~!
Rate coefficient data
A /om® molecule ™! s} Temp./K Reference Comments
Inolute Rate Coefficients
(6.5 + 1.0) x 107 300 Zahniser and Howard, 1980’ (a)
1.52 x 10~'2 exp[— (890 = 60)/T] 240-295 Smith et al., 1984> . (b)
(746 = 0.16) x 10~*4 295
Kelative Rate Coefficients
(7.0 = 0.8) x 10" 300 Zahniser and Howard, 1980! (c)
Reviews and Evaluations
1.9 x 10712 exp(—1000/T) 220-450 CODATA, 19823 IUPAC, 1989* (d)
1.6 x 10712 cxp( 940/T) 200 300 NASA, 1990° (e)

Comments

(a) Discharge flow system used. HO radicals were gener-
ated from H + NO; and monitored by LMR.

(b) Flash photolysis of Os~H,O mixtures in 1 atm He. HO
radicals were monitored by resonance fluorescence.

(c) Discharge flow system used. HO radicals were gener-
ated from the H + NO, and H + O; reactions, and
HO:; radicals were generated from the reaction H +
0; + M. HO; and HO radicals were monitored by
LMR. A rate coefficient ratio of k/k(HO; + O3) =
35 = 4 (average of three systems studied) was ob-
tained and placed on an absolute basis by use of
k(HO; + 03) = 2.0 x 107" cm® molecule™ s~! at
300 K (this evaluation).

(d) See Comments on Preferred Values.

(¢) Based on the work of Zahniser and Howard,' Smith
etal.? Anderson and Kaufman,® Kurylo’ and Ravis-
hankara et al

Preferred Values

k = 6.7 x 107" cm® molecule™ s~ at 298 K.
k =19 x 107 exp(—1000/T) ¢cm® molecule™! s~!
over the temperature range 220450 K.

Reliability
Alog k = =0.15 at 298 K.
A(E/R) = %300 K.

Comments on Preferred Values

This data sheet is reproduced largely from our previous
evaluation, CODATA, 1982,® with the addition of com-
ments from TUPAC, 1989.* There is good agreement
among the various studies for the rate coefficient k. The
recommended value for E/R is the mean of the values of
Smith ef al.,> Anderson and Kaufman® and Ravishankara
etal ® The recommended 298 K rate coefficient is the
mean of the values from these studies>®® plus those of
Zahniser and Howard' and Kurylo.” The pre-exponential
factor is derived from the recommended values of E/R
and the 298 K rate coefficient.
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ATKINSON ET AL.

H02 + H02 d HzOz + 02 (1)
HO, + HO, + M - H.0:+ 0.+ M 2

AH°(1) = AH°(2) = —166 kj-mol~*

Rate coefficient data (k = k; + k;)

k/cm® molecule ™! s™? Temp./K Reference Comments
Absolute Rate Coefficients
(33 £ 09) x 1012 298 Lightfoot, Veyret and Lesclaux, 1988! (a)
(L5 = 0.5) x 10-12 418
(88 = 1.2) x 10~1 577
(82 = 2.0) x 1078 623
(81 = 1.5) x 10~V 677
(7.6 = 1.4) x 10-8 723
(9.1 = 25) x 10-1 777
(2.44 %= 0.20) x 10-'2 (760 Torr O,) 298 Crowley et al., 19912 (b)
(2.84 = 030) x 102 (760 Torr Ny) 298
Reviews and Evaluations
ky = 2.2 X 1073 exp(600/T) 230420 TUPAC, 1989* (c)
k2 = 14 x 10~% [N;] exp(980/T)
ki = 23 X 107 exp(S90/T) 200-300 NASA, 1990 (d)

k; = 1.7 x 10~ [M] exp(1000/T)

Comments

(a) Flash photolysis of Cl,-O,-CH;OH mixtures. HO,
radicals were monitored by UV absorption at 220-
227.5 nm (2.0 nm band width). Values of k/o given by
authors were converted to the tabulated values of k
using 0(210 nm) = 4.4 X 107" cm? and the temper-
ature dependence of o of Kijewski and Troe,’ as sug-
gested by Lightfoot et al.!

(b) Molecular modulation technique used, with photoly-
sis of Clr-H~OrN; mixtures. HO, radicals were
monitored by UV absorption. Experiments were car-
ried out independently in two laboratories (Mainz
and Harwell). Rate coefficients k were calculated us-
ing values of o determined in the same experiments.

(c) See Comments on Preferred Values.

(d) Expression for &, based on the results of Cox and Bur-
rows,® Kircher and Sander,” Thrush and Tyndall*®
Takacs and Howard" and Kurylo ef al."' The expres-
sion for k, was based on the work of Sander etal.,”?
Simonaitis and Heicklen,” Kircher and Sander’ and
Kurylo et al !

Preferred Values

ki = 1.6 x 1072 cm® molecule ™! s™! at 298 K.
k» = 52 X 107% [N,] cm® molecule™ s™! at 298 K.
k; = 4.5 x 1073 [0;] cm® molecule™! s~! at 298 K.

ki = 22 x 107" exp(600/T) cm® molecule™ s™* over
the temperature range 230-420 K.

k2 = 1.9 x 107* exp(980/T)[N,] cm® molecule™" s~*
over the temperature range 230-420 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

In the presence of H.O, the expressions for k; and k
should be multiplied by the factor {1 + (1.4 x 107%
exp(2200/T)[H,01)}.

Reliability
Alog ki = Alog k2 = %=0.15 at 298 K.
A(E/R) = =200 K.
A(EJ/R) = =300 K.

Comments on Preferred Values

The recommendations, which are unchanged from our
previous evaluation,® are identical with the values derived
by Kircher and Sander.” At temperatures close to 298 K,
the reaction proceeds by two channels, one bimolecular
and the other termolecular. The preferred values for &,
are based on the work of Cox and Burrows,® Kircher and
Sander,” Thrush and Tyndall,® Takacs and Howard,"
Kurylo et al M and Lightfoot et al.' The work of Kurylo
eral.' and of Lightfoot efal.' has confirmed quantita-
tively the cffects of pressure previously observed by
Kircher and Sander’ and Simonaitis and Heicklen.” The
recommendations for k are based on the work of these
authors, the temperature coefficient of k. being taken
from Lightfoot et al.! and Kircher and Sander.” At higher
temperatures, T > 600 K, Hippler et al." and Lightfoot
et al.! observe a sharp change in the temperature depen-
dence. The values of k obtained by Crowley et al.,? from
experiments primarily aimed at characterizing the UV
absorption spectrum, are in good agreement with the rec-
ommended expression for k.

There have been no recent experimental studies to
check the marked effect of H,O on the rate coefficient,
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bt the work of Andersson et al.** shows that CH;OH has
.+ milar effect, suggesting that it is typical of strongly po-
L hydrogen bonding species. Mozurkewich and Ben-
«on'" have considered the effect theoretically and
conclude that the negative temperature dependence, the
pmessure dependence, and the observed isotope effects
«an most reasonably be explained in terms of a cyclic hy-
(rogen bonded, H,OHO., intermediate in contrast to al-
ternative structures suggested by others.

Sahetchian efal.'” reported the formation of H,
{  10% at 500 K) in the system but this is contrary to ear-
lier evidence of Baldwin ef al ' and the more recent and
carcful study of Stephens et al " who find less than 0.01%
t1actional contribution from the channel leading to Hz +
20,

Keyser et al.*’ have measured a yield of Oy(b'2}) of
-.3 x 1072 per HO; consumed.

References

'P D. Lightfoot, B. Veyret, and R. Lesclaux, Chem. Phys. Lett. 150, 120
(1988).
'} N. Crowlcy, F. G. Simon, J. P. Burrows, G. K. Moortgat, M. E.
Jenkin, and R. A. Cox, J. Photochem. Photobiol. A: Chemistry 60, 1
(1991).

7

3IUPAC, Supplement III, 1989 (see references in Introduction).

“NASA Evaluation No. 9, 1990 (see references in Introduction).

SH. Kijewski and J. Troe, Helv. Chim. Acta 55, 205 (1972).

SR. A. Cox and J. P. Burrows, J. Phys. Chem. 83, 2560 (1979).

’C. C. Kircher and S. P. Sander, J. Phys. Chem. 88, 2082 (1984).

¥B. A. Thrush and G. S. Tyndall, Chem. Phys. Lett. 92, 232 (1982).

“B. A. Thrush and G. S. Tyndall, J. Chem. Soc. Faraday 2, 78, 1469
(1982).

1G. A. Takacs and C. J. Howard, J. Phys. Chem. 88, 2110 (1984).
M. J. Kurylo, P. A. Oullette, and A. H. Laufer, J. Phys. Chem. 90, 437
(1986).

12§, P. Sander, M. Peterson, R. T. Watson, and R. Patrick, J. Phys.
Chem. 86, 1236 (1982).

BR. Simonaitis and J. Heicklen, J. Phys. Chem. 86, 3416 (1982).

14H. Hippler, J. Troe, and J. Willner, J. Chem. Phys. 93, 1755 (1990).
5B, Y. Andersson, R. A. Cox, and M. E. Jenkin, Int. J. Chem. Kinet.
20, 283 (1988).

M. Mozurkewich and S. W. Benson, Int. J. Chem. Kinet. 17, 787
(1985).

VK. A. Sahetchian, A. Heiss, and R. Rigny, Can. J. Chem. 60, 2896
(1982).

¥R, R. Baldwin, C. E. Dean, M. R. Honeyman, and R. W. Walker, J.
Chem. Soc. Faraday 1, 80, 3187 (1984).

19S. L. Stephens, J. W. Birks, and R. J. Glinski, J. Phys. Chem. 93, 8384
(1989). i

2L, F. Keyser, K. Y. Choo, and M. T. Leu, Int. J, Chem. Kinet. 17, 1169
(1985).

HO. + O; — HO + 20;

AH° = —118 kJ-mol~!

Rate coefficient data

k/cm?® molecule~! s~! Temp./K Reference . Comments
Absolute Rate Coefficients
(19 = 03) x 1075 298 Manzanares et al., 1986" (a)
3.2 x 10713 exp[— (1730 = .740)/T] + 243-413 Sinha, Lovejoy and (b)
(12 £ 0.5) x 1075 Howard, 1987°
(214 + 0.14) x 10-15 297
1.8 x 107 exp[ - (680 = 148)/T] 253-400 Wang, Suto and Lee, 1988° (c)
(13 £ 03) x 107 233-253
(19 = 03) x 10~ 298
Reviews and Evaluations
1.4 x 10~ exp(~600/T) 250-350 TUPAC, 1989* (d)
1.1 x 10™* exp(—500/T) 240-300 NASA, 1990° (e)

Comments

(a) Discharge flow study with He as the carrier gas. HO,
was produced by the reaction sequence Cl + CH;OH
— CH,OH + HCI and CH,OH + 0O; —» HO, +
CH:0, and an excess of O; was used. O; was deter-
mined by absorption at 253.7 nm. HO; radicals were
monitored by photodissociation at 147 nm and detec-
tion of HO(A-X) fluorescence at 310 nm. C,F;Cl and
C;Hg were used as scavengers for HO radicals pro-
duced from the reaction.

(b) Discharge flow study with He as the carrier gas. HO,
radicals were generated by the reaction sequence
Cl+CH3;0H — CH;OH + HCI and CH,OH + O,
— HO; + CH;O, and O and ™0 labelled species
were used. HO, H*®*O, H'%0, and H"*O, were moni-
tored by LMR.

(c) Techniques as in (a), but only C;H; used as an HO
radical scavenger,

(d) See Comments on Preferred Values.

(e) Based on the work of Zahniser and Howard,® Manza-
nares et al.,' Sinha et al.? and Wang et al }
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Preferred Values

k = 2.0 x 107" cm® molecule™! s™! at 298 K.
k = 1.4 x 10" exp(— 600/T) cm® molecule ™! s~! over
the temperature range 250-350 K.

Reliability
Alog k = +0.2 at 298 K.
A(E/R) = %%

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.% All of the recent studies are in ex-
cellent agreement on the rate coefficient k at 298 K. The
studies of Sinha et al.2 and Wang et al 2 both agree that
the rate coefficient exhibits non-Arrhenius behavior, ap-
parently approaching a constant value of approximately 1
x 107" cm® molecule ™' s™! at T < 250 K. There are ex-
perimental difficulties in working at these temperatures

ATKINSON ET AL.

and this finding is not incorporated into our recommen-
dations without further confirmation. At higher tempera-
ture, the results from these two studies diverge giving rate
coefficients differing by nearly a factor of 2 at 400 K. We
therefore limit the temperature of our recommendation
to temperatures <350 K until this discrepancy is re-
solved.

For modeling at temperatures in the range 200-250 K
avalue of k = 1.2 x 10" cm® molecule™* s~* should be
used.

References

!E. R. Manzares, M. Suto, L. C. Lee, and D. Coffey Jr., J. Chem. Phys.
85, 5027 (1986).
2A. Sinha, E. R. Lovejoy, and C. J. Howard, J. Chem. Phys. 87, 2122
1987).

3}((. W:zng, M. Suto, and L. C. Lee, J. Chem. Phys. 88, 896 (1988).
“TUPAC, Supplement. 111, 1989 (see references in Introduction).
SNASA Evaluation No. 9, 1990 (see references in Introduction).

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

H.O + hv — products

Primary photochemical processes

Reactions AH3y, [k J-mol ! Mthreshold/NM
H,O + hv — H, + OCP) [¢)) 491.0 243
—H + HO @) 499.1 ' 239
> H, + O('D) ) 680.7 176

Absorption cross-section data

Wavelength range/nm Reference Comments
176-185 Watanabe and Zelikoff, 1953* (a)
185-198 Thompson, Harteck and Reeves, 19632 (b)
175-185 Laufer and McNesby, 19653 (©)
175-182 Schurgers and Welge, 1968* (d)

Quantum yield data
Wavelength
Measurement range/nm Reference Comments
& < 0.003 174 Chou, Lo and Rowland, 1974° (e)
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Comments

(1) Static system. H,O was determined by pressure mea-
surement over the range 0.08-8 Torr. Resolution was
approximately 0.1 nm. Only graphical presentation of
data.

(b) Static system double beam Perkin-Elmer 350 spec-
trophotometer used with a 10 cm pathlength. H;O
pressure was 20 Torr. No details of pressure mea-
surement or resolution were given. Only graphical
presentation of data.

{¢) Static system. H,O was determined by pressure mea-
surement. 0.5 m grating monochromator, with a 0.66
nm bandwidth. Only graphical presentation of data.

{d) Flowing system. H,O was determined using a mem-
brane manometer. 0.5 m grating monochromator,
with 0.25 nm bandwidth. Only graphical presentation
of data.

(¢) Photolysis involved HTO. It was shown that the de-
composition path is almost entirely via the reactions
HTO + hv—H + OTand HTO + hv — T + HO,
with < 0.003 of molecules decomposing via the reac-
tion HTO + hv — HT + O.

Preferred Values

Mnm 10* o/cm? b2

175.5 263 1.0
177.5 185 1.0
180.0 78 1.0
182.5 23 1.0
185.0 5.5 1.0
186.0 31 1.0
187.5 1.6 1.0
189.3 0.70 1.0

Comments on Preferred Values

1173

This data sheet is reproduced from our previous evalu-
ation, CODATA, 1980.® Water vapor has a continuous
spectrum between 175 and 190 nm; the cross-section falls
off rapidly towards longer wavelengths. The cross-section
data from four studies'™ are in reasonable agreement.
None of these studies report numerical data. The pre-
ferred values of the absorption cross-section are taken
from the review of Hudson,” and were obtained by draw-
ing a smooth curve through the data of Schurgers and
Welge,* Watanabe and Zelikoff' and Thompson et al.?

On the basis of the nature of the spectrum and the re-
sults of Chou et al.’ on the photolysis of HTO, it is as-
sumed that over the wavelength region 175-190 nm
reaction (2) is the only primary process and that ¢, =
1.0¢

References

K. Watanabe and M. Zelikoff, J. Opt. Soc. Amer. 43, 753 (1953).

?B. A. Thompson, P. Harteck, and R. R. Reeves, J. Geophys. Res. 68,
6431 (1963). '

3A. H. Laufer and J. R. McNesby, Can. J. Chem. 43, 3487 (1965).

M. Schurgers and K. H. Welge, Z. Naturforsch. 23, 1508 (1968).

°C. C. Chou, J. G. Lo, and F. S. Rowland, J. Chem. Phys. 60, 1208
(1974). :

SCODATA, 1980 (see references in Introduction).

R. D. Hudson, Can J. Chem. 52, 1465 (1974).

¥R. S. Dixon, Radiat. Res. Rev. 2, 237 (1970).

Hz20z + hv — products

Primary photochemical processes

Reactions AH3/k J'mol ~! Athreshota/IM
H;0; + hv - HO + HO (1) 215 557
- H.0 + O('D) (2) 333 359
— H + HO; 3) 368 324
— HO + HO(S) (4) 606 197
Absorption cross-section data
Wavelength range/nm Reference Comments
190-254 Holt, McLane and Oldenberg, 1948! (a)
195-350 Lin, Rohatgi and DeMore, 19782 (b)
190-350 Molina and Molina, 19813 (c)
193-350 Nicovich and Wine, 1988° (d)
210-345 Vaghjiani and Ravishankara, 1989° (e)
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Quantum yield data
(b6 = b1+ b2 + b3 + ba)
Wavelength
Measurement range/nm Reference Comments
$é =10 253.7 Volman, 19637 ®
é; = 1.04 = 0.18 248 Vaghjiani and Ravishankara, 1990% ()
b < 0.002 248
&3 < 0.0002 248
Comments Preferred Values

(a) Measured at 298 K. Intensity measurements used
photographic plate densitometry. H,O, was mea-
sured by titration with KMnO,.

(b) Flowing mixtures of H,O; in He. H,O; was measured
by reaction with Fe**. 10 cm path length for A < 275
nm; White-optics (1 m path length) for A > 275 nm.

(¢) Measured at 208 K with a spectral resolution of 0.3—
0.5 nm. These results supersede the earlier results of
Molina et al.* which were slightly higher.

(d) Relative cross-sections measured over the tempera-
ture range 300-380 K and at 285 K for the wave-
length range 230-295 nm. Room temperature
literature values at 202.6 and at 228.8 nm were used
for absolute calibration. A significant temperature
dependence was observed for the wavelength range
310-350 nm, and a simple model was used to extrap-
olate the results to lower temperatures. Upper tropo-
spheric photodissociation rates were calculated.

(e) Flowing mixture of H;O; in He. H,O, was measured
by reaction with Fe?* or with [~. A diode array spec-
trometer was used for relative measurements (1.0 nm
resolution) and the results placed on an absolute ba-
sis by absolute measurement of cross-sections at
213.9 (Zn lamp) and 253.7 nm (Hg lamp). Tempera-

, ture was 297 K.

(f) Based on a measured overall quantum yield for H.0;
removal of &(—H,0,) = 1.7 = 0.4 and the assumed
mechanism, H,O, + hv — 2HO, HO + H;0; —
H,O + HO,, and 2HO; — H,0, + O,. This interpre-
tation has been criticized by Greiner.’?

(g) Photolysis of flowing mixtures of H,Or-H;O-N; (or
He) and of O;-H,O-N; (or He) at 298 K. H;0, and
O were determined by UV absorption at 213.9 nm or
228.8 nm. Quantum yicld of HO formation from
H,0,~-H,O mixture was measured relative to that
from Os-H,O mixture. These relative yields were
placed on an absolute basis using the known quan-
tum yield of OH radical production from the photol-
ysis of O;=H,O mixtures at 248 nm, taken as &(OH)
= 1.73 = 0.09.%'° O and H yields determined by res-
onance fluorescence.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

A/nm 10% o/cm? &y Anm  10Y g/cm? N
190 67.2 275 2.6 1.0
195 56.3 280 2.0 1.0
200 47.5 1.0 285 1.5 1.0
205 40.8 1.0 290 1.2 1.0
210 | 357 1.0 295 0.90 1.0
215 30.7 1.0 300 0.68 1.0
220 25.8 1.0 305 0.51 1.0
225 21.7 1.0 310 039 1.0
230 18.2 1.0 315 0.29 1.0
235 150 10 320 022 10
240 124 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 53 1.0 345 0.05 1.0
265 42 1.0 350 0.04 1.0
270 33 1.0

Comments on Preferred Values

The measurements of the absorption cross-sections are
in excellent agreement. The preferred values are the
means of those determined by Lin et al.,” Molina and
Molina,® Nicovich and Wine® and Vaghjiani and Ravis-
hankara.® These agree with the earlier values of Holt
etal

The absorption cross-section has also been measured
at other temperatures by Troe'' (220-290 nm at 600 K
and 1100 K) and by Nicovich and Wine® (260-350 nm,
200-400 K). Both Nicovich and Wine® and Troe'" have ex-
pressed their results in an analytical form.

It has long been assumed that channel (1) is the only
significant primary photochemical process at A > 200
nm, but until recently the only experimental evidence for
that came from the measurements of Volman.” A careful
study by Vaghjiani and Ravishankara® has now confirmed
that this is the case at 248 nm and they conclude that it
is safe to assume this value of ¢, = 1 for all wavelengths
of interest in atmospheric modeling. However, it should
be noted that H atom production with a quantum yield of
0.12 at A = 193 nm has been observed by Gerlach-Meyer
etal.” Thus at some wavelength close to 200 nm pro-
cesses alternative to channe! (1) may begin to become sig-
nificant.
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4.3. Nitrogen Species

O+ NO+M

\H* = —306.2 kJ-mol ~*

>NO: + M

Low-pressure rate coefficients

Rate coefficient data

kofcm® molecule ' s* Temp./K Reference Comments
Reviews and Evaluations
1.0 x 10734(T/300) '€ [N3] 200-300 CODATA, 1980*'; CODATA, 1984% (a)
9.0 x 1073*(T/300) "' * [air] 200~300 NASA, 1990* O]
Comments Reliability
Alog ky = =0.1 at 300 K.
(a) Average of the data from Schieferstein et al.® and An = x03.

Whytock et al .}
(b) Based on the data of Ref. 4 and their reanalysis of
the data of Ref. 5.

Prcferred Values

ko = 1.0 x 107*(7/300)""* [N;] cm’® molecule™" s~*
over the temperature range 200-300 K.

Comments on Preferred Values

Within the error limits, the preferred values from the
most recent work* encompass most of the earlier mea-
surcments revicwed in Ref. 1.

High-pressure rate coefficients

Rate coefficient data

ko/cm® molecule™* s™! Temp./K Reference Comments
Reviews and Evaluations
3.1 x 107'(T/300)°3 300-1500 CODATA, 1980} (a)
30 x 1074 200-300 NASA, 1990° (b)
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Comments

(a) Based on the relative rate measurements of Hippler
et al .,* slightly modified using the more recent value
of k(O + NO, - O, + NO) = 9.7 x 1072 cm®
molecule ™! s™!. The temperature coefficient was cal-
culated theoretically in Ref. 7.

(b) Based on Ref. 1.

Preferred Values

k= = 3.0 x 107"(T/300)** cm® molecule "' s~ over the
temperature range 200-1500 K.

Reliability
Alog k.. = *0.3 at 298 K.
An = =0.3.

ATKINSON ET AL.

Comments on Preferred Values

A reconfirmation by an absolute rate measurement is
required. A broadening factor F. = 0.85 at 300 K was es-
timated, which would correspond to an estimated tem-
perature dependence of F, = exp(—T7/1850).

References

!CODATA, 1980 (see references in Introduction).

2CODATA, Supplement II, 1984 (sce references in Introduction).

3NASA Evaluation No. 9, 1990 (see references in Introduction).

4M. Schieferstein, K. Kohse-Hoinghaus, and F. Stuhl, Ber. Bunsenges
Phys. Chem. 87, 361 (1983).

SD. A. Whytock, J. V. Michael, and W. A. Payne, Chem. Phys. Lett. 42,
466 (1976).

H. Hippler, C. Schippert, and J. Troe, Int. J. Chem. Kinet. Symp. 1, 27
(1975).

M. Quack and J. Troe, Ber. Bunsenges Phys. Chem. 78, 240 (1974).

O + NO; — 0. + NO

AH® = —192 kJ-mol !

Rate coefficient data

k/em® molecule~! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.00 = 0.10) x 10~ 298 Ongstad and Birks, 1984! (a)
6.58 x 1012 exp[(142 = 23)/T] 224-354 Ongstad and Birks, 1986° (a)
(1.03 = 0.09) x 10~ 298
5.21 x 10~'2 exp[(202 = 27)/T] 233-357 Geers-Muller and Stuhl, 1987° (b)
(1.02 = 0.02) x 10~ 301
Reviews and Evaluations i
6.5 x 1072 exp(120/T") 200-300 IUPAC, 1989* (©)
6.5 x 1012 exp(120/T) 200-300 NASA, 1990 (d)
Comments Reliability

(a) Discharge flow system at 2.3 Torr total pressure. De-
cay of oxygen atoms in excess NO» monitored by
chemiluminescent reaction with NO.

(b) Hax-laser photolysis system at 6.0 Torr total pressure.
Oxygen atoms generated by NO photolysis and their
decay in excess NO; monitored by chemiluminescent
reaction with NO. Values of rate coefficients for re-
actions of oxygen atoms with N2O4 and N2Os at 199 K
were estimated.

(c) See Comments on Preferred Values.

(d) Based on data of Davis et al.,” Bemand et al.,” Slanger
etal.® Ongstad and Birks’ and Geers-Muller and
Stuhl ?

Preferred Values

k = 9.7 x 107 cm® molecule™! s™! at 298 K.
k = 6.5 x 107 exp(120/T) cm® molecule~! s~! over
the range 230-350 K.

I
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Alog k = +0.06 at 298 K.
A(ER) = =120 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, TUPAC, 1989.* The preferred value at 298 K is the
average of the values reported by Ongstad and Birks,'
Geers-Muller and Stuhl,? Davis et al..° Bemand et al.” and
Slanger etal.® The recommended temperature depen-
dence results from a least-squares fit to the data of
Ongstad and Birks,? Geers-Muller and Stuhl® and Davis
et al .. and the pre-exponential factor has been adjusted
to fit the preferred value of £ (298 K).

References

!A. P. Ongstad and J. W. Birks, J. Chem. Phys. 81, 3922 (1984).
2A. P. Ongstad and J. W. Birks, J. Chem. Phys. 85, 3359 (1986).
3R. Geers-Muller and F. Stuhl, Chem. Phys. Lett. 135, 263 (1987).
‘TUPAC, Supplement 111, 1989 (see references in Introduction).



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

NASA Evaluation No. 9, 1990 (see references in Introduction).
Iy D. Davis, J. T. Herron, and R. E. Huie, J. Chem. Phys. 58, 530
(1973).
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7P. P. Bemand, M. A, A. Clyne, and R. T. Watson, J. Chem. Soc. Fara-
day Trans. 2, 70, 564 (1974).

*T. G. Slanger, B. J. Wood, and G. Black, Int. J. Chem. Kinet. 5, 615
(1974).

O+NO,+M—->NO;: + M

Al =—218 kJ-mol ™!

Low-pressure rate coefficients

Rate coefficient data

AJem?® molecule =1 s~* Temp./K Reference Comments
Reviews and Evaluations
9.0 x 1073%(T/300)~2° [N,] 200400 CODATA. 1980*; IUPAC, 1989* (a)
9.0 x 1073%(T/300)~2° [air] 200-300 NASA, 1990° )
Comments Reliability
Alog ko = =0.1 at 300 K.
(a) Based on the relative rate measurements by Harker An = *1.

and Johnston* and Hippler et al* The temperature
coefficient was calculated from a theoretical analy-
sis.?

(b) Based on Ref. 1.

Preferred Values

ko = 9.0 x 107%(T/300)~2" [N,] cm® molecule™! s™!
over the temperature range 200-400 K.

Comments on Preferred Values

Since the preferred values are from relative rate data,
absolute rate measurements are required. Changes of the
reference rate constant for k(O + NO: — O; + NO)
from the originally used value of 9.3 x 107? cm®
molecule™ s7! to 9.7 x 107 cm® molecule™ s7! at
298 K (this evaluation) does not influence the preferred
value.

High-pressure rate coefficients

Rate coefficient data

k=/cm® molecule ! s™! Temp./K Reference Comments
Reviews and Evaluations
2.2 x 10-" 200-400 CODATA, 1980"; IUPAC, 1989 (a)
22 x 1074 200-300 NASA, 1990° (b)
Comments Reliability
Alog k. = %=0.2 at 300 K.
(a) Based on the relative rate measurements of Hippler An = =0.5.

etal®
(b) Based on reference 1.

Preferred Values

ke = 2.2 x 107" cm® molecule ™! s™! over the temper-
ature range 200-400 K.

Comments on Preferred Values
See comments on K.

Intermediate Falloff Range

A broadening of the falloff curve, with F.(300 K) = 0.8
and an estimated temperature dependence of F. =
exp(— T/1300), has to be taken into account. The pre-
ferred ko and k. values depend on the F. value chosen.

»
J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992



1178

References

!CODATA, 1980 (see references in Introduction).
2JUPAC, Supplement II1, 1989 (see references in Introduction).
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*NASA Evaluation No. 9, 1990 (see references in Introduction).

“A. B. Harker and H. S. Johnston, J. Phys. Chem. 77, 1153 (1973).

SH. Hippler, C. Schippert, and J. Troe, Int. J. Chem. Kinet. Symp. 1, 27
(1975).

O + NO; - Oz + NO;

AH® = —280 kJ-mol~!

Rate coefficient data

k/cm® molecule™! s~} Temp./K Reference Comments
Absolute Rate Coefficients
(1.7 = 0.6) x 10~ 297 Canosa-Mas, Carpenter and Wayne, 1989 (a)
Reviews and Evaluations
1.0 x 10~ 298 CODATA, 1980% IUPAC, 1989° b)
1.0 x 10-4 200-300 NASA, 1990* ()
Comments Comments on Preferred Values

(a) Discharge flow system with resonance fluorescence
detection for O(’P) atoms; NO; detected by absorp-
tion at A = 662 nm using ¢ = 1.9 x 107" cm?
molecule™. NOs was in excess over O(’P) but not
sufficient to give purely first order kinetics. Analysis
was conducted to take account of the consequences
of complex kinetics, secondary reactions and possible
contribution of H atom reactions.

(b) Based on the results of Graham and Johnston.’

(c) As in comment (b); temperature independence
based on analogy with the O + NO, reaction.

Preferred Values
k = 1.7 x 10" cm® molecule™! s~! at 298 K.

Reliability
Alogk = =0.3 at 298 K.

The preferred value is that reported by Canosa-Mas
et al .,' which is the only direct measurement of this rate
coefficient. The earlier relative rate value of Graham and
Johnston® is consistent with the preferred value taking
into account the experimental uncertainties. The temper-
ature dependence is probably near zero by analogy with
the reaction of O(’P) atoms with NO,.

References

IC. E. Canosa-Mas, P. J. Carpenter, and R. P. Wayne, J. Chem. Soc.
Faraday Trans. 2, 85, 697 (1989).

2CODATA, 1980 (see references in Introduction).

STUPAC, Supplement I, 1990 (see references in Introduction).

‘NASA Evaluation No. 9, 1990 (see references in Introduction).

SR. A. Graham and H. S. Johnston, J. Phys. Chem. 82, 254 (1978).

O('D) + N, = OCP) + N

AH® = —189.7 kJ-mol~!

Rate coefficient data

k/cm® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(24 = 0.1) x 10-1 295 Amimoto et al., 1979 (a)
(277 = 0.40) x 10" 298 Brock and Watson, 19802 (b)
(252 = 0.25) x 10~ 297 Wine and Ravishankara, 19813 (b)
Reviews and Evaluations
3.2 x 107" exp(107/T) 200-350 CODATA, 1980% TUPAC, 1989° (c)
1.8 x 10~" exp(107/T) 200-300 NASA, 1990° (d)
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Comments

14) Pulsed photolysis of O3 at 248 nm with a KrF excimer
laser. The rate of appearance of the product OCP)
was monitored by resonance absorption at 130 nm.

(h) Laser flash photolysis of O; at 266 nm with a fre-
quency quadrupled Nd:Yag laser. The rate of ap-
pearance of product O(’P) was monitored by
resonance fluorescence at 130 nm.

(¢) Based on averaging the room temperature results of
Streit et al.,” Heidner et al ® and Cvetanovic’s review
of relative rate data.® The temperature dependence
was from Streit et al.’

{(d) Based on the room temperature results of Refs. 1-3
and 77 The temperature dependence was from Streit
etal.

Preferred Values

k = 2.6 x 107" cm® molecule™' s™! at 298 K.
k = 1.8 x 107" exp(107/T) cm® molecule™" s~! over
the temperature range 200-350 K.

Reliability
Alog k = *0.1 at 298 K.
A(E/R) = =100 K.

1179

Comments on Preferred Values

This data sheet is reproduced in part from our previous
evaluation, CODATA, 1982.* The preferred value at
room temperature is the average of the results reported
in Refs. 1-3 and 7, all of which are in close agreement.
The weight of evidence from these studies lead us to re-
ject the higher value reported by Heidner et al .® The tem-
perature dependence of Ref. 7 is accepted, and the
pre-exponential factor has been adjusted to fit the pre-
ferred room temperature value.
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O('D) + N.O > N, + O 1)

AH°(1) = —521.0 kJ-mol~*
AH°(2) = —340.4 kJ-mol !
AH°(3) = —189.7 kl'mol~!

- 2NO @
- OCP) + N:O (3)

Rate coefficlent data (k = ky + k2 + ka)

k/ecm® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(120 = 0.1) x 10-1 295 Amimoto et al., 1979 (a)
(117 = 0.12) x 1071 298 Wine and Ravishankara, 1981° (b)
Relative Rate Coefficients
1.04 x 101 298 Lam et al ., 19813 ©)
Branching Ratios
kotk = 0.62 = 0.02 298 Marx, Bahe and Schurath, 1979* (d)
ko/k = 0.62 = 0.09 177-296 Lam et al., 19813 (c)
kyk = 0.12 = 0.04 295 Amimoto et al ., 1979 (a)
kik = 0 295 Amimoto ef al., 1980° (e)
Reviews and Evaluations
ky = 44 x 104 200-350 CODATA, 1982% TUPAC, 1989’ ®
ks =72 x 10~
ky =51 x 1071 200-300 NASA, 1990* (2)
ks = 6.6 x 1074
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(a) Pulsed photolysis of O at 248 nm with a KrF excimer
laser. The rate of appearance of the product OCP)
was monitored by resonance absorption at 130 nm.

(b) Laser flash photolysis of O; at 266 nm with a fre-
quency quadrupled Nd: Yag laser. The rate of ap-
pearance of the product O(*P) was monitored by
resonance fluoroscence at 130 nm.

(c) Steady state photolysis of N,O-N,-He mixtures with
a Hg lamp (185 and 254 nm), a Zn lamp (214 nm),
and a D; lamp (200-235 nm with a maximum output
at 235 nm). The amount of NO produced was mea-
sured with a chemiluminescent NO analyzer. The
rate coefficient ratio k/k(O('D) + N;) = 4.0 = 04
was determined by measuring the ratio of the NO
produced in the absence of N to that in the presence
of N,. The rate coefficient k given here is based on
this reported ratio and k(O('D) + N) = 2.6 X
10~" cm?® molecule ™! s 7! (this evaluation). The quan-
tity ko/k was determined by measuring the pressure
rise in the cell and the amount of NO produced. No
dependence of this quantity on the kinetic energy of
the O('D) atom was observed.

(d) Steady state photolysis of NoO~-He mixtures at 185
nm and 206 nm. Most determinations of the branch-
ing ratio were based on measurement of the ratio
[N,}J[O:] every three minutes by GC. Independent
confirmation of the results was obtained by deter-
mining the ratio [N;}[O;] using GC and an NO
chemiluminscent analyzer. The branching ratio value
given here has been determined by a procedure of
back extrapolation to zero conversion. No depen-
dence of this quantity on the kinetic energy of the
O('D) atom was observed.

(¢) Re-examination of results reported by Amimoto
etal.! The use of improved high-speed detection
electronics gave a value of 0.85 = 0.2 for the quan-
tum yield for O(*D) production in the primary pho-
tolysis of Os at 248 nm. As a result of this new
measurement, the observation of OCP) atoms in the
presence of N,O, CHs, and H,O, previously at-
tributed to quenching components in reactions of
these species with O('D), is now attributed to its di-
rect production in the primary photolysis of O;.

(f) Based on averaging the room temperature results
of Davidson ef al.,” Heidner and Husain'® and Cve-
tanovic’s review of relative ratio data." The zero tem-
perature dependence is from Davidson efal.’ The
branching ratio is based on the results of Davidson
et al ** and Volltrauer et al .

(g) Based on the absolute values reported in Refs. 1, 2
and 9 and the branching ratio results reported in
Refs. 4, 12 and 13.

Preferred Values

44 x 10~" cm® molecule™! s™},
72 x 107" cm® molecule™! s7!,

ki
k>

it

Il
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ki < 1 x 1072 cm® molecule ™! s7},
all independent of temperature over the
200-350 K.

range

Reliability
Alog k; = Alog k; = +0.15 at 298 K.
A(EYR) = A(EJR) = =100 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, CODATA, 1982.° The preferred value of k at room
temperature is the average of the absolute values re-
ported by Amimoto ef al.,'! Wine and Ravishankara® and
Davidson et al.’ The weight of evidence from these stud-
ies leads us to reject the higher value of Heidner and Hu-
sain. The temperature independence reported by
Davidson et al.’ is accepted.

In the calculation of the individual values of k; and k,
the value of koyk = 0.62 is used. This value is from the
study of Marx ef al * and is confirmed by the work of Lam
et al ? The procedure of back extrapolation to zero con-
version used in reference* appears to provide a reason-
able explanation for the difference between this value
and the lower values reported in Refs. 12 and 13, (0.56
and 0.52, respectively). It may be noted that the quantity
actually used in the calculation of the individual value of
ki and k; is ko/k and that the values of this ratio reported
in Refs. 3, 4, 12 and 13 show much less spread (0.52 to
0.62) than do the corresponding values of the more sensi-
tive ratio k,/k; from these same studies (0.61 to 0.92). The
lack of any significant quenching component is based on
the results reported in Refs. 5 and 12,

References

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

P. H. Wine and A. R. Ravishankara, Chem. Phys. 77, 103 (1981).

3L. Lan, D. R. Hastic, B. A. Ridley, and H. 1. Schiff, J. Photochem. 15,
119 (1981).

*W. Marx, F. Bahe, and U. Schurath, Ber. Busenges. Phys. Chem. 83,
225 (1979).

5S. T. Amimoto, A. P. Force, J. R. Wiesenfeld. and R. H. Young. J.
Chem. Phys. 73, 1244 (1980).

*CODATA, Supplement I, 1982 (see references in Introduction).

"TUPAC, Supplement III, 1989 (see references in Introduction).

ENASA Evaluation No. 9, 1990 (see references in Introduction).

9. A. Davidson, H. 1. Schiff, G. E. Streit, J. R. McAfee, A. L.
Schmeltekopf, and C. J. Howard, J. Chem. Phys. 67, 5021 (1977).

R. F. Heidner III and D. Husain, Int. J. Chem. Kinet. 5, 819 (1973).

UR. J. Cvetanovic, Can. J. Chem. 52, 1452 (1974).

21 A. Davidson, C. J. Howard, H. 1. Schiff, and F. C. Fehsenfeld, J.
Chem. Phys. 70, 167 (1979).

H. N. Volltrauer, W. Felder, R. J. Pirkle, and A. Fontijn, J. Pho-
tochem. 11, 173 (1979).



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY 1181
HO + NHa - Hzo + NHz
- S0 kJmoi~!
Rate coefficient data

' maolecule ™! ¢~ Temp./K Reference Comments
tadute Rate Coefficients

v ox 10712 exp[(—922 = 100)/T) 273-433 Diau, Tso and Lee, 1990* (a)

(147 £ 007) x 1078 297
tioviews and Evaluations

U8 % 10712 exp(—925/T) 230-450 IUPAC, 19892 (b)

vo x 10712 exp(—930/T) 200-300 NASA, 1990° ()

Comments

(1) HO produced by conventional flash photolysis and
pulsed laser photolysis of H,O and H;O, with LIF de-
tection of HO. Total pressure varied over the range
68-504 Torr.

1) Based on the results of Stuhl,* Smith and Zellner’,
Perry et al.,® Silver and Kolb” and Stephens.®

{v) Based on the data cited in comment (b).

Preferred Values

k = 1.6 x 107" cm® molecule™! s™! at 298 K.
k = 3.5 x 1072 exp(—925/T) cm® molecule ™' s~! over
the temperature range 230450 K.

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

Comments on Preferred Values
The results of Diau er al.! are in excellent agreement
with the previously recommended Arrhenius expression,

which was based on the results of Stuhl,* Smith and Zell-
ner,® Perry er al.,* Silver and Kolb” and Stephens.® There
is no change in the preferred value resulting from the in-
clusion of the new data of Diau etal.! The many high
temperature studies have been considered by Jeffries and
Smith® to derive a modified Arrhenius expression over an
extended temperature range of k = 1.58 x 1077
T'8exp(—-250/T) cm® molecule™' s™! for the temperature
range of 225-2350 K.
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'E. W.-G. Diau, T.-L. Tso, and Y.-P. Lee, J. Phys. Chem. 94, 5261
(1990).

*IUPAC, Supplement III, 1989 (see references in Introduction).

3NASA Evaluation No. 9, 1990 (see references in Introduction).
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1. W. M. Smith and R. Zeliner, Int. J. Chem. Kinet. Symp. No. 1, 341
(1975).

‘R. A. Perry, R. Atkinson, and J. N. Pitts, Ir., J. Chem. Phys. 64, 3237
(1976).

7). A. Silver and C. E. Kolb, Chem. Phys. Lett. 75, 191 (1980).

*R. D. Stevens, J. Phys. Chem. 88, 3308 (1984).

°J. B. Jeffries and G. P. Smith, J. Phys. Chem. 90, 487 (1986).

HO + HONO — H.0 + NO,

AH°® = —168 kJ-mol™!

Rate coefficient data

kicm® molecule™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
1.80 x 10~ exp[ - (390 = 80)/T] 278-342 Jenkin and Cox, 1987 (a)
4.50 x 1012 295
Relative Rate Coefficient
(63 = 03) x 10712 296 Cox, Derwent and Holt, 1976 (b)
Reviews and Evaluations
1.8 x 1071 exp(—390/T) 280-340 IUPAC, 19893 (c)
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Comments

(a) Modulated photolysis of Os at 254 nm in presence of
H;O and HONO in Ar at 11 Torr pressure. The time-
resolved behavior of OH radicals intermittently gen-
erated in presence of excess HONO was monitored
by resonance absorption at 308 nm.

(b) Photolysis of HONO in presence of added H,, CH,,
CO;, CO, and NO at room temperature and
atmospheric pressure. A rate coefficient ratio of
k/k(HO+ H,;) = 945 + 48 was measured. Value of
k given here calculated using kx(HO + Hz) = 6.7 X
107" cm® molecule™! s™! (this evaluation).

(c) See Comments on Preferred Values.

Preferred Values
k = 4.9 x 107" cm® molecule™! s™! at 298 K.

k = 1.8 x 107" exp(—390/T) cm® molecule ™' s ™! over
the temperature range 280340 K.

ATKINSON ET AL.

Reliability
Alog k = =0.3 at 298 K.
A(E/R) = %400 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.° The preferred value is based on the
recent results of Jenkin and Cox.! This is the only direct
determination of this rate coefficient. The agreement be-
tween these results at low pressure and the earlier, indi-
rect results of Cox et al .2 at atmospheric pressure suggests
that any pressure dependence of this rate is small.

References

IM. E. Jenkin and R. A. Cox, Chem. Phys. Lett. 137, 548 (1987).

2R. A. Cox, R. G. Derwent, and P. M. Holt, J. Chem. Soc. Faraday
Trans. 1, 72, 2031 (1976).

3[UPAC, Supplement 111, 1989 (see references in Introduction).

HO + HONO; — H.O + NO; (1)

AH° = —82 kJ-mol~!

— [H:NO4] = H.0 + NO; (2)

Rate coefficient data (k = ky + k2)

k/cm® molecule ! s~* Temp./K Reference Comments
Absolute Rate Coefficients
5.4 x 10715 exp(843/T) 253-295 Devolder et al., 1984} (a)
(93 + 1.0) x 107 295
(126 = 0.11) x 10713 298 Jolly, Paraskevopoulos and Singleton, 1985 " (b)
(2.16 = 0.15) x 10~!3 (10 Torr N,) 248 Stachnik, Molina and Molina, 1986* (c)
(1.28 = 0.10) x 10~ (10 Torr Ny) 297
Reviews and Evaluations
See comment 220-300 TUPAC, 1989* (d)
See comment 220-300 NASA, 1990° (e)

Comments

(a) Discharge flow system with resonance fluorescence
detection of HO. Arrhenius expression quoted ap-
plies to results obtained below room temperature.
The rate cocfficient was measured up to 373 K and
found to level off above room temperature.

(b) Laser flash photolysis system with resonance absorp-
tion detection of HO. HO radicals generated by pho-
tolysis of HNO; at 222 nm.. Value given is for
pressures of 1-16 Torr HNOs. Experiments also done
in presence of 500 Torr N, and 600 Torr SF,. After
corrections for contribution of reaction OH +
NO:;+M were made, no significant effect of total
pressure on the rate coefficient was observed.

(c) Laser flash photolysis system with resonance absorp-
tion detection of HO. HO radicals generated by pho-
tolysis of HNOs at 193 nm. Measurements made at

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

10, 60, and 730 Torr of He, N, and SFs. The HNO;
was determined to contain less than 0.1% NO; impu-
rity. Data were fit to fall-off function given in Lamb
et al . Extrapolated zero-pressure rate constants cor-
respond to E/R = —710 K.

(d) Sec Comments on Preferred Values.

(¢) Based on data of Wine et al.,* Margitan and Watson,’
Kurylo et al.? Jourdain et al.,” Marinelli and John-
ston,' Smith et al.,!'! Ravishankara et al.'> and data in
Refs. 1-3. Data was fit to fall-off expression given in
Lamb et al .B

Preferred Values

k=15 x 1078 cm’ molecule™' s 7' at 298 K and 1 atm
pressure.

See comments for expression to be used under other
conditions of temperature and pressure.
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Kbty
Mog k = =0.1 at 298 K.

i wenments on Preferred Values

I s data sheet is reproduced from our previous evalu-
sion, ITUPAC, 1989.2 There have been many studies of
1hi~ reaction recently which have significantly improved
»ni1 understanding of the kinetics and mechanism. From
these studies there is general consensus on the following
nuayon features of the data: a strong negative temperature
dependence below room temperature with a much
" weahker temperature dependence above room tempera-
e which appears to level off near 500 K, and (b) a small
lnit measurable pressure dependence at room tempera-
nie which increases at low temperatures. The pressure
dependence from 20-100 Torr and 225-298 K was deter-
mned by Margitan and Watson,” and Stachnik et al?
measured rate coefficients over the range 10-730 Torr at
'y7 K and 248 K. These studies agree on a 50% increase
m the rate constant at the highest pressure studied at
room temperature and a doubling of the low pressure
lunit at 240 K.

L.amb et al .** have proposed a mechanism involving for-
nation of a bound, relatively long-lived, intermediate
«omplex. This mechanism gives a rate coefficient expres-
-1on which combines a low pressure limiting rate constant
(k1) and a Lindemann-Hinshelwood expression for the
picssure dependence. This mechanism has been used in
the NASA evaluation,’ and the expression derived in the
NASA panel’s analysis® has been adopted for the evalua-
tion. The overall rate constant can be expressed as:

k =k (T) + k2(M,T)
where

ky (M,T) = ks [MY(1 + ks [MJka).

‘The expressions for the elementary rate constants are:

1183

ki = 7.2 x 107" exp(785/T) cm® molecule™" s,
ks = 1.9 x 107 exp(725/T) cm® molecule™? 57!, and
ks = 4.1 x 107 exp(1440/T) cm® molecule™! s7%;

fl

all expressions are valid over the temperature range 220—
300 K. This expression has been evaluated for the condi-
tions of 298 K and 1 atm pressure to yield the preferred
value given here. The reader is referred to Ref. 5 for a
more detailed discussion of this reaction. Bossard et al."*
and Singleton et al."” have reported a pressure and tem-
perature dependence, respectively, of the rate constant
for the related reaction OD + DNO:s.
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HO + HO:NO; — H;0 + O, + NO: (1)

AH°(1) = —191 kJ'mol~!
AH®(2) = —54 kJ-mol~*

— H202 + NO3 (2)

Rate coefficlent data (k = k1 + k2)

k/em?® molecule ! s™! Temp./[K Reference Comments
Relative Rate Coefficients

(5.5 = 1.4) x 10-2 268-295 Barnes ef al., 1986} (a)
Reviews and Evaluations

1.3 x 10-12 exp(380/T) 240-340 TUPAC, 19892 ()

1.3 x 1072 exp(380/T) 240-340 NASA, 1990° (c)
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Comments

(a) Relative rate study over the pressure range 1-300
Torr (M=He, N) in a 420 L static reaction vessel.
HO,NO; monitored by FTIR spectroscopy; reference
hydrocarbons (propene, n-butane) monitored by gas
chromatography. Rate coefficients k(OH +
propene) as a function of temperature and pressure
were taken from Klein etal.* and Zellner and
Lorenz.® The rate coefficient kx(OH + butane) was
taken as 2.5 X 107" cm® molecule ~* s ™! with an acti-
vation energy of 4.6 kJ'mol~'. Rate coefficient was
reported to be independent of temperature and pres-
sure over the ranges studied.

(b) See Comments on Preferred Values.

(c) Based on data of Trevor etal.’ Smith etal.” and
Barncs ef al '

Preferred Values

5.0 X 1072 cm® molecule™! s~! at 298 K.
1.5 x 107" exp(360/T) cm® molecule™" 57! over
the temperature range 240-340 K.

]

k
k

Reliability
Alog k = +0.2 at 298 K.
A(EIR) = t30K,

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.% The preferred value is based on a
least-squares fit to the data of Trevor et al.,% Smith et al.,
and Barnes et al.! Trevor et al ® studied this reaction from
246-324 K at low pressure (3-15 Torr) and recommended
a temperature independent value, but also reported an

ATKINSON ET AL.

Arrhenius expression with E/R = (193 + 194) K. In con-
trast, Smith et al.” report data from 240-340 K at one at-
mosphere pressure and report a negative temperature
dependence with E/R = —(650 = 30) K. It is possible
that the difference may be due to the reaction being com-
plex with different temperature dependences at low and
at high pressure. The error limits on the recommended
E/R value encompass the results of both studies. At 220 K
the values deduced from these studies differ by a factor
of three. The recent study of Barnes et al.,! the first study
over an extended pressure range, found the rate coeffi-
cient to be independent of pressure from 5-300 Torr at
278 K and also report the same value at 295 K (low pres-
sure) and at 268 K (100 Torr He). They also report no
change with synthetic air as buffer gas. A TST calculation
by Lamb et al ® suggests that the pressure dependence for
this rate cocfficient will be much less than that for the
corresponding reaction of HO with HNO;,
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HO + NO + M — HONO + M

AH® = —209.0 kJ-mol~!

Low-pressure rate coefficlents

Rate coefficient data

Comments

ko/cm® molecule™! =1 Temp/K Reference
Reviews and Evaluations
7.4 x 10-31(7/300)~24 [N:] 200-440 CODATA, 1980!; CODATA, 10842 (a)
7.0 x 10-31(T/300)~2% [air] 200-300 NASA, 1990° (a)
Comments Reliability
Alog ky = +0.1 at 300 K.
(a) Average of a large series of consistent data published An = *05.

during the period 1972~ 1983.
Preferred Values

ko = 7.4 x 107*(7/300)~%* [N,] cm® molecule™! s~!
over the temperature range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

The preferred values have not been changed since
1984, because the data base appears fairly complete and
consistency with theoretical analysis was obtained. The
new high pressure measurements put the falloff contribu-
tions on a sounder basis.
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High-pressure rate coefficlents
Rate coefficient data

¢ vm molecule™! st Temp./K Reference Comments
t'aolute Rate Coefficients

(B [V R 295 Forster et al., 1991* (a)
n.vinws and Evaluations

1o < 1074 220-400 CODATA, 1980! (b)

1h o< 1071 200-300 NASA, 1990° (b)

Comments

(1) Laser flash photolysis in M = He at pressures up to
200 bar, with LIF detection of HO. The experiments
approach the high pressure limit.

(1) Based on falloff extrapolations from pressures <1
bar,

Preferred Values

ko = 3.2 x 107" cm® molecule ™ s™! over the temper-
aure range 20(}_—400 K.

Kelability
Alog k. =
100 K.

+0.3 over the temperature range 200-

Comments on Preferred Values
The new high pressure experiments allow for the con-
struction of complete falloff curves with F. = 0.8. They

~ supersede earlier estimates which were based on limited

parts of the falloff curve near to the low pressure limit.
References

'CODATA, 1980 (see references in Introduction).

2CODATA, Supplement II, 1084 (see references in Introduction).

3NASA Evaluation No. 9, 1990 (see references in Introduction).

“R. Forster, M. J. Frost, H. Hippler, and J. Troe, to be published (1991);
R. Forster, Ph.D. Thesis, Gottingen, 1991.

H0+N02+M—>HN03+M

All° = —207.6 kJ-mol ™!

Low-pressure rate coefficlents

Rate coefficient data

ky/fcm® molecule ~* s™* Temp./K Reference Comments
Reviews and Evaluations
2.6 x 1073(T/300)72° [N;] 200400 CODATA, 1980"; CODATA, 1984° (a)
2.6 X 10-2°(T/300)* [air] 200-300 NASA, 1990° ®)
Comments Reliability
Alog ky = =0.1 at 300 K.
(a) Average of the data from Anastasi and Smith* and An = *=05.

Burrows et al.,” which are in agreement with a series
of other, older, experiments reviewed in Ref. 1.

(b) Average of a series of studies conducted prior to
1980.

Preferred Values

ko = 2.6 x 107*(T/300)72° [N;] cm® molecule™ s™!
over the temperature range 200-300 K.

Comments of Preferred Values

The data base for this reaction is large. Because mea-
surements have most often been made in the falloff re-
gion, different ky and k. values are obtained if different
F. values are used. Different from the standard value F.
= 0.6 of the NASA evaluation,’ this evaluation is based
on a calculated value of F. = 0.43 at 300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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High-pressure rate coefficients

Rate coefficient data

ko/cm® molecule=! s~! Temp./K Reference Comments
Absolute Rate Coefficients

6.5 x 1071 298 Forster et al., 1991¢ : (a)
Reviews and Evaluations

5.2 x 1071 200400 CODATA, 1980'; CODATA, 19842 (b)

2.4 x 107(T/300)~!3 200-300 NASA, 1990° (©)

Comments

(a) Laser flash photolysis in M = He at pressures up to
200 bar, with LIF detection of HO. The experiments
approach the high pressure limit.

(b) Reevaluation of medium pressure experiments by
Robertshaw and Smith,” which indicated that k.. is
higher than 3 x 107" cm® molecule™' s™'.

(c) Essentially based on falloff extrapolations of mea-
surements below 1 bar. The temperature dependence

was from an RRKM model of Smith and Golden.?
Preferred Values

ke = 6.0 x 107" cm® molecule ™' s~ over the temper-
ature range 200-300 K.

Reliability
Alog k. = +0.1 at 300 K.
An = *0.5.

Comments on Preferred Values

The new direct measurements at pressures up to 200
bar® allow for a more accurate extrapolation to the high
pressure limit than did earlier attempts based on mea-
surements below 1 bar.

Intermediate Falloff Range
The calculated® value of F. = 0.43 at 300 K is consis-
tent with the experimental measurements from Ref. 6.

References

ICODATA, 1980 (see references in Introduction).

2CODATA, Supplement 11, 1984 (see references in Introduction).

3NASA Evaluation No. 9, 1990 (see references in Introduction).

4C. Anastasi and I. W. M. Smith, J. Chem. Soc. Faraday Trans. 2, 72,
1459 (1976).

5. P. Burrows, T. J. Wallington, and R. P. Wayne, J. Chem. Soc. Fara-
day Trans. 2, 79, 111 (1983).

‘R. Forster, H. Hippler, A. Schlepegrell, and J. Troe, to be published
(1991); R. Forster, Ph.D. Thesis, Gottingen, 1991,

7J. S. Robertshaw and I. W. M. Smith, J. Phys. Chem. 86, 785 (1982).

$G. P. Smith and D. M. Golden, Int. J. Chem. Kinet. 10, 489 (1978).

HO. + NO; — HO. + NO;

AH® = —56 kJ-mol™~!

Rate coefficient data

k/cm® molecule=! s~1 Temp./K Reference Comments
Absolute Rate Coefficients
(2.6 = 0.6) x 10~ 298 Mellouki, Le Bras and Poulet, 1988! (a)
(2.0 = 0.6) x 10~1 298 -Boodaghians ef al., 1988° (b)
Reviews and Evaluations
23 x 1071 298 TUPAC, 1989° (<)
23 x 10-1 298 NASA, 1990* (d)

Comments

(a) Discharge flow system with EPR monitoring of HO
and HO: (after conversion to HO) in the presence of
excess NOs;, which was measured by titration with
NO or 2,3-dimethyl-2-butene. Complex kinetic be-
havior to extract k values.

(b) Discharge flow system with resonance fluorescence
detection of HO. NO; was monitored by longpath ab-

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

sorption at 662 nm. H + NOs reaction used to gener-
ate HO and F + HNO; to produce NOs, which was
in excess over HO. The measured rate coefficient was
corrected for secondary reactions which accelerate
the HO decay.

(c) See Comments on Preferred Values.

(d) Average of data from Ref. 1 and 2.
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Preferred Values
k =23 x 107" cm® molecule™! s7! at 298 K.

Relability
Alogk = *0.2 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.2 The two measurements of this rate
constant using the discharge flow technique’? are in good
agreement, although in both systems corrections for sec-
ondary reactions were required. The preferred value is a
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simple average of the two reported values. In the absence
of experimental data a temperature dependence cannot
be recommended. In line with other radical + radical re-
actions, a small negative temperature coefficient is ex-
pected.

References

!A. Mellouki, G. Le Bras and G. Poulet, J. Phys. Chem. 92, 2229 (1988).

R. B. Boodaghians, C. E. Canosa-Mas, P. J. Carpenter, and R. P.
Wayne, J. Chem. Soc. Faraday Trans. 2, 84, 931 (1988).

SIUPAC, Supplement 111, 1989 (see references in Introduction).

“NASA Evaluation No. 9, 1990 (see references in Introduction).

HO. + NO — HO + NO.

A = =32 kImol ™!

Rate coefficient data

A fem® molecule ™! s™! Temp./K Reference Comments
4bsolute Rate Coefficients

(85 = 1.3) x 1072 297 Jemi-Alade and Thrush, 1990! (a)
Reviews and Evaluations

3.7 x 10712 exp(240/T) 230-500 CODATA, 1982; IUPAC, 1989* (b)

3.7 x 1072 exp(240/T) 200-300 NASA, 1990° (©)

Comments

(a) Discharge flow system with mid-infrared LMR moni-
toring of HO: in the presence of excess NO. HO; rad-
icals were produced from the F + H,O; reaction and
the OH product was scavenged by reaction with
GF3CL The rate coefficient k& was independent of
pressure in the range 0.8-13 Torr.

(b) Based on the data of Hack et al.,' Howard,’ Leu,*
Margitan and Anderson’ and Kaufman and Rei-
mann,® using the temperature dependence of
Howard.’

(c) Based on measurements near room temperaturc of
Howard and Evenson," Glaschick-Schimpf et al.,"
Thrush and Wilkinson'? and the data of Refs. 4-6,
with the temperature dependence of Howard.’

Preferred Values

k = 8.3 x 1072 cm® molecule™ 5! at 298 K.
k = 3.7 x 107" exp(240/T) cm® molecule ™" s~! over
the temperature range 230-500 K.

Reliability
Alog k = +0.1 at 298 K.
AE/R) = *100 K.

Comments on Preferred Values

The new measurement of Jemi-Alade and Thrush' is in
excellent agreement with the previously recommended
value at room temperature and extends the range over
which the pressure independence of the rate is demon-
strated. Therefore there is no change in the recommen-
dation. The preferred value at 298 K is a mean of the five
determinations of Hack et al., Howard,” Leu,® Howard
and Evenson' and Jemi-Alade and Thrush.! The data of
Margitan and Anderson’ and Kaufman and Reimann®
were not included because they have not been published.
The value reported by Glaschick-Schimpf et al." of 1.1 x
107" em® molccule ™! 57! is high, but in agecment within
the stated uncertainty. The temperature dependence is
that reported by Howard® for the combined temperature
range 232-1271 K, based on high temperature data’ and
the low temperature data of Howard.® This temperature
dependence measured over a very large temperature
range is preferred to that reported by Leu® (E/R =
130 K) obtained over a much smaller temperature range.

References

'A. A. Jemi-Alade and B. A. Thrush, J. Chem. Soc. Faraday Trans. 86,
3355 (1990).

2CODATA, Supplement 1, 1982; IUPAC, Supplement III, 1989 (see
references in Introduction).

3NASA Evaluation No. 9, 1990 (see references in Introduction).
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HO.: + NO2. + M — HO:NO, + M

AH°® = —105 kJ-mol~!

Low-pressure rate coefficients

Rate coefficient data

ky/em?® molecule=! s—! Temp./K Reference Comments
Absolute Rate Coefficients

1.2 x 1073(T/300)~24 [Ar] 275-326 Jemi-Alade and Thrush, 1990! (a)
Reviews and Evaluations

1.8 x 10-3(T/300)~32 [N;] 220-360 CODATA, 1980% TUPAC, 1989° )

1.8 x 1073(T/300)32 [air] 200-300 NASA, 1990* (b)

Comments Reliability
Alog ko = =0.1 at 300 K.

(a) Discharge flow study in the range 0.8-13 Torr, with An = =1,

HO; radicals being monitored by LMR.

(b) Based on the data by Kurylo and Ouelette,® which are
consistent with a series of earlier studies. Evaluation
using a fixed standard value of F. = 0.6, independent
of temperature.

Preferred Values

ke = 1.8 x 107*(T/300)7*? [N;] cm® molecule™ s™*
over the temperature range 200-300 K.

Comments on Preferred Values

The new data are consistent with the series of earlier
measurements reviewed in Refs. 1-3, which are now in
excellent agreement. Refinement of F. by calculations
will lead to minor modifications of ko.

High-pressure rate coefficlents

Rate coefficient data

k«/cm?® molecule ! s~? Temp./K Reference Comments
Reviews and Evaluations
4.7 x 10~12 200-300 CODATA, 1980% IUPAC, 1989° (a)
4.7 % 10"2(T/300)‘M 200-300 NASA, 1990* (b)

Comments

(a) From falloff extrapolation of the data from Ref. 5 at
pressures below 1 bar. A temperature independent
value of k.. was chosen in agreement with other reac-
tion systems.

(b) From falloff extrapolations of data from Ref. 5.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Preferred Values

k. = 4.7 X 107" cm® molecule ™' s over the temper-
ature range 200-300 K.

Reliability
Alog k..

= =(0.2 at 300 K.
An = x1.
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« omiments on Preferred Values

See comment (a) for k.. Improved falloff extrapola-
tons would require measurements above 1 bar and the
e of a calculated value of F. different from a fixed value
ot I = 0.6.
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References

!'A. A. Jemi-Alade and B. A. Thrush, J. Chem. Soc. Faraday Trans. 86,
3355 (1990).

2CODATA, 1980 (see references in Introduction).
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M. J. Kurylo and P. A Ouelette, J. Phys. Chem. 91, 3365 (1987).

HO:NO: + M — HO. + NO: + M

\H" = 105 kJ-mol !

Low-pressure rate coefficients

Rate coefficlent data

ko=t Temp./K Reference Comments
Reviews and Evaluations
5 % 10-6 exp( - 10000/T) [N,] 260-300 CODATA, 1982! (@)
Comments Reliability

(1) Based on the experiments of Graham etal.,” con-
ducted in the falloff range near to the low pressure
limit.

Preferred Values
ko = 13 x 1072 [N;]} s7" at 298 K.

ko = 5 x 107 exp(—10000/T) [N;] s™* over the tem-
perature range 260-300 K.

Alog ko = £0.3 at 298 K.
A(E/R) = =500 K.

Comments on Preferred Values

More studies of the dissociation reaction appear desir-
able. By combining these preferred values with the corre-
sponding recombination results, an equilibrium constant
of K. = 1.8 x 1077 exp(10900/T) cm® molecule ™! is ob-
tained, in close agreement with the evaluation of Ref. 3.

High-pressure rate coefficients

Rate coefficient data

Reference

kofs™! Temp./K Comments
Reviews and Evaluations
3.5 x 10" exp(~10420/T) 250-300 CODATA, 1082 ()
0.23 298
Comments Reliability

(a) Based on the falloff data of Graham eral.’ using,
however, a broader falloff extrapolation.

Preferred Values
ko = 034 57" at 298 K.

ks = 2.6 X 10" exp(—10900/T) s~ over the tempera-
ture range 260-300 K.

Alog k= = *0.5 at 298 K.
A(E/R) = %500 K.

Comments on Preferred Values

Because the falloff curves for recombination have been
determined more systematically, we have combined the
corresponding high pressure limit for the recombination
reaction with the equilibrium constant K (see comment
to preferred values of ky) to obtain k... Since Fe = 0.6 was
used for the falloff extrapolation of the recombination, an
even larger value of k.. is expected if F; = 0.4 is used.!

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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H02 + N03 had 02 + HN°3 (1)

AH°(1) = —214 kJ-mol~"
AH®(2) = —6.5 kI'mol™!

— HO + NO; + O; (2)

Rate coefficient data (k = k; + k2)

k/em® molecule ™! s~* Temp./K Reference Comments
Absolute Rate Coefficients
= (9.2 £ 48) x 10~1 298 Melouki, Le Bras and Poulet, 1988! (a)
= (3.6 £ 0.9) x 10712
3 x 10712 exp[(170 x 270)/T) 263-338 Hall et al ., 1988° (b)
406 x 10712 298
Branching Ratios
kofk < 0.6 298 Hall et al., 19882 (b)
Reviews and Evaluations
43 x 10-12 298 TUPAC, 1989° ©
4.1 x 10712 298 NASA, 1990* (d)

Comments

(a) Discharge flow system with EPR monitoring of HO
and HO; (after conversion to HO) in the presence of
excess NOs, which was measured by titration with
NO or 2,3-dimethyl-2-butene. Complex kinetic be-
havior of HO and HO; modeled to extract k (HO: +
NOs) and k(HO + NO:s) for which a value of (2.6
0.6)x 107" cm® molecule™! s™! was obtained (see
HO + NOs data sheet).

(b) Molecular modulation system with detection by UV
(for HO,) and visible (for NOs) absorption spec-
troscopy. Used photolysis of Cl; in the presence of
CIONO:,, H; and O to produce the radicals. Rate co-
efficients obtained by computer fitting of complex ki-
netics. The upper limit of ky/k was obtained from
measurement of HO by modulated resonance ab
sorption.

(c) See Comments on Preferred Values.

(d) Based on 298 K rate coefficient of Mellouki et al !
and the 263-333 K rate coefficients of Hall et al .2

Preferred Values
k = 43 x 107 cm® molecule™! s~ ! at 298 K.

Reliability

Alog k = =0.2 at 298 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, JUPAC 1989.> The two recent direct studies'?
provide the only kinetic information on this reaction. The
values obtained for the overall rate coefficient are in
good agreement, despite the need in both cases to ana-
lyze complex kinetics to extract the k values. There is a
discrepancy in the reported values for the branching ra-
tio, although Hall ef al .2 accept that their measurements
are not definitive. The preferred value at 298 K is a mean
from the two studies."”* No recommendation is made for
the branching ratio or the temperature dependence be-
cause of the experimental uncertainties. For strato-
spheric modeling, a temperature independent rate with
the branching ratio given by Mellouki et al.! is probably
the best available choice.

References

'A. Mellouki, G. Le Bras and G. Poulet, J. Phys. Chem. 92, 2229 (1988).

2]. W. Hall, R. P. Wayne, R. A. Cox, M. E. Jenkin, and G. D. Hayman,
J. Phys. Chem. 92, 5049 (1988).

3SIUPAC, Supplement III, 1989 (see references in Introduction).

“NASA Evaluation No. 9, 1990 (see references in Introduction).
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NH; + O, — products

Rate coefficient data

+ o' molecule~! s~1! Temp./K Reference Comments
taolute Rate Coefficients

<15 % 107%[N,] 295 Patrick and Golden, 1984 (a)

- x 1078 298 Lozovsky, loffe and Sarkisov, 1984 (b)

- 7.7 x 10718 298 Michael et al ., 1985° (c)
Kiviews and Evaluations

-1 x 1074 298 IUPAC, 1989* (d)

-3 x 107 298 NASA, 1990° (e)

Comments Comments on Preferred Values

(1) Laser flash photolysis of O; at 248 nm in presence of
NH;. Decay of NH; monitored by laser resonance ab
sorption spectroscopy at 598 nm. NH; decayed by re-
action with O3 and with NH,. Up to 15 Torr O, added
to system at total pressure of 230 Torr but no in-
crease in decay rate was observed. Equivalent to a bi-
molecular rate constant <1 X 107" cm® molecule ™!
s™L

{b) Flash photolysis of NH;~O-N2 mixtures at total
pressures less than 30 Torr. NH; radical decay moni-
tored by intracavity laser absorption spectroscopy at
598 nm. Decay rate observed to be independent of O,
partial pressures above 1 Torr. Observed decay at-
tributed to reaction NH; + HO..

(c) Flash photolysis — laser induced fluorescence study.
NH; radicals produced by flash photolysis of NH;
and observed in fluorescence at 578 nm after excita-
tion by pumped dye laser. Total pressure of 25 Torr
He. No increase in decay rate with increasing O, con-
centration observed at low flash energy. Additional
experiments done in presence of sufficient C;H, to
scavenge H atoms formed in NH; photolysis.

(d) See Comments on Preferred Values.

(e) Based on the data of Lesclaux and Demissy,® Cheskis
and Sarkisov,” Patrick and Golden,' Lozovsky et al .2
and Michael et al 2

Preferred Values

k < 3 x 107" cm® molecule™! s! at 298 K.

This data sheet is reproduced from our previous evalu-
ation, [UPAC, 1989.* The preferred value is based on the
upper limits reported by Lesclaux and Demissy,® Cheskis
and Sarkisov,” Patrick and Golden,' Lozovsky et al.? and
Michael e al.? In most systems HO: radicals were pro-
duced from the H atoms formed in the initial photolysis
of NH;, and NH, decay by reaction with HO, was ob-
served. Patrick and Golden' produced NH, radicals in the
absence of H atoms and observed no reaction with O,.
Hack e al* produced NH; radicals in the absence of H
atoms by the reaction of F atoms with NH; in a discharge
flow reactor at low pressures and reported a third order
reaction with .. However the weight of evidence from
the other studies indicates that there is no observable re-
action, It is possible that heterogeneous processes were
important in their system. Hack and Kurzke® have studied
the reaction of NH; with electronically excited O('A,)
and reported a rate coefficient of 1 x 10" cm’
molecule™" s~! for this reaction.

References
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*NASA Evaluation No. 9, 1990 (see references in Introduction).

°R. Lesclaux and M. Demissy, Nouv. J. Chim. 1, 443 (1977).

’S. G. Cheskis and O. M. Sarkisov, Chem. Phys. Lett. 62, 72 (1979).
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NH; + O; — products

Rate coefficient data

k/cm?® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
1.57 x 107! exp[— (1151 = 123)/T] 272-348 Patrick and Golden, 1984 (a)
(325 = 027) x 10-1 298
(L5 £ 03) x 10-1 298 Cheskis et al., 1985% ) (b)
Reviews and Evaluations
4.9 x 1072 exp(—1000/T) 250-380 TUPAC, 1989° (©)
4.3 x 10712 exp(—930/T) 250-360 NASA, 1990* (d)

Comments

(a) Laser flash photolysis of O3 at 248 nm in presence of
NH;. Decay of NH; monitored by laser resonance ab-
sorption spectroscopy at 598 nm.

(b) Laser flash photolysis of O at 266 nm in presence of
NHs. Decay of NH, monitored by laser induced fluo-
rescence at 598 nm. Also measured rate coefficient
for reaction of vibrationally excited NH; with O3 and
found it to be a factor of ten higher.

(c) See Comments on Preferred Values.

(d) Based on data of Bulatov et al.,® Hack et al.,” Patrick
and Golden' and Cheskis et al .

Preferred Values

k = 1.7 x 1072 cm® molecule ™! s™! at 298 K.
k = 49 x 107 exp(—1000/T) cm® molecule ™ s~!
over the temperature range 250-380 K.

Reliability
Alog k = +0.5 at 298 K.
A(E/R) = =500 K.

Comments on Preferred Values
This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.* The reported rate coefficients at

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

room temperature vary by a factor of five, ranging from
6 x 107 cm’ molecule ™! s7!in reference 5t0 3 x 108
in Ref. 1. There is no convincing argument for rejecting
any of these results and therefore, as before,® the 298 K
preferred value is taken as the average of the results re-
ported by Kurasawa and Lesclaux,® Bulatov et al.,* Hack
etal.,” Patrick and Golden' and Cheskis ef al .2 The tem-
perature dependence averages the values reported by
Kurasawa and Lesclaux,” Hack e al.” and Patrick and
Golden.! Although the products of this reaction have not
been determined, the most likely process is abstraction of
an oxygen atom by NH; to give NH,O + O,. While it has
been suggested®’ that NH, may be regenerated by reac-
tion of NH,O with Os, recent work! indicates that this re-
action must be slow.
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SH. Kurasawa and R. Lesclaux, Chem. Phys. Lett. 72, 437 (1980).

SV. P. Bulatov, A. A. Buloyan, S. G. Cheskis, M. Z. Kozliner, O. M.
Sarkisov, and A. I. Trostin, Chem. Phys. Lett. 74, 288 (1980).

"W. Hack, O. Horie, and H. Gg. Wagner, Ber. Bunsenges. Phys. Chem.
85, 72 (1981)
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NH. + NO —> N; + H.0 1)
S>NH+HO (2
>N, +H+HO (3)
V(1) = =517 kJ-mol~!
AW (3) = —18 kJ-mol ™!
Rate coefficient data (k = ki + k2 + ka)
+ «m* molecule ! s~! Temp./K Reference Comments
ilolute Rate Coefficients
131 x 1078 T-(17 =025 294-1027 Atakan et al., 1989 (a)
(167 £ 0.25) x 10" 298
20 x 1071 (T/298)22 295-620 Bulatov ef al., 1989% (b)
tirunching Ratios
(hy + k3)tk = 0.1 = 0.025 300 Atakan et al., 1989 (c)
(hy + k3)tk = 0.12 = 0.03 520
(k2 + k3)lk = 0.19 = 0.05 1000
(k2 + ka)k = 0.1 = 0.02 205 Bulatov et al., 19892 (d)
(k2 + ks)lk = 0.14 = 0.03 470
(k2 + ks)lk = 02 = 0.04 620
Reviews and Evaluations
1.6 x 10~* (T/298)~'3 230450 TUPAC, 1989° (e)
3.8 x 10~'2 exp(450/T) 200-300 NASA, 1990* (e)
Comments Reliability
Alogk = =02 at 298 K.
(a) Pulsed laser photolysis of NH; at 193 nm and the An = *0.5.

time resolved HO formation monitored using LIF.
NO in excess over NH; with [NO]J[NH,] ~10°. Pres-
sure = 10 Torr Na.

(b) Flash photolysis of NH; with NH; being measured by
intracavity laser absorption spectroscopy. Psuedo-
first order decays of NH; in the presence of excess
NO measured. No tabulated rate coefficients given.

(c) HO yield measured directly with the HO calibration
being based on HO production in laser photolysis of
H;0.. Temperature dependence of NHs cross-sec-
tion taken into account in determination of tempera-
ture dependence of the branching ratio.

(d) Branching ratio determined indirectly from the de-
crease in the decay rate for NH; at high NH; concen-
trations, assumed to be due to the reaction of
product HO radicals with NH;.

(e) Based on the data of Whyte and Phillips,’ Dreier and
Wolfrum,’ Silver and Kolb,” Stief ¢t al..! Andresen
etal.’ Gordon etal.,'” Gehring etal.' Hancock
etal.,”* Sarkisov et al.,”® Lesclaux etal.* and Hack
etal B

Preferred Values

k = 1.6 x 107" cm® molecule™! s™! at 298 K.

k=16 x 107" (T/298)"'% cm® molecule ™' s~! over
the range 210-500 K.

(k2 + ks)/k = 0.1 at 298 K.

A(ks + ks)lk = £0.03 at 298 K.

Comments on Preferred Values

The results of Atakan etal.! and of Bulatov etal.? at
298 K are in good agreement with the previous data from
flash and laser photolysis studies but are significantly
higher than rate coefficients obtained using the discharge
flow technique. This apparent discrepancy has been
noted before** and cannot be easily accounted for. The
temperature dependence reported by Atakan efal.' is
slightly lower than the majority of the earlier results,
which were mainly obtained at T <500 K, while the re-
sults of Bulatov et al.,’> which also covered a smaller tem-
perature range, give a significantly higher temperature
dependence.

The preferred value at 298 K is the average of the two
new determinations of Atakan etal.' and of Bulatov
et al 2 together with the valucs reported in references 5—
15. The temperature dependence is based on the data be-
low 500 K in the six temperature dependence studies of
Silver and Kolb,” Stief etal.® Lesclaux etal.'* Hack
etal."” Atakan er al.! and Bulatov et al ?

The direct measurements of the branching ratio re-
ported by Atakan et al.! are the basis for the recommen-
dation for (k2 + ks)/k. Other, less direct, rate coefficient
ratio determinations are consistent with the value recom-
mended, with the exception of the results of Andresen
et al * who report that the production of HO dominates;
this discrepancy has not been explained.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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NH> + NO: - N,O + H.0 (1)

AH® (1) = —378 ki -mol~!
AH* (2) = — 355 KI'mol™*

acd Nz + HzOz (2)

Rate coefficient data (k = ky + kj)

k/em® molecule™! s~! Temp./K Reference Comments
Absolute Rate Coefficients

(2.1 = 0.4) x 10~4 (7/298)"'7 295-620 Bulatov et al., 1989 (a)
Reviews and Evaluations

1.9 x 10-1! (T/298)-22 250-500 IUPAC, 1989 ®)

2.1 x 10712 exp(650/T) 200~300 NASA, 1990° (b)

Comments

(a) Flash photolysis of NH; with NH, radicals being mea-
sured by intracavity laser absorption spectroscopy.
Psuedo-first order decay of NH, monitored in the
presence of excess NO,. Pressure range = 10-650
Torr.

(b) Based on the data of Whyte and Phillips,* Kurasawa
and Lesclaux,’ Xiang ef al.* and Hack et al.’

Preferred Values

k =20 x 107" cm® molecule™' s™! at 298 K.
k = 2.0 x 107" (T/298)~*° cm® molecule™! s~! over
the temperature range 250-500 K.

Reliability
Alog k = +0.2 at 298 K.
An = =0.7.
Comments on Preferred Values
The result of Bulatov et al.! at 298 K is in very good
agreement with the previous results from flash and laser
photolysis studies, but is significantly higher than the
measurement of Hack eral.,” obtained using the dis-
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charge flow technique. This apparent discrepancy has
been noted before®* for this reaction and also for the re-
action of NH; with NO, and cannot be easily accounted
for. The temperature dependence reported by Bulatov
et al .} lies midway between the earlier data of Hack et al.”
and Kurasawa and Lesclaux,® and is close to the previ-
ously recommended value for n. The preferred value at
298 K is the average of the values from Refs. 1, 4, 5, 6 and
7. The temperature dependence is the average from Refs.
1,5 and 7. llack ez al.,” using mass spectrometric analysis,
determined that the predominant reaction channel is
channel (1) to give N;O + H:O, with at least 95% of the
reaction proceeding by this channel.
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2NO + O; > 2 NO;
s - 114 kJ-mol~?
Rate coefficient data
« cm* molecule=2 57! Temp./K Reference Comments
truiute Rate Coefficients
1A0r0.1) x 1073 298 Stedman and Niki, 1973! (a)
(24t 04) x 10- 298 Brobst and Allen, 19892 (b)
I'N x 10747 T27 exp(1600/T) 226-758 Olbregts, 19853 (©
S1 % 1073 298
Meviews and Evaluations
11 x 107* exp(530/T) 273-660 TUPAC, 1989* (d)

Comments

(+) Photolysis of NO; (1-100 part-per-million mixing ra-
tio) in air using NO/O; chemiluminescence detectors.
(b) Intracavity dye laser absorption spectroscopy system.
Total pressure ranged from 3.9 to 7.4 Torr. [NO}[O-]
> 1000. Production of NO, monitored at 610 nm.
(c) Static one liter reactor. Total pressure measured with
differential micromanometer. Partial pressure of
NO; measured in absorption at 436 nm. Pressure of
O: and NO range up to 26 Torr. Non-Arrhenius be-
havior observed with k first decreasing with increas-
ing temperature, reaching a minimum value at 600 K
and then increasing with increasing temperature.
(d) See Comments on Preferred Values.

Preferred Values

k = 2.0 x 107* cm® molecule™ s™* at 298 K.
k = 3.3 x 107% exp(530/T) cm® molecule % s~! over
the temperature range 273-600 K.

Reliability
Alog k = %0.1 at 298 K.
A(E/R) = =400 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.3 This evaluation accepts the recom-
mendation given in the evaluation by Baulch et al’ The
room temperature value has been confirmed by the
newer studies. Olbregts? observed non-Arrhenius behav-
ior over the entire temperature range studied and ex-
pressed k by the modified Arrhenius expression given
here and also as the sum of two Arrhenius expressions.
However, from 250 K to about 600 K the total rate coef-
ficient of Olbregts® is in good agreement with the value
calculated from the expression recommended here. Ol-
bregts® interpreted his results in terms of a multi-step
mechanism involving NO; or the dimer (NO); as interme-
diates. For atmospheric modeling papers, the expression
recommended here is adequate.
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(1989).
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NO + O; - NO; + O,

AH® = —200 kJ-mol~!

Rate coefficient data

k/cm® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
2.6 x 10~'2 exp[ - (1435 + 64)/T] 195-369 Michael, Allen and Brobst, 1981 (a)
(20 = 02) x 10-% 298
8.9 x 107"T?22 exp(—765/T) 204-353 Borders and Birks, 19822 (b)
(1.72 = 0.04) x 10~ 298
Reviews and Evaluations
1.8 x 1072 exp(—1370/T) 195-304 CODATA, 1984%; TUPAC, 1989* (c)
2.0 x 107!2 exp(—1400/T) 200-300 NASA, 1990° (d)

Comments

(a) Three independent low-pressure fast flow studies un-
der pseudo-first-order conditions. Extent of reaction
was monitored by NO, chemiluminescence under
conditions of excess NO or excess Os. In other exper-
iments, the decay of NO in cxcess Os was monitored
by resonance fluorescence. The data from each study
were in good agreement. The data showed significant
curvature on an Arrhenius plot, and the value of E/R
varied from 1258 K (195-260 K) to 1656 K (260~
369 K).

(b) Dual flow tube technique with NO; chemilumines-
cence detection under pseudo-first-order conditions
of the decay of NO in the presence of excess Os. Au-
thors claim this technique gives accurate value of E/R
over temperature intervals as small as 10 K. Nonlin-
ear Arrhenius behavior was observed with value of
E/R increasing from a value of 1200 K at the lowest
temperature to 1470 K at the highest temperatures.

(c) See Comments on Preferred Values.

(d) Based on least-squares analysis of the data from 195~
304 K reported by Michael et al.,! Borders and Birks,?
Lippmaun ef al.,* Ray and Watson’ and Birks er al ®

Preferred Values

k = 18 x 107" cm® molecule™! s™! at 298 K.
k = 1.8 x 107" exp(—1370/T) cm® molecule™! s~}
over the temperature range 195-304 K.

Reliability
Alog k = *0.08 at 298 K.
A(E/R) = =200 K.

Comments on Preferred Values
This data sheet is reproduced from our previous evalu-
ation, CODATA, 1984.3 The preferred Arrhenius expres-
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sion is based on least-squares analysis of the data at and
below room temperature reported by Michael et al.,' Bor-
ders and Birks,” Lippmann et a/.,* Ray and Watson’ and
Birks et al.,” with data at closely spaced temperatures re-
ported by Borders and Birks® and Lippmann ez al .® being
grouped to give equal weight to each of the five studies.
The expression fits these data to within 2096, Only daia
between 195 and 304 K were used due to the nonlinear
Arrhenius behavior observed by Michael et al.,' Borders
and Birks,” Birks eral.’ Clyne efal.’ and Clough and
Thrush.” Michael ez al.,! Birks et al.® Clyne etal.® and
Schurath efal.! have reported individual Arrhenius
parameters for each of two primary reaction channels
(one to produce NO; in the ground electronic state and
the other to produce electronically excited NO;). Earlier
room-temperature results of Stedman and Niki'? and Be-
mand et al.” are in good agreement with the preferred
value.

References

'J. V. Michael, J. E. Allen, and W. D. Brobst, J. Phys. Chem. 85, 4109
1981). :

21(2. A.)Borders and J. W. Birks, J. Phys. Chem. 86, 3295 (1982).

3CODATA, Supplement 11, 1984 (see references in Introduction).

*TUPAC, Supplement HI, 1989 (see references in Introduction).

SNASA Evaluation No. 9, 1990 (see references in Introduction).

®H. H. Lippmann, B. Jesser, and U. Schurath, Int. J. Chem. Kinet. 12,
547 (1980).

’G. W. Ray and R. T. Watson, J. Phys. Chem. 85, 1673 (1981).

¥J. W. Birks, B. Shoemaker, T. J. Leck, and D. M. Hinton, J. Chem.
Phys. 65, 5181 (1976).

°M. A. A. Clyne, B. A. Thrush, and R. P. Wayne, Trans. Faraday Soc.
60, 359 (1964).

P, N. Clough and B. A. Thrush, Trans. Faraday Soc. 63, 915 (1967).
"U. Schurath, H. H. Lippmann, and B. Jesser, Ber. Bunsenges Phys.
Chem. 85, 703 (1981).

2D. H. Stedman and H. Niki, J. Phys. Chem. 77, 2604 (1973).

13p_ P. Bemand, M. A. A. Clyne, and R. T. Watson, J. Chem. Soc. Fara-
day Trans. 2, 70, 564 (1974).



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY 1197
NO + NO; — 2 NO;
A"~ —88 kFmol !
Rate coefficient data
4/cm® molecule™ s™* Temp./K Reference Comments
tholute Rate Coefficients
155 x 10~ exp(195/T) 209-299 Hammer, Dlugokencky, and Howard, 1986! (@
(295 %= 0.16) x 10~1 299-414
159 x 10~ exp(122/T) 224-328 Sander and Kircher, 19862 (b)
(241 = 048) x 1071 298
168 x 10! exp(103/T) 223-400 Tyndall et al., 1991 ©)
(234 £ 024) x 107" 298
Relatve Rate Coefficients
(? + 1) x 10-1 298 Croce de Cobos, Hippler and Troe, 19844 (d)
Keviews and Evaluations
16 x 107" exp(150/T) 200-300 IUPAC, 1989° (e)
1.7 x 10~ exp(150/T) 200-300 NASA, 19906 ®

Comments

(a) Flow tube reactor. NO; radicals were produced by
the reaction F + HNOs3 and by thermal decomposi-
tion of N,Os, and detected by LIF in the presence of
excess NO. Non-linear Arrhenius behavior was ob-
served over the temperature range 209414 K, with a
constant value of the rate coefficient above room
temperature.

(b) Flash photolysis system with NO; decay in excess NO
monitored by optical absorption at 661.8 nm. NO3
was produced by photolysis of Cl,-CIONO; mixtures
at wavelengths longer than 300 nm. The total pres-
sure was varied from 50-700 Torr He, N..

(c) Discharge flow system with the NO; decay in excess
NO bcing monitorcd by LIF. NO3 was produced by
the reaction F + HNO; and by the thermal reaction
of NO; with Os. In other experiments, the decay of
NO in excess NO;s (from F + HNOs) was monitored
by chemiluminescence. The room temperature value
given is the mean of the results from the three exper-
imental systems.

(d) Derived from numerical simulation of study of the re-
combination reaction NO; + NO; + M — N,Os +
M at high pressures.

(e) Based on the data of Hammer ¢f al.! and Sander and

Kircher.?

Preferred Values

k = 2.6 x 107" cm® molecule ™! s~! at 298 K.

k = 1.8 x 107" exp(110/T) cm® molecule ™' s~ over
the temperature range 220400 K.
Reliability

Alogk = +0.1 at 298 K.

A(EIR) = 100 K.

Comments on Preferred Values

The preferred 298 K rate coefficient is the average of
the room temperature values reported by Hammer et al.,'
Sander and Kircher? and Tyndall et al.,* which are in ex-
cellent agreement. The preferred temperature depen-
dence is the average of the temperature dependences
reported by Sander and Kircher’ and by Tyndall er al.,?
which are in excellent agreement.
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N02 + 03 d N03 + 02

AH® = —112 kJ-mol~!

Rate coefficient data

k/em® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(3.45 = 0.12) x 10~V 296 Cox and Coker, 1983! (a)
2.97 x 10~!3 exp[ - (2620 = 90)/T] 277-325 Verhees and Adema, 19852 (b)
Reviews and Evaluations
1.2 x 10~ exp(—2450/T) 230-360 TUPAG, 1989 ©
1.2 x 10~ exp(~2450/T) 230-360 NASA, 1990° )
Comments Reliability

(a) Static system. Experiments done both with NO; and
O; in excess. Time-resolved absorption spectroscopy
used to monitor N,Os with a diode laser infrared
source. NO; and Os also monitored at 350 and 255
nm, respectively, using conventional UV techniques.
Total pressure was 10 Torr N2. N,Os was shown to be
the only stable nitrogen-containing product. The
overall stoichiometry for reactant decay, defined as
ANO,/AQ;, was determined to be 1.85 = 0.09. A
minor role for unsymmetrical NOs species was sug-
gested to account for the stoichiometric factor having
a value less than 2.

(b) Continuous stirred tank reactor flow system. NO,
and O, were present at sub-part-per-million concen-
trations. Chemiluminescent analysis. Wall reactions
were found to be very important. Relative humidity
levels up to 80% did not affect the value of the rate
constant.

(c) See Comments on Preferred Values.

(d) Based on data of Davis et al.,’ Graham and Johnston®
and Huie and Herron.”

Preferred Values
k =32 x 107" cm® molecule™! s~! at 298 K.

k = 1.2 x 107" exp(—2450/T) cm® molecule™* s~}
over the temperature range 230-360 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Alog k = =0.06 at 298 K.
A(E/R) = =150 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989. The preferred value is unchanged
from the previous IUPAC evaluation,® which was based
on the data in the three temperature-dependent studies
of Davis etal.,’ Graham and Johnston® and Huie and
Herron.” The recent results of Cox and Coker' are in ex-
cellent agreement with this recommendation. The recent
results of Verhees and Adema’® show a similar tempera-
ture dependence but a higher pre-exponential factor. It
was shown that wall reactions play an important role in
this study.” These results have not been included in the
derivation of the preferred value, but may be considered
to be in reasonable agreement with the recommendation.
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N02+N03+M—>N205+M
AH® = —92.6 kJ'mol~!
Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients

2.8 x 1073%(7/300)3% [N:] 236-358 Orlando et al ., 1991 (a)
Reviews and Evaluations

3.0 x 107% [N;] 298 Croce de Cobos, Hipper and Troe, 19847 (b)

2.7 x 1073°(T/300) 3% [N,] 200-300 CODATA, 1980% TUPAC, 1989* ©)

2.2 x 1073%(7/300)~*3 [air] 200-300 NASA, 1990° (d)

Comments

(a) Discharge flow study with LIF detection of NOs. Ex-
periments were conducted over the pressure range
0.5-8 Torr and the data evaluated using

F. = {2.5 exp(—1950/T) +
0.9 exp(—7/430)} (F(298 K) = 0.45).

(b) Analysis of high pressure recombination experiments
and low pressure dissociation results®” converted
with equilibrium constants® using F.(298 K) = 0.34
from Ref. 9.

(c) Based on the recombination measurements of Croce
de Cobos etal.? Kircher etal., Smith etal.!
Burrows et al.’> and Wallington et al.,” all of which
give a consistent set of falloff curves.

F. = [exp(—T/250) + exp(—1050/T)]

from Ref. 9 was employed for falloff extrapolation.
(d) See comment (c). In contrast, however, a value of
F. = 0.6 was used.

Preferred Values

ko = 2.7 x 107(T/300)~** [Nz] cm® molecule™' s~
over the temperature range 200400 K.

Reliability
Alog ko = =0.1 at 300 K.
An = =0.5.

Comments on Preferred Values

The new measurements are in excellent agreement
with the preferred values from the analyses of Refs. 2-4.
The slightly different ko values of Ref. 5 arise from a
falloff analysis with a larger fixed value of F. = 0.6. The
analysis with a theoretical F, such as from Ref. 9, is pre-
ferred.

High-pressure rate coefficients

Rate coefficient data

k./cm* molecule ™! 5! Temp./K Reference Comments
Absolute Rate Cocfficients

1.7 x 10~'¥(T/300)~°2 236-358 Orlando ez al., 1991} (a)
Reviews and Evaluations

2.0 x 107'3(T/300)"2 200-500 CODATA, 1980% IUPAC, 1989* (b)

1.5 x 10~'%(T/300)~"* 200-300 NASA, 1990° (c)
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Comments
(a)— (c) See comments (a)— (c) for k.
Preferred Values

k. = 2.0 x 107"%(T/300)"? cm® molecule ™' s ! over the
temperature range 200-500 K.

Reliability
Alog k. = =0.2 at 300 K.
An = *0.6.

Comments of Preferred Values

The new experiments from Ref. 1 were performed at
too low a total pressure to contribute to the falloff extrap-
olation to k.. The discrepancy between the IUPAC* and
NASA?® evaluations is due to the different values of F.
used.

Intermediate Falloff Range
Before more detailed falloff calculations are made, the
expression F. = {exp(—T/250) + exp(—1050/T)} from

ATKINSON ET AL.

Refs. 9 and 12 is recommended, which gives F, = 0.42 at
220 K, 0.34 at 295 K, and 0.26 at 520 K. Expressions for
increased width of the falloff curve should also be em-
ployed (see Introduction).
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N205+M—9N02+N03+M

AH® = 92.6 kJ-mol~!

Low-pressure rate coefficients

Rate coefficient data

kofs™1 Temp./K Reference Comments
Absolute Rate Coefficients

6.0 x 107 exp(—9500/T) [N:] Cantrell et al ., 1990 (a)

8.6 X 1072 [N,] 298
Reviews and Evaluations

22 x 10-3(T/300)~** x 220-300 CODATA, 1980% CODATA, 19823 (h)

exp(—11080/T) [N]
1.6 x 107 [N;] 298
Comments Reliability
Alog ko = *0.2 at 300 K.

(a) N;Os concentrations were monitored by FTIR in a An = =0.5.

temperature regulated long-path cell. An excess of
NO was added to N,Os—N; mixtures in order to scav-
enge NOs and minimize the reaction NO, + NO; +
M — N;Os + M. Preliminary data.

(b) Based on measurements by Connell and Johnston*
and Viggiano et al .’ using the falloff extrapolation of
Malko and Troe.®

Preferred Values
ko = 1.6 x 107 [N,] s™! at 298 K.

ko = 2.2 x 107%(T/300)** exp(—~11080/T) [N;] s~!
over the temperature range 220-300 K.

. ~ham, Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

Since more detailed data from Ref. 1 are not available,
the preferred values from reference 3 remain unchanged.
The discrepancies between the direct dissociation rate
measurements, the direct recombination rate measure-
ments (this evaluation), and some of the recent direct
measurements of the equilibrium constant (Refs. 7-12)
have not been resolved to date. When this is the case, re-
combination data will become convertible and improve
the data base for the dissociation rates.
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High-pressure rate coefficients

Rate coefficient data

Aot Temp./K Reference Comments
tholute Rate Coefficients
5.4 x 10" exp(—10980/T) Cantrell et al., 1990 (a)
53 x 1072 298
Reviews and Evaluations
9.7 x 10"%(T/300)"! x 200-300 CODATA, 1980% CODATA, 19823 (b)
exp(—11080/T")
69 x 1072 298

Comments

(a) See comment (a) for ko.
(b) See comment (b) for k.

Preferred Values
ko = 6.9 X 107%s™! at 298 K.

ko = 9.7 X 10"(T/300)°* exp(—11080/T) s~ over the
temperature range 200-300 K.

I

Reliability
Alog k. =
300 K.
An = =0.2.

+0.3 over the temperature range 200-

Comments on Preferred Values
See Comments on Preferred Values for k.

Intermediate Falloff Range
The falloff expressions for dissociation and recombina-
tion are identical. Therefore, the same expression of

F. = {exp(—T/250) + exp(—1050/T)}

is used as for the recombination reaction NO; + NO; +
M — N;Os + M (see this evaluation).
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13NASA Evaluation No. 9, 1990 (see references in Introduction).

N20s + H.0 — 2HNO,

AH = -33 k¥mol™!

Rate coefficient data

k/cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
<13 x 1072 298 Tuazon et al., 1983! (a)
<15 x 10°% 298 Atkinson et al., 1986 (b)
<11 x 107 296 Hjorth et al., 1987° (c)
<3 x 10°% 298 Sverdrup, Spicer and Ward, 1987* (d)
<28 x 1072 296 Hatakeyama and Leu, 1989° (e)
Reviews and Evaluations
<2 x 107 298 IUPAC, 1989° )
<2 x 107 298 NASA, 19907 )
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Comments

(a) N;Os decay rates in two large volume (3800 and
5800L) Teflon or Teflon-coated environmental
chambers observed by FTIR absorption.

(b) Same as (a) except that a 2500-L Teflon chamber re-
placed the 3800-L Teflon chamber. Authors suggest
that observed decay proceeded only by heteroge-
Neous processes.

(c) N,Os decay rates in a 1500-L FEP-Teflon bag ob-
served by FTIR absorption.

(d) Large volume (17300-L) Teflon-lined chamber. Con-
centration profiles for O;, total nitrogen oxides and
NO: were measured and were calculated for N;Os
and HNOs. Results modeled with kinetic mechanism
of eleven gas phase reactions and five heterogeneous
reactions.

{e) N;Os decays monitored in a 320-L Pyrex chamber by
FTIR absorption spectroscopy.

() Based on data of Tuazon et al.,' Atkinson efal.? and
Hjorth et al ?

Preferred Values

k < 2 x 107% cm® molecule ™! s7! at 298 K.

ATKINSON ET AL.

Comments on Preferred Values

This upper limit is based on data of Tuazon et al.,!
Atkinson et al.,? Hjorth et al > and Hatakeyama and Leu.?
It is possible that the observed decays proceed only by
heterogenous processes. While the lower value of Sver-
drup et al.* may in fact be closer to the value of the rate
coefficient for the homogeneous gas phase reaction, be-
cause it is less direct we prefer the more conservative rec-
ommendation given here.

References

IE. C. Tuazon, R. Atkinson, C. N. Plum, A. M. Winer, and J. N. Pitts,
Jr., Geophys. Res. Lett. 10, 953 (1983).

2R. Atkinson, E. C. Tuazon, H. Mac Leod, S. M. Aschmann, and A. M.
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*J. Hjorth, G. Ouwbrini, F. Cappellani, and G. Restelli, J. Phys. Chem.
91, 1565 (1987).

4G. M. Sverdrup, C. W. Spicer, and G. F. Ward, Int. J. Chem. Kinet. 19,
191 (1987).

*S. Hatakeyaina and M.-T. Leu, J. Phys. Chem. 93, 5784 (1989).

STUPAC, Supplement I1I, 1989 (see references in Introduction).

’NASA Evaluation No. 9, 1990 (see references in Introduction).

HONO + hv — products

Primary photochemical transitions

Reaction AH°/kJ-mol ! Athreshot/NM
HONO + hv - HO + NO 1) 202 591
- H + NO; ) 326 367
— HNO + O(CP) (3) 423 283

Absorption cross-section data

Wavelength range/nm Reference - Comments
185~270 Kenner, Rohrer and Stuhl, 1986 (a)
310-303 Vasudev, 19902 (b)
300400 Bongartz et al., 19913 (c)

Quantum yleld data

Measurement Wavelength/nm Reference Comments

O(OH*) 193 Kenner, Rohrer and Stuhl, 1986! (d)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(1) Relative absorption spectrum measured in the range
I185-270 nm with absolute determinations at 193 and
215nm; o = 1.6 X 107'8 cm? molecule™ at 193 nm.
‘Two different methods used to prepare HONO gave
similar results. The o values agreed with results of
('ox and Derwent* in the wavelength region 220-270,
but the peak at 215 nm seen in the earlier study,’
which could have been due to NO absorption, was
not observed.

Relative absorption cross-sections determined by

tunable laser photolysis with LIF detection of the

HO product. Absolute values based on o = 4.97 x

107" cm® molecule™! at 354 nm reported by Stock-

well and Calvert.” Measurements actually provide the

product of the HONO cross-section and the quantum
yield, ¢:.

(v) Absolute absorption cross-sections determined hy
conventional absorption spectroscopy, using low,
non-equilibrium concentrations of HONO deter-
mined by a combination of gas phase and wet chem-
ical analysis. Spectral resolution 0.1 nm;
cross-sections averaged over 0.5 nm given in a table.

(d) Laser photolysis of nitrous acid at 193 nm. HO" mea-
sured by emission spectroscopy. A low quantum yield
of about 107° was determined.

th

Preferred Values

Absorption cross-sections at 298 K

Anm 10®° g/cm®> Mom  10* g/cm®>  Mnm 10* o/cm?®
190 127 260 8.0 330 10.9
195 172 265 5.2 335 1.7
200 197 270 34 340 19.7
205 220 275 2.5 345 11.2
210 214 280 - 350 134
215 179 285 - 355 276
220 146 290 - 360 94
225 - 120 295 - 365 18.8
230 ¥b 300 0.0 30 24.0
235 60 305 0.8 375 57
240 42 310 1.9 380 10.8
245 30 315 29 385 16.9
250 18.5 320 52 390 2.8
255 124 325 58 395 0.7

1203

Quantum Yields
¢; = 1 throughout this wavelength range.

Comments on Preferred Values

The new measurements of Bongartz et al.* were made
under conditions less likely to lead to systematic error
than those of Stockwell and Calvert,* on which the previ-
ous CODATAS® evaluation was based. Thus, corrections
for N,O3 and N,O,4 were unnecessary,3 and estimated er-
rors were a factor of at least 3 less. The absolute cross-
sections of the prominent bands at wavelengths >331 nm
were 20% larger than the values of Stockwell and
Calvert.®* At <330 nm spectral features of the two studies
were inconsistent.

The new relative data from Vasudev’ in the 310-393
nm region have the advantage that the technique was in-
sensitive to interference from absorption due to NO,,
which is unavoidably present in samples of HONO, and
which requires correction in conventional ahsarption
measurements. The relative cross sections are in good
agreement with those of Bongartz efal.® and Stockwell
and Calvert® (on which the previous CODATA?® evalua-
tion was based), except in the bands at shorter wave-
lengths (339, 331 and 318 nm) where the relative
measurements are more than 20% lower.

The preferred values in the 300~-395 nm range are ob-
tained from the data of Bongartz et al ? by averaging their
0.5 nm average values over 5 nm intervals centered on the
wavelengths specified in the table.

In the second absorption band, which lies at wave-
lengths <275 nm, the new data from Kenner et al.! quan-
titatively confirm the earlier data from Cox and
Derwent,’ except at wavelengths <220 nm where inter-
ference due to NO in the latter studies is suspected.
Cross-sections over the range 185-275 nm can now be
recommended; the values given are obtained from the
graph given by Kenner et al.,! which cover a wider range
than those in Ref. 4.

The two recent photofragment studies'? confirm that
reaction (1) is the main photodissociation channel.

References
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HONO, + hv — products
Primary photochemical processes
Reactions AH°/kJ-mol ! Mebreshora/ N
HONO, + hv — HO + NO, 1) 200 508
- HONO + O(P) ) 298 401
— H + NO; 3) 405 286
- HONO + O('D) 4 488 245
Absorption cross-section data
Wavelength range/nm Reference Comments
220-340 Rattigan et al., 1992! (a)

Comments

(a) Absorption cross-sections measured using a dual-
beam diode array spectrometer, with a resolution of
0.3 nm, over the temperature range 239-294 K. The

room temperature results are in good agreement with
earlier data. Cross-sections were observed to decline
with decreasing temperature, especially in the long
wavelength tail. An expression for the temperature
dependence was given,

Preferred Values

Absorption cross-sections at 298 K*

A/nm 10% g/cm? 10° B/K! Mnm 10 ofcm? 10° B/K-!
190 1560 0 260 1.86 35
195 1150 0 265 1.71 3.5
200 661 0 270 1.59 35
205 293 0 275 1.35 35
210 105 25 280 1.10 35
215 35.6 2.5 285 0.85 4.0
220 15.1 2.5 290 0.61 45
225 8.62 3.0 295 0.41 52
230 5.62 35 300 0.243 6.0
235 3.67 35 305 0.155 75
240 2.44 35 310 0.081 . 9.0
245 2.06 3.5 315 0.037 13.0
250 1.92 3.5 320 0.017 18.0
255 1.90 35 325 0.006 >18

330 0.003 >18

“Temperature dependence given by the expression: log.o = log.o(298) + B(T —298) where T is temperature (K).

Quantum Yields
¢ = 1.0 for A > 220 nm.

Comments on Preferred Values

The preferred values at 298 K are averaged values from
the work of Rattigan et al.,' Biaume,2 Molina and Molina’
and Johnson and Graham.* The temperature dependence
is based on the data of Rattigan ef al.! The room temper-
ature data differ only slightly from those recommended in
our previous evaluation (IUPAC, 1989°), which were
based on the data of Molina and Molina.?

The preferred values of the quantum yield are based
on the results of Johnston er al..% the direct observations

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

of Jolly et al.” at 222 nm, and the direct observations by
Turnipseed et al.* of OH, O(’P), O('D) and H(®S) at 248,
222, and 193 nm. The absence of the competing pro-
cesses (2) and (3) at 266 nm is shown by the direct obser-
vation of Margitan and Watson’. The very recent study of
Turnipseed ef al.® reported a quantum yield near unity
for OH radical production at 248 nm and 222 nm, but a
significantly lower value (0.33 + 0.06) at 193 nm. In this
same study® the quantum yield for O-atom production at
193 nm was reported to be ~0.8, indicating that HONO
is a major photolysis product at 193 nm.
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HO:NO; + hv — products

Primary photochemical transitions

Keacuon AIT%kJ-mol ! Athreshoie/Nm
1HO.NO; + hv —» HO, + NO- (1) 105 1141
— HO + NO; (2) 161 743

Abgorption cross-section data

Wavelength range/nm Reference Comments

210-330 Singer et al., 1989! (a)

Quantum yield data

Mecasurement Wavelength/nm Reference Comments
&2 248 Mac Leod, Smith and Golden, 1988 (b)
Comments Preferred Values
(a) Cross-sections measured at 298, 273 and 253 K. Absorption cross-sections at 296 K

Pernitric acid produced insitu by photolysis of
Clr-H~-NO:z-air mixtures with averaged absorption

measurements at small extents of reaction. Relative A/nm 10%ofcm? A/nm 10%0/cm?
spectrum over the range .210—.230 nm dete{mined in %0 1010 260 204
flowing mixture of pernitric acid vapor obtained from 195 816 265 279
the reaction of BF.NO: and H;0,, after correction 200 563 270 18.0
for impurity of NO, H,O, and HNO;, which was de- 205 367 275 133
termined by IR spectroscopy. Resolution = 1 nm. 210 239 280 9.3
(b) Laser photolysis of pernitric acid at 248 nm. HO mea- iég ;?; ggg g‘g
sured by LIF and the yield determined relative to the 295 932 205 2.4
yield from H;O., assuming the rotational distribution 230 788 300 14
of HO from photolysis of HO,NO, and H>O, was the 235 68.0 305 0.85
same under the conditions of the experiment. A 240 57.9 310 0.53
value of &, = 0.34 = 0.16 was obtained after correc- igg Z?'z g;g 8'23
tion for impurity in the pernitric acid sample. Fluo- 255 349 305 0.15
rescence from NO3 was also observed after 330 0.09

photolysis which was assigned to production via
channel (1). The upper limit for NO, production was
30%. 1t was concluded that under atmospheric condi- ~ Quantum Yields
tions ¢; = 0.65 and ¢, = 0.35. ¢ = 0.61.
&2 = 0.39.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments on Preferred Values

The preferred absorption cross section values are
based on the data of Singer efal.! and Molina and
Molina,’ which are in excellent agreement at wavelengths
between 210-300 nm. Between 300 and 320 nm the cross
sections of Singer et al.! are approximately a factor of 2
lower. A simple mean of the two data sets is taken over
the whole range.

For the quantum yield we recommend values based on
the measurements of Mac Leod et al.,? with a small up-
ward revision to take into account the present recommen-

ATKINSON ET AL.

dation for the absorption cross section for H,O, The
uncertainties on the quantum yields are large and it
should be noted that they are based on data at a single
wavelength.

References

IR. I. Singer, J. N. Crowley, J. P. Burrows, W. Schneider, and G. K.
Moortgat, J. Photchem. Photobiol. A, 48, 17 (1989).

2H. Mac Leod, G. P. Smith, and D. M. Golden, J. Geophys. Res. 93,
3813 (1988).

3L. T. Molina and M. J. Molina, J. Photochem. 15, 97 (1981).

NO. + hv — products

Primary photochemical processes

Reactions AH/kJ-mol ! Athreshole/NM
NO; + hv — NO + O(P) (1) 300 398
- NO + O('D) @) 490 244

Absorption cross-section data

Wavelength range/nm

Reference Comments

264-649

Davidson e al., 1988! (a)

Comments

(a) Cross-sections measured over a wide range of tem-
perature (233-397 K) and with low NO, concentra-

tions (3.4-73) x 10" molecule cm™, so that
absorption due to N;O, was minimized. Low resolu-
tion (1.5 nm) spectra were recorded using a diode ar-
ray, and high resolution spectra (0.3 to 2.5 cm™') by
FTIR.

Preferred Values

Absorption cross-sections*

Mnm 10%¢/cm? Mnm 10%0/cm? Nnm 10 ofcm?
205 43.06 230 27.39 255 1.95
210 47.20 235 16.69 260 2.24
215 49.54 240 9.31 265 2.73
220 45.61 245 4.74 270 412
225 37.88 250 2.48 275 4.92

*Absorption cross-sections in the range 200-275 nm are independent of temperature.

J. Phys. Chem. Ref. Data, Vol. 21, No, 6, 1992
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Absorption cross-sections, o, at 273 K and thelr temperature-dependence
vinm 10% o/cm?® 102 a* Anm 10% o/cm? 102 a*
08 273 0.000 345 40.65 —1.890
10 4.11 0.048 350 43.13 ~-1.219
s 4.90 0.061 355 4717 -1.921
'R0 5.92 0.068 360 48.33 -1.095
RS 7.39 ~-0.045 365 51.66 -1322
1) 9.00 -0.060 370 53.15 -1.102
s 1091 -0.139 375 55.08 —0.806
K 13.07 -0.216 380 56.44 —0.867
s 15.73 —0.361 385 57.57 ~0.945
o 18.61 -0.531 390 59.27 -0.923
s 21.53 —0.686 395 58.45 —0.738
120 24.77 —0.786 400 60.21 -0.599
25 28.07 —1.105 405 57.81 —0.545
130 31.33 -~1.355 410 59.99 -1.129
115 34.25 -1.277 415 56.51 : 0.001
340 37.98 -1.612 420 58.12 ~1.208

* I'he quantity a is the temperature coefficient of o, as defined in the equation o(T) = [0(273) + a(T — 273)], where T is in kelvins; a has units

ot em? molecule ™! K1,

Quantum yields

A/nm b Anm ) Anm '

<310 1.00 370 0.98 404 0.42
315 0.99 375 0.98 406 0.29
320 0.99 380 0.97 408 0.18
325 0.99 385 0.97 410 0.13
330 0.99 390 0.96 412 0.09
335 0.99 414 0.07
340 0.99 392 0.96 416 0.05
345 0.99 394 0.95 418 0.03
350 0.99 396 0.92 420 0.02
355 0.99 398 0.82 422 0.01
360 0.98 400 0.82 424 0.00
365 0.98 402 0.69

Comments on Preferred Values

The new absorption cross-sections of Davidson et al.!
are in very good ageement with the earlier data of Bass
etal? and Schneider etal.? at room temperature. The
agreement is within 5% for the three studies over the
range 305-345 nm; for <285 nm and > 340 nm the differ-
ences are more significant but lie within the quoted un-
certainty limits. The agreement with previous
measurements at low temperature is poor. The most sig-
nificant deviations occur in the 320-360 nm region and
below 295 nm, which correspond to regions of absorption
by N20s, and errors from this source are least likely at the
low NO: concentrations employed by Davidson et al..!

The simultaneous spectral acquisition afforded by the
diode array technique used by Davidson et al.! should in
principle give more accurate data, and these provide the
basis of the preferred temperature dependent values over
the range 270410 nm, which are averaged over 5 nm

wavelength intervals. The preferred values for the wave-
length range 205-265 nm, also averaged over 5 nm wave-
length intervals, are taken from Schneider et al..* Table 4
of their paper; there is no significant temperature depen-
dence in this region.

The preferred quantum yields are those recommended
by Gardner etal.* (see previous IUPAC evaluation®).
They are based on a best fit to the data of Gardner et al.!
from 334-404 nm, Jones and Bayes® for 297-412 nm, Dav-
enport® for 400-420 nm and Harker et al.” (corrected for
cross-sections) for 397-420 nm. The results of Gardner
et al * support the results of Jones and Bayes® showing
that the primary quantum yield is nearly unity throughout
the entire wavelength region from 290-390 nm, and that
the low values reported by Harker et al.” for the 375-396
nm region must be in error. Possible reasons for these low
values are discussed in Ref. 4.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992



1208
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NO; + hv — products

Primary photochemical processes

Reactions AH®/kJ-mol~! Athreshotd/iM
NO; + hv - NO + 0,(5) (1) 2% 4600
— NO, + O(P) ) 218 550
Absorption cross-section data

Wavelength range/nm Reference Comments

652-672 Ravishankara and Mauldin, 1986! (a)

400-700 Sander, 19862 (®)

600700 Cantrell et al., 1987 ©

662 Canosa-Mas et al., 19874 (O]

Comments

(a) NO; generated from the F + HNO; reaction in a dis-

(b)

charge flow apparatus. Measurements were made at
220, 240 and 298 K. For the 662 nm band at 298 K,
an integrated absorption of 1.94 x 107" ¢cm and a
peak cross-section value of 1.90 x 10°Y cm?
molecule ! were reported. The absorption cross-sec-
tion at 662 nm was found to increase with decreasing
temperature while the shape of the band did not
change.

Two methods were used to produce NO;,. In one,
NO; radicals were generated from the flash photoly-
sis of Cl:-CIONO,; mixtures, with NO; formation and
CIONO; loss being monitored by UV absorption.
Measurements were made at 230, 250 and 298 K. The
value of o(NOs) at 662 nm determined by this
method (2.28 x 107" cm® molecule ~!) was preferred
by the author. The cross-section was observed to in-
crease by a factor of 1.18 at 230 K. NO; was also pro-
duced in a discharge flow system by the F + HNO,
reaction. The value of o(NOs) at 662 nm determined
by this method was 1.83 X 10" cm? molecule ™!,
Values of o were tabulated for 1 nm intervals from
400-700 nm for 298 and 230 K.

(c) NOs radicals generated from the NO, + O; reaction.

Fourier transform spectroscopy in the visible and UV
regions over the temperature range from 215-348 K
was used for the 662 nm band; an integrated absorp-

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

tion of 2.05 x 107" c¢m and a peak cross-section of
2.09 x 107" cm? molecule ™! were reported. No de-
pendence on temperature was observed.

(d) NO; radicals were generated from the F + HN03.re-
action in a discharge flow apparatus. The NOj; radical
concentration was determined by titration with NO,
and a stoichiometric factor determined. The absorp-
tion cross-section of NO; at 662 nm was determined

to be 2.23 x 107" cm® molecule™.

Preferred Values

Absorption croes-sections at 298 K and 220 K

Mnm 10" o/cm?
298 K 220K

400 0.0 0.4
401 0.0 0.5
402 0.0 0.5
403 02 0.5
404 0.0 0.3
405 0.3 0.7
406 0.2 0.6
407 0.1 0.5
408 0.3 0.5
409 0.0 0.7
410 0.1 0.5
411 0.2 0.7
412 0.5 0.4
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Atsorption cross-sections at 298 K and 220 K —~ Continued Absorption cross-sections at 298 K and 220 K — Continued
Mnm 10" o/cm?® Mnm 10" o/cm?
298 K 220K 298 K 220K

413 0.5 07 471 17 7.1
414 0.2 11 478 73 6.9
415 0.6 0.7 479 7.3 6.9
416 0.6 0.7 480 7.0 7.0
417 0.7 1.0 481 71 6.9
418 0.5 1.0 482 71 6.8
419 0.8 1.0 483 7.2 6.7
420 0.8 1.3 484 17 6.9
421 0.8 1.2 485 8.2 7.7
422 0.9 1.2 486 9.1 8.9
423 1.1 12 487 9.2 8.8
424 0.9 13 488 9.5 8.6
425 0.7 1.6 489 9.6 9.9
426 14 1.5 490 10.3 10.5
427 1.4 1.2 491 9.9 9.6
428 1.2 1.5 492 9.9 9.9
429 1.1 1.3 493 10.1 10.2
430 1.7 1.6 494 10.1 9.5
431 1.3 1.7 495 10.6 10.4
432 1.5 1.7 - 496 121 12.1
433 18 19 497 12.2 13.1
434 1.8 21 498 12.0 12.4
435 1.6 2.2 499 11.7 11.8
436 1.5 22 500 11.3 11.5
437 1.8 19 501 111 10.7
438 2.1 2.1 502 11.1 10.4
439 2.0 2.6 503 11.1 111
440 1.9 2.2 504 12.6 12.5
441 1.8 23 505 12.8 13.1
442 21 22 506 134 14.1
443 1.8 2.2 507 12.8 . 13.1
444 19 22 508 12.7 122
445 2.0 2.7 509 13.5 13.2
446 2.4 27 510 15.1 15.5
447 29 3.1 511 17.3 18.7
448 2.4 3.4 512 17.7 19.8
449 28 31 513 16.0 18.0
450 29 3.1 514 15.8 16.2
451 3.0 35 515 158 159
452 33 3.7 516 15.6 16.4
453 3.1 35 517 14.9 14.4
454 3.6 37 518 144 14.0
455 3.6 38 519 15.4 14.9
456 36 34 520 16.8 16.2
457 4.0 3.9 521 18.3 17.7
458 37 44 522 19.3 193
459 4.2 4.2 523 17.7 17.9
460 4.0 43 524 16.4 15.7
461 3.9 4.0 525 15.8 15.0
462 4.0 3.7 526 16.3 15.7
463 4.1 4.5 527 18.1 18.1
464 4.8 438 528 21.0 223
465 51 51 529 239 25.6
466 5.4 53 530 22.3 231
467 5.7 5.6 531 20.9 21.3
468 5.6 55 532 20.2 20.6
469 58 5.6 533 19.5 19.8
470 59 5.3 534 20.4 213
471 6.2 58 . 535 23.0 249
472 6.4 6.1 536 25.7 28.7
473 6.2 6.1 537 25.8 28.6
474 6.2 6.0 538 23.4 24.4
475 6.8 6.9 ' 539 20.4 21.0
476 7.8 7.8 540 21.0 21.2
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Absorption cross-sections at 298 K and 220 K — Continued Absorption cross-sections at 298 K and 220 K — Continued
Anm 10" gfem?® X/nm 10'? o/cm?
298 K 220K 298 K 220K

541 204 204 605 43.6 49.8
542 18.8 18.5 606 332 371
543 16.8 16.4 607 24.0 24.8
544 17.0 16.2 608 18.5 17.9
545 19.6 20.0 609 17.1 16.6
546 24.2 248 610 17.7 173
547 29.1 30.9 611 19.1 19.4
548 29.8 313 612 223 23.6
549 27.1 27.8 613 26.3 30.0
550 248 26.0 614 25.5 28.6
551 243 25.9 615 22.6 24.2
552 24.7 26.7 616 20.9 211
553 25.3 27.5 617 21.1 20.6
554 27.8 31.0 618 23.9 229
555 311 35.6 619 25.6 254
556 326 36.7 620 327 33.5
557 32.9 36.8 G621 52.4 58.9
558 35.1 39.5 622 101.8 113.6
559 372 42.4 623 147.3 163.5
560 332 36.1 624 120.5 129.9
561 29.8 317 625 83.8 94.3
562 29.0 30.6 626 73.0 82.6
563 28.0 30.1 627 75.3 90.0
564 272 28.8 628 73.7 88.3
565 27.3 29.0 629 69.8 84.6
566 28.5 30.9 630 67.6 84.0
567 28.1 29.4 631 48.4 571
568 285 30.0 632 327 373
569 289 30.5 633 21.7 23.5
570 279 29.1 634 16.4 16.2
571 27.6 28.9 635 14.4 13.1
572 274 28.6 636 16.9 15.2
573 27.8 28.9 637 20.7 18.8
574 28.6 29.9 638 203 17.7
575 30.8 337 639 15.8 13.3
576 327 36.2 640 12.3 10.6
577 33.8 37.0 641 10.0 8.9
578 33.1 36.1 642 9.2 7.9
579 324 359 643 9.7 7.6
580 334 374 644 9.5 7.9
581 355 411 645 86 78
582 3238 37.0 646 715 6.5
583 293 324 647 7.0 6.4
584 28.2 30.7 648 6.2 59
585 28.9 318 649 5.4 5.0
586 332 372 650 5.0 4.7
587 41.6 48.5 651 5.5 52
588 504 59.8 652 6.1 6.2
589 613 724 653 71 74
590 59.6 67.3 654 8.2 8.6
591 544 60.5 655 9.8 103
592 51.1 56.4 656 13.3 13.5
593 45.8 49.8 657 171 173
594 41.9 47.0 658 242 243
595 42.9 495 659 40.7 40.0
596 46.2 54.4 660 74.5 74.0
597 43.6 50.6 661 144.8 156.9
598 36.7 409 662 210.0 250.0
599 31.0 342 663 174.4 215.2
600 27.6 27.8 664 1129 136.3
601 28.6 28.5 665 74.1 87.0
602 332 334 666 49.6 58.9
603 38.0 40.3 : 667 30.4 35.0
604 43.7 48.1 668 19.0 21.8
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Absorption cross-sections at 298 K and 220 K ~ Continued

Anm 10" g/cm?
298 K 220K

669 125 13.6
670 9.5 10.5
671 7.9 8.8
672 7.6 9.1
673 6.4 7.6
674 5.2 59
675 4.8 5.2
676 4.9 49
677 5.9 5.8
678 75 6.7
679 7.8 6.8
680 6.9 6.0
681 53 5.0
682 4.0 4.1
683 3.0 3.0
684 2.6 2.6
685 1.8 2.2
686 1.6 1.4
687 1.2 22
688 1.2 1.9
689 1.2 1.8
690 1.0 2.0
691 0.7 1.6

Quantum Yields
No recommendation.

Comments on Preferred Values

No new data have been reported on either the cross-
sections or the quantum yields for NOs photolysis since
our previous evaluation, [UPAC, 1989.° However, a re-
cvaluation appears in the most recent NASA evaluation,’
and a detailed critical evaluation has been reported by
Wayne et al.” The preferred values are based on the peak
value of the cross-section at 662 nm of 2.10 x 107" cm?
molecule™!, adopted from the evaluation of Wayne
et al .,” which was obtained by averaging the data from the
four most recent studies cited above." The slightly lower
peak value recommended by NASAfof ¢ = 2.00 X 1077
cm?® molecule ™!, averages in additional earlier data which
has larger experimental errors and a higher probability of
systematic errors due to secondary chemistry. The values
of o in the wavelength range 400-691 nm are calculated
from the data of Sander,” normalized to the preferred
peak value. The shape of the 662 nm absorption band re-
ported by Sander’ is in good agreement with the higher
resolution study of Marinelli et al.® The shape and posi-
tion of the other features in the spectrum match those
reported in other studies.**!
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Conflicting results have been reported for the effect of
temperature on the cross-section. Ravishankara and
Mauldin' and Sander® observed a significant increase in
the value of o(NOs) at 662 nm at lower temperatures,
while Cantrell etal.® reported no temperature depen-
dence over the range 215-348 K. This discrepancy has not
been resolved. We adopt the average cross-section at
220 K and 662 nm suggested by Wayne et al.? of 2.50 x
107" c¢m® molecule™!, obtained by averaging the data
from all three of these experimental studies. If this value
is combined with the preferred value at 298 K, the follow-
ing expression is obtained,

o(T) = 363 x 1077 — (513 x 1072 T) em?
molecule ™! at 662 nm

with T in K. The absorption cross-section obtained by
Sander? at 230 K over the wavelength range 400~700 nm
were normalized 10 the value of 2.50 x 1077 cm?
molecule™ at 662 nm to provide the preferred values
given in the table for 230 K, following the recommenda-
tion of Wayne et al.’

No recommendation for absolute quantum yields is
given. As disussed in an earlier CODATA evaluation®
and in the review of Wayne et al.,” the primary quantum
yield determined by Magnotta and Johnston" was the
product of the absorption cross-section and the quantum
yield. However, even with the upward revision of the
cross-section, these data’® give quantum yields greater
than unity for <610 nm, indicating some systematic er-
ror. The current recommendation is to use the
photodissociation rates suggested by Magnotta and John-
ston® for an overhead sun at the earth’s surface and the
wavelength range 470-700 nm: J;(NO + O,) = 0.022 =
0.007 s~! and JA(NO; + O) = 0.18 = 0.06 s™".,
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N.O + hv — products
Primary photochemical processes
Reactions AH"&I-mol? Minresnota/ NI
N;O + hv — N; + OCP) ) 161 742
- N; + O('D) 2) 351 341
- N + NO 3) 475 252
- Nz + O('S) 4 565 212
Absorption cross-section data
Wavelength range/nm Reference Comments
160-250 Hubrich and Stuhl, 1980" (a)

Comments
(a) Measured at 298 K and 208 K. In very good agree-

ment with results of Selwyn et al 2

Preferred Values

Absorption cross-sections

Mnm 10*° o/cm? A/nm 10*° ofcm?®
175 12.6 210 0.755
180 14.6 215 0.276
185 14.3 220 0.092
190 11.1 225 0.030
195 7.57 230 0.009
200 4.09 235 0.003
205 1.95 244 0.UU1

In (T(A,T) = A; + A\ + AJ)~2 + Aq)\3 + As)t4

+ (T — 300) exp(B; + BaA + BaA® + Bar®)

where

A, = 6821023 B, = 123.4014

A = —4.071805 B, = —2.116255

As = 4301146 x 1072 B; = 1.111572 x 102

As = —1.777846 x 10-4 B, = —1.881058 x 10-7

As = 2.520672 x 10~7

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Quantum Yields
$2 = 1.0 for A = 185-230 nm.

Comments on Preferred Values

The preferred absorption cross-section values and the
expression for In o(A,T) are from Selwyn et al.? These
cross-section values have been confirmed both at room
temperaturc and at 208 K by the recent results of Hu-
brich and Stuhl.!

The preferred value of the quantum yield (¢2 equal to
unity) is based on the results reported in Paraskevopou-
los and Cvetanovic,® Preston and Barr® and Greiner.’

These recommendations are unchanged from those
given in the previous evaluation, CODATA, 1980° where
a detailed discussion can be found.
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KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

N:Os + hv — products

Primary photochemical processes

Reactions AH°/kJ-mol ! Athreshota/nm
N.Os + hv = NO; + NO, [¢)) 93 1290
— NO; + NO + O(CP) ) 399 300
- NO; + NO3; — NOj +
NO; + hv 3)
Absorption cross-section data
wavelength range/nm Reference Comments
200-380 Yao, Wilson and ()
Johnston, 1982!
Quantum yield data
Wavelength
Mcasurement nm Reference Comments
$H(NOs) 249-350 Swanson, Kan and Johnston, 19842 (b)
#(NO3), $[O(*P)] 290 Barker et al., 1985* ©)
$(NOs), $[O(P)] 248-289 Ravishankara ef al., 1986* (d)
by 266-305 Oh et al., 1986° (e)

(@)

(b)

(©)

(d)

Comments

Measured over the temperature range 223-300 K.
For the wavelength range 200-280 nm, no tempera-
ture dependence was observed, and values were tab-
ulated at 5 nm intervals. For 285-380 nm a
pronounced temperature dependence was observed
and the results were presented by an equation ex-
pressing o as a function of X and T.

Laser flash photolysis, mostly at 249 nm with a few
experiments at 350 nm. The NOs quantum yield was
measured to be 0.89 * 0.15. At low reactant concen-
tration, the quantum yield approached a valuc of
1.0 = 0.1.

Pulsed laser photolysis. Quantum yield for produc-
tion of OCP) atoms was determined to be <0.1 in
experiments with resonance fluorescence detection
of oxygen atoms. Optoacoustic techniques with
added NO were used to determine ¢$(NO;) to be
0.8 = 0.2.

Pulsed laser photolysis. Quantum yield for NO; pro-
duction at 248 nm was determined to be unity in ex-
periments with detection of NO; by absorption at 662
nm. Quantum yield for OCP) production was deter-
mined by resonance fluorescence and observed to de-

crease from 0.27 = 0.17 at 248 nm to 0.15 = 0.05 at

289 nm.

(e) Pulsed laser photolysis. The photolysis induced fluo-

rescence, PIF, of NO; was compared with the laser

induced fluorescence, LIF, of NO; excited by a
pulsed visible laser. Analysis of results indicated that
electronically excited NO; in the *B, state was pro-
duced in the UV photolysis of N2Os.

Preferred Values

Absorption cross-scctions at 298 K

A/nm 10* g/cm?® A/nm 10% gfcm?
200 920 245 52

205 820 250 40

210 560 255 32

215 370 260 26

220 220 265 20

225 144 270 16

230 99 275 13

235 77 280 12

240 62

1213

For the wavclength interval 285-380 nm: 10*° o(cm?®) = exp[2.735 +
(4728 — 17.13 \)/T] for temperatures, T, in the range 225-300 K.
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Quantum ylelds
é1 + é + &3 = 1.0 for A = 248-350 nm
A/nm .
248 0.72 = 0.17
266 038 =+ 0.10
287 021 = 0.05
289 0.15 + 0.05

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.° The preferred absorption cross-sec-
tion values are those of Yao e al.! For wavelengths less
than 280 nm no significant temperature dependence was
observed, and for this region the preferred values are tab-
ulated. For the region 285-380 nm there is a significant
temperature dependence, and the preferred values must
be calculated from the expression given. These results
agree well with the room temperature values for 210-310
nm reported by Graham and Johnston.” The preferred
quantum yield of unity for NO; production is based on
the results of Swanson et al % at 249 and 350 nm, those of

ATKINSON ET AL.

Ravishankara et al.* at 248 nm, and those of Barkeret al.}
at 290 nm. The preferred quantum yield values for OC’P)
atom production are those reported by Ravishankara
etal.! The recent study of Oh et al.’ indicates that elec-
tronically excited NO, in the ?B, state is produced and
photolysis induced flourescence (PIF) quantum yield val-
ues are reported. For calculation of photodissociation
rates in the atmosphere, pathway (3) is equivalent to
pathway (1). In summary, it appears that NO; is produced
with unit quantum yield throughout the region 248-350
nm, and that the quantum yield for oxygen atom produc-
tion decreases at longer wavelengths and appears to be
approaching zero in the neighborhood of the thermody-
namic threshold for O(*P) atom production at 300 nm.
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4.4. Organic Species

O + CH; > HCHO + H

AH° = —285.8 kJ-mol !

Rate coefficient data

k/cm® molecule ~! 5! Temp./K Reference Comments
Absolute Rate Coefficients

(1.4 = 03) x 107 294-900 Slagle, Sarzynski, and Gutman, 1987 (a)
Reviews and Evaluations

14 x 10~ 200-900 TUPAC, 1989° (b)

1.1 x 1071 200-300 NASA, 1990° (©)

Comments

(a) Flow system with generation of CH; and O(P) from
simultaneous in situ photolysis of CH;COCHj; and
SO,, and determination of [CH;] and [O] by pho-
toionization MS. Experiments were performed under
conditions such that [O)[CH;] > 20, and rate coeffi-
cients were determined from the decay of CHs. The
rate coefficient k& was found to be independent of
pressure over the range 1-11 Torr, and its value was
confirmed by measurement of the rate of formation
of HCHO, the sole observable product.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

(b) See Comments on Preferred Values.
(c) Weighted average of the measurements of Washida
and Bayes,” Washida® and Plumb and Ryan.*

Preferred Values

k = 1.4 X 107" cm® molecule ™! s™! over the tempera-
ture range 200-900 K.

Reliability
Alog k = +0.1 at 298 K.
A(E/R) = %100 K.
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wuments on Preferred Values

[ Ins data sheet is reproduced from our previous evalu-
awm, TUPAC, 1989.2 The recommended rate coefficient

raken from the extensive study of Slagle et al ! which is
. yood agreement with previous recommendations.>’
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O('D) + CH, > HO + CH; (1)
— O(P) + CH: (2)
— HCHO + H. (3)

\VI(1) = —179.8 kImol =
Vi1(2) =—189.7 kJ-mot !
\H7(3) = ~472.7 kImol ™!

Rate coefficient data (k = ky + k2 + k3)

i ‘«m* molecule~! 57! Temp./K Reference Comments
firunching Ratios

Ak = <0.040 298 Wine and Ravishankara, 1982 (a)
Reviews and Evaluations

Ay =14 x 107" 200-300 NASA, 1990 (b)

Ay =14 x 1071 200-300

k=15x 10" 200-300 CODATA, 19823%; TUPAC, 1989* (b,c)

kik = 0.9 200-300

kilk = 0.1 200-300

kyk = 0 200-300

Comments are in excellent agreement with the previous recommen-

(a) O('D) atoms generated from the 248 nm laser flash
photolysis of Os in CHs~He mixtures. Time-resolved
measurement of O(°P) by resonance fluorescence de-
tection.

(b) Based on data of Davidson eral’ and Amimoto
etal®

(c) See Comments on Preferred Values.

Preferred Values

k = 1.5 x 107 cm® molecule ™ s~! over the tempera-
ture range 200-300 K.

kilk = 0.9; ks/k = 0.1; ko/k = 0 over the temperature
range 200-300 K.

Reliability
Alog k = =0.1 at 298 K.
Akl/k‘= Ak3/k = :Ol
A(E/R) = =100 K.

Comments on Preferred Values

This data sheet is largely reproduced from our previous
evaluation,® but includes additional comments from a
later evaluation.* The most recent data’ on this reaction

dation® which is unaltered. Casavecchia et al.” have car-
ried out a molecular beam study which indicates an

“alternative reaction channel yielding CH;O (or CH:OH)

+ H. Further work is needed to confirm this observation.

A recent study® of the 248 nm laser flash photolysis of
O;~CH, mixtures, with low-pressure FTIR emission spec-
troscopy to monitor the HO* product, has provided evi-
dence that the partitioning of energy in the vibrationally
excited HO radical (up o n = 4, the maximum allowable
according to the energetics of the reaction) is non-statis-
tical.
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HO + CHs — H.0 + CH;

AH® = -60.3 kJ-mol !

Rate coefficlent data

k/cm® molecule ™! s™! Temp./K Reference Comments

Absolute Rate Coefficients
(43 £ 09) x 10712 1234 = 15 Bott and Cohen, 1989' (a)
1.59 x 102 T2 exp(—978/T) 223-420 Vaghjiani and Ravishankara, 19912 (b)
6.35 x 10~% 298

Reviews and Evaluations
3.7 x 107'? exp(—1820/T) 240-300 TUPAC, 1989° (©)
6.95 X 10~ T2 exp(—1282/T) 240-1512 Atkinson, 1989 (d)
2.3 x 1072 exp(— 1700/T) 240-373 NASA, 1990° ©

Comments Reliubility

(a) HO radicals were generated from the thermal de-
composition of ¢-butyl hydroperoxide in a shock tube
and monitored by UV absorption at 309 nm.

(b) HO radicals generated from the pulsed photolysis of
H;0, H;0; and O:~H;O or O;~CHj, reactants, and
detected by LIF. The CH+~HO concentration ratios
were sufficiently high that secondary reactions of HO
radicals were calculated to be negligible. Using the
Arrhenius expression, k = 4 exp(—B/T), the rate
coefficient data measured yielded the expression & =
2.94 x 107*2 exp[— (1815 % 30)/T] cm® molecule™!
s~! over the temperature range 223420 K.

(c) Derived from the absolute rate coefficient data of
Greiner,® Davis etal. Margitan etal.® Overend
etal.’ Howard and Evenson,”” Tully and Ravis-
hankara,"! Husain etal.,'” Jeong and Kaufman'*"
and Madronich and Felder." The three parameter
equation k = CT? exp(—D/T) was fitted to these
data, resulting in k = 7.04 x 107 T? exp(— 1286/T)
cm® molecule™! s! over the range 240-1512 K. The
preferred Arrhenius expression, k = A exp(—B/T),
was centered at 265 K and was derived from the three
parameter equation with4 = Ce*T?and B = D +
2T.

(d) Derived from the absolute rate coefficient data of
Dixon-Lewis and Williams,' Greiner,® Davis et al.,’
Margitan etal.! Overend eral.” Howard and
Evenson,'® Ernst et al.,”” Tully and Ravishankara,"
Hausain et al ,"* Jeong and Kanfman,'*** Madronich
and Felder,” Cohen and Bott'® and Smith et al.,' us-
ing the three parameter expression k = CT?
exp(—D/T).

(e) Derived from the absolute rate coefficient data of
Davis et al .,” which are in agreement with other tem-
perature dependent studies.®®111215.20.21

Preferred Values
k =170 x 10~% cm® molecule™! s at 298 K.

k = 39 x 107" exp(—1885/T) cm® molecule™" s~!
over the temperature range 240-300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

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

Comments on Preferred Values

The absolute rate coefficients measured by Vaghjiani
and Ravishankara® over the temperature range 223-
420 K are ~20% lower than the majority of the previ-
ously measured absolute rate coefficients. In particular,
the data of Vaghjiani and Ravishankara® at room temper-
ature and below are significantly lower than the rate coef-
ficients of Davis etal.” and Jeong and Kaufman,"
probably because of the occurrence of secondary reac-
tions of HO radicals with CHj; radicals in these earlier
studies.? The CHs/HO concentration ratios used in the
studies of Greiner,® Davis etal.’ Overend etal.’ and
Jeong and Kaufman® were significantly lower than those
used by Vaghjiani and Ravishankara,? and all of these
earlier rate coefficient studies may have been subject to
the occurrence of secondary reactions, leading to mea-
sured rate coefficients higher than that for the elemen-
tary HO + CH, reaction, especially at the lowest
temperatures studied.

At around room temperature, the absolute rate coeffi-
cients of Greiner,” Davis et al.,” Margitan et al.,> Overend
etal.’ Howard and Evenson, Zellner and Steinert,?
Tully and Ravishankara,'" Husain etal.,'” Jeong and
Kaufman,” Jonah et al.? Madronich and Felder' and
Vaghjiani and Ravishankara® are in reasonable agree-
ment, ranging from 6.35 x 107" to 1.06 x 107" cm’
molecule ™! s™! at ~298 K. At higher temperatures there
are discrepancies between the rate coefficients deter-
mined by Zellner and Steinert® (above ~625 K) and
Jonah et al 2! (400-600 K) and those of Greiner,® Margi-
tan etal.® Tully and Ravishankara," Jeong and Kauf-
man,”® Madronich and Felder,”” Baulch etal.? and
Vaghjiani and Ravishankara® (see also Ref. 4).

The preferred values are derived from the absolute
rate coefficient data of Refs. 1, 2, 8, 10, 11, 15-17 and 19.
The three parameter equation k = CT? exp(—D/T) was
fitted to these data, resulting in k = 7.44 x 107" T?
exp(—1355/T) cm® molecule™ s~! over the range 223~
1512 K. The preferred Arrhenius expression, k = A
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\p(—B/T), is centered at 265 K and is derived from the
thice parameter equation with4 = Ce’T?and B = D
i 2T. The preferred 298 K rate coefficient is 17% lower
than that recommended by the previous IUPAC evalua-
tnon® and 10% lower than the most recent NASA evalua-
tion.’

At 270 K, the preferred rate coefficient is 6% higher
than that calculated from the three parameter expression
ol Vaghjiani and Ravishankara® (and 2% higher than cal-
culated from the Arrhenius expression cited?). This pre-
lcrred 270 K rate coefficient is 17% lower than the
NASA, 1990° recommendation and 21% lower than that
irccommended by the previous IUPAC? evaluation.
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HO + C:H; + M —> C:H:OH + M

AH® = —152 kJ-mol ~}

Low-pressure rate coefficients

Rate coefficient data

hol/em® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(6 = 3) x 1073 [He] 298 Hack et al., 1983! (a)
(25 £ 0.3) x 107 [Ar] 295 Schmidt et al., 19852 (b)
5 x 1073 [N] 298 Wahner and Zetzsch, 1985° (c)
Reviews and Evaluations
5.6 x 1073 [Ar] 228-300 Smith, Fairchild and Crosley, 1984* (d)
5 % 10739 [N,] 220-300 CODATA, 19825 IUPAC, 1989° (e)
5 x 103(T/298)~5 [N;] 230-500 Atkinson, 19897 ‘ ©®
5.5 x 107 [air] 200-300 NASA, 1990% (g)
Comments

(a) Discharge flow system with EPR detection of HO
radicals and MS identification of products.

(b) Flash photolysis of H,O, (or HNO3)-C;H, mixtures,
with HO radicals being detected by LIF near 300 nm.
Experiments were conducted in He, Ar, and N, dilu-
ents at pressures between 1 and 1000 mbar (in Ar).
Construction of falloff curve used a value of F. = 0.6
to derive k. = (8.3 = 0.8) x 107" c¢m® molecule ™!
s~ In the presence of O, glyoxal and vinoxy radicals
were detected while HO radicals were regenerated.
The following mechanism was postulated

HO + C:H M cHoH & (cHO), + HO
CH,CHO & (CHO); + HO

(c) Flash photolysis of H.O, (or HO) mixtures in the
presence of C;H,, with long path absorption detec-
tion of HO radicals. Experiments were carried out in
N, diluent over the pressure range 10-1000 mbar.
Falloff curve constructed with F. = 0.6 to derive k-
=9 x 1075 cm® molecule ™! s,

(d) Theoretical evaluation of the data of references 9
and 10 using Fc = 0.6 and k(300 K) = 8.3 x 1078

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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cm® molecule™! s™*. Simulation of ko up to a temper-
ature of 1400 K.

(e) Based on the data of Refs. 2 and 3 together with ear-
lier results. This preferred value is in agreement with
simulations of the falloff curve, such as those in
Ref. 4.

(f) Temperature dependence based on data from Refs.
9-11 in accord with evaluation from Ref. 4. Absolute
value at 298 K based on data from Refs. 2 and 3.

(g) Based on the evaluation of Ref. 4 and earlier data.

Preferred Values

ko = 5 x 1073(T/300)'° [N;] cm® molecule ™! s™* over
the temperature range 200-300 K.

ATKINSON ET AL.

Reliability
Alog ko = 0.1 at 300 K.
An = %15,

Comments on Preferred Values

Experimental data from Refs. 2 and 3 in the falloff
range together with the theoretical analysis from Ref. 4
lead to a fairly reliable falloff extrapolation. The pre-
ferred temperature dependence follows the analysis of
the data of Refs. 9-11 given in Ref. 7. At temperatures
above ~500 K another component of the rate coefficient
with much stronger temperature dependence has also to
be taken into account (see Ref. 7).

High-pressure rate coefficients

Rate coefficient data

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

Absolute Rate Coefficients
(88 = 1.4) x 1078 298 Atkinson and Aschmann, 1984!2 (a)
(8.3 = 0.8) x 1013 295 Schmidt ef al., 19852 (b)
9 x 10713 298 Wahner and Zetzsch, 1985° (©
(8.8 = 2.0) x 10 297 Hatakeyama, Washida, and Akimoto, 1986" (d)
8.5 x 10" exp(—705/T) 333-1273 Liu, Mulac and Jonah, 1988'¢ (e)
80 x 1074 298*

Reviews and Evaluations
8.3 x 10~'3(T/300)* 220-300 CODATA, 1982%; IUPAC, 1989° )
9.4 x 1072 exp(—700/T) 230-500 Atkinson, 19897 (2)
9.0 x 10~9 298
8.3 x 10~(T/300)* 200300 NASA, 1990% (h)

Comments (h) See Comment (g) for kq.

(a) HO radicals generated in the photolysis of
CH;ONO-NO-C;H—cyclohexane-air mixtures at 1
atm total pressure. Rates measured relative to the
HO + cyclohexane reaction, and the data were eval-
uated using k(HO + cyclohexane) = 7.57 x 10712
cm’ molecule™ s

(b) See comment (b) for ko.

(c) See comment (c) for ko.

(d) Generation of HO radicals by photolysis of H,O; or
ethyl nitrite. Reactant and product concentrations
monitored by long path FTIR spectrometry. Mea-
surements were carried out at 1 atm pressure in air.
The reaction mechanism in the presence of O; was in
accord with Ref. 2.

(e) Pulsed radiolysis technique with resonance absorp-
tion measurement of HO radicals. Measurements
were conducted at 1 atm of Ar.

(f) See comment (e) for ko. The temperature coefficient
corresponds to a small barrier for the addition reac-
tion.

(g) Based on data from Refs. 3, 9, and 14.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Preferred Values

k. = 9.0 x 107*(T/300)* cm* molecule ™! s~! over the
temperature range 200-300 K.

Reliability
Alog k. = =0.1 at 300 K.
An = =1,

Comments on Preferred Values

The preferred values are based on the evaluation of
Ref. 7. Falloff curves are constructed with F. = 0.69 at
228 K and 0.62 at 298 K such as modeled in Ref. 4.
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HO + C:H, + M —» CH,OH + M

AT =~ 126 kJ'mol ™!

Low-pressure rate coefficients

Rate coefficient data

A.fem® molecule ™! 57! Temp./K Reference Comments
IInolute Rate Coefficients
(6.1 = 1.2) x 1072 [Ng] 300 Kuo and Lee, 1991' (a)
(5.2 = 1.1) x 107¥[04] 300
(2.7 £ 0.5) x 1072(7/300)*% [He] 251-430
Keviews and Evaluations
9.5 x 10~3(T/300)73 ' [N2] 200-300 CODATA, 19843 IUPAC, 1989° (b)
1.0 x 10~2%(T/298)* [Nz] 295-420 Atkinson, 1989* {c)
1.5 x 1072%(7/300)""* [air] 200-300 NASA, 1990° (d)

Comments

(a) Discharge flow system with resonance fluorescence

detection of HO radicals, carried out at total pres-

sure of 0.3-5 Torr. HO radicals were generated by re-

acting H with excess NO,. Data extrapolated using F.

= (.7. The temperature dependence was obtained

assuming k. = 7 x 1072 cm® molecule™ s™! with

E/R = —400 K. If E/K = —1000 K was assumed, a

value of n = 4.0 was derived.

Based on a series of earlier data, in particular on the

data of Ref. 6. Falloff extrapolation with a calculated

F. = 07.

Detailed review of all available earlier data. Based on

experiments from Refs. 6-8. Falloff extrapolation

with F. = 0.7. :

(d) See comment (b). Temperature dependence from
theoretical calculations. Falloff extrapolation with F,
= 0.6. The reaction may have a small activation
barricr.

(b

(©

tee and Tang,” Leu," Tully eral.,'* Jeong et al 1
and Nielsen ef al.,* using a temperature dependence
of E/R = 1100 K to recalculate the reported room
temperature data to 298 K. The temperature depen-

Preferred Values

ko = 7 X 10 *(T/300) *'[N;]cm® molecule s *over
the temperature range 200-300 K.

Reliability
Alog kv = %0.3 at 300 K.
An = %2,

Comments on Preferred Values

Because of the smaller scatter of the new data from
reference 1, as well as of the lower data from earlier stud-
ies, an average of the available results was preferred with
heavier weight given at the smaller values of ko. Falloff
curves are constructed with the calculated F, = 0.7 from
Ref. 6. The temperature dependence remains uncertain,
being possibly influenced by a small activation barrier.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

e ‘4 MApy s g, 1B LCHICU Al 20D K oand IS
df:n:'cd from the three parameter equation with4 = C
e T andB = D + 2T. The room temperature (the tem-
perature not being specified) absolute rate coefficient of

Schiffman et al 2 is in good agreement with the preferred
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High-presure rate coefficients
Rate coefficient data
1222 ATKINSON ET AL.

298 K rate coefficient, as are the relative rate coefficients

of Baulch et al . and Edney eral.”’
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HO + 03Hs + M- CaHsOH + M

AH® = —134 kJ'mol !

Low-pressure rate coefficients

Rate coefficient data

ko/em® molecule™! 5™t Temp/K Reference Comments
Reviews and Evaluations
8 x 1072(T/300)73° [N;] 200-300 CODATA, 1984'; IUPAC, 1989* (a)
3 x 1072(T/298) 2 [air] 298-400 Atkinson, 1989 (b)
Comments Reliubility
Alog ky = =1 at 300 K.
(a) In the pressure range 1-760 Torr at 298 K, the reac- An = =1

tion is close to its high-pressure limit. The falloff ex-
trapolation, therefore, is very uncertain. The k, value
was based on the data from Klein ef al.* which show
little scatter. F, = 0.5 at 300 K was used such as in
Refs. 4 and 5. The temperature dependence was esti-
mated by analogy to the reaction HO + G;H, + M
- GH.OH + M.

Extensive evaluation of earlier data. Chosen value of
ko was the geometrical mean of the data from Refs.
4 and 5. The temperature dependence was estimated
by analogy to HO + C:H; + M — CGH,OH + M.

(b

~—

Preferred Values

ko = 8 x 1077(T/300) 33 [N2] cm® molecule ™' s~ over
the temperature range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

The uncertainty of the extrapolated ko is large, because
the reaction is close to the high-pressure limit at pres-
sures of 1 bar. The preferred values follow the falloff ex-
trapolations from Refs. 4 and 5 which show the smallest
scatter. Falloff extrapolations are made using Fc = 0.5 at
300 K. The temperature coefficient of ky is estimated by
analogy to the reaction HO + CGH, + M —
C:H:OH + M.
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HO + C;H¢ — H,0 + C:Hs
AH® = —78.6 kJ-mol~!
Rate coefficlent data
k/cm?® molecule ™! s™* Temp./K Reference Comments
Absolute Rate Coefficients
2.70 x 10713 294 Lafage et al., 1987 (a)
1.12 x 10712 413
(2.38 = 0.16) x 1013 297 = 2 Abbatt, Demerjian, and Anderson, 1990? (b)
(243 = 0.12) x 10-% Room temp. Schiffman et al., 1991° (©)
Reviews and Evaluations
7.4 x 10712 exp(—990/T) 230-300 IUPAC, 1989 (d)
1.42 x 10717 T2 exp(—462)/T 226-800 Atkinson, 1989° (e)
1.1 x 10~ exp(— 1100/T) 248-800 NASA, 1990° ®

Comments

(a) Discharge flow system with resonance fluorescence
and LIF detection of the HO radical.

(b) Discharge flow system with LIF detection of HO
radicals. The total pressure was varied over the range
7-381 Torr. Flow velocity and HO radical concentra-
tion radial/axial profiles were measured, allowing the
full continuity equation to be solved and hence elim-
inating the need to use the “plug flow” approxima-
tion.

(c) Pulsed laser photolysis system with laser infrared ab-
sorption detection of the HO radical. HO radicals
generated by laser photolysis of HNOs at 193 nm. To-
tal pressure, with argon diluent, was 9 Torr.

(d) Derived using the absolute rate coefficient data of
Greiner,” Overend et al.! Howard and Evenson,’
Leu," Margitan and Watson,!! Tully et al.,'*? Jeong
et al .,'* Smith et al.,” Baulch et al.,'s Schmidt etal.,"”
Devolder etal.' Stachnick etal. Wallington
et al ., Bourmada et al > and Zabarnick et al 2 The
absolute rate coefficient data used in the evalu-
ation? were fitted to the three parameter equation

k= CT? exp(—D/T), resulting in k = 1.42 x 107"
T?exp(—461/T) cm® molecule ! s~! over the temper-

"k = A exp(—B/T), was centered at 265 K and was
~ derived from the three parameter equation withA4 =
CeT?and B = D + 2T.
erived from the absolute rate coefficient data of
reiner,’ Overend et al.! Howard and Evenson,’
£u,'" Margitan and Watson,!! Tully et al.,'*"* Jeong
_etal. " Smith et al.," Baulch et al .,'* Devolder et al .,'®
Stachnik ez al.," Wallington et al ., Bourmada et al **
nd Zabarnick et al 2 These data were fitted to the
hree parameter equation k = CT? exp(—D/T).
The 298 K rate coefficient was derived from the data
f Greiner,” Overend et al..! Howard and Evenson,’
Lee and Tang Leu," Tully et al.,*" Jeong et al .*
Nielsen et al.,* using a temperature dependence
E/R = 1100 K to recalculate the reported room
Perature data to 298 K. The temperature depen-

ature range 226-800 K. The Arrhenius expression,

dence was derived from the data of Greiner,” Tully
etal.'? and Jeong et al **

Preferred Values

k = 25 x 107" cm® molecule™! s7! at 298 K.
k = 78 x 107" exp(—1020/T) cm® molecule™! s~!
over the temperature range 240-300 K.

Reliability
Alog k = *0.10 at 298 K.
A(E/R) = =100 K.

Comments on Preferred Values

The preferred values were obtained by using the abso-
lute rate coefficient data of Howard and Evenson,’ Leu,
Margitan and Watson,"! Tully et al.,'** Smith etal.’
Baulch etal.'* Devolder etal.'® Stachnick etal.”
Wallington et al.,”® Bourmada et al.,”! Zabarnick et al
and Abbatt ef al.? The rate coefficient data of Greiner,’
Overend et al.® and Jeong et al.'"* were not used in the
evaluation since, analogous to the situation for the reac-
tion of the HO radical with methane (see HO + CH,
data sheet), the C;Hs/HO concentration ratios were such
that the possibility of secondary reactions existed, leading

" to erroneously high measured rate coefficients. The data

of Gordon and Mulac,” Lee and Tang,® and Nielsen
etal * were also not included in the evaluation since,
while their data are in good agreement with the other
rate coefficients for C;H,, these studies exhibit significant
discrepancies with the consensus literature data for other
organic compounds studied.

The absolute rate coefficient data used in the evalua-
tion?* 313161822 were fitted to the three parameter equa-
tion k = CT? exp(—D/T), resulting ink = 1.51 x 107"
T? exp(—492/T) cm® molecule™! s™! over the tempera-
ture range 226-800 K. The preferred Arrhenius expres-
sion, k = A exp(—B/T), is centered at 265 K and is
derived from the three parameter equation with A4 = C
e’ T*and B = D + 2T. The room temperature (the tem-
perature not being specified) absolute rate coefficient of
Schiffman et al? is in good agreement with the preferred

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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298 K rate coefficient, as are the relative rate coefficients
of Baulch et al.*® and Edney et al .’

References

IC. Lafage, J.-F. Pauwels, M. Carlier, and P. Devolder, J. Chem. Soc.,
Faraday Trans. 2, 83, 731 (1987).

2J. P. D. Abbatt, K. L. Demerjian, and J. G. Anderson, J. Phys. Chem.
94, 4566 (1990).

3A. Schiffman, D. D. Nelson, Jr., M. S. Robinson, and D. J. Nesbitt, J.
Phys. Chem. 95, 2629 (1991).

‘IUPAC, Supplement III, 1989 (see references in Introduction).

SR. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

SNASA Evaluation No. 9, 1990 (see references in Introduction).

N. R. Greiner, J. Chem. Phys. 53, 1070 (1970).

8R. P. Overend, G. Paraskevopoulos and R. J. Cvetanovic, Can. J.
Chem. 53, 3374 (1975).

9C. J. Howard and K. M. Evenson, J. Chem. Phys. 64, 4303 (1976).

M.-T. Leu, J. Chem. Phys. 70, 1662 (1979).

1], J. Margitan and R. T. Watson, J. Phys. Chem. 86, 3819 (1982).

2F, P, Tully, A. R. Ravishankara and K. Carr, Int. J. Chem. Kinet. 15,
1111 (1983). _

3F. P. Tully, A. T. Droege, M. L. Koszykowski, and C. F. Melius, J.
Phys. Chem. 90, 691 (1986). ;

14K -M. Jeong, K.-J. Hsu, J. B. Jeffries, and F. Kaufman, J. Phys. Chem.
88, 1222 (1984).

ATKINSON ET A

15C. A. Smith, L. T. Molina, J. J. Lamb, and M. J. Molina, Int. J.C
Kinet. 16, 41 (1984).

16D, L. Baulch, I. M. Campbell, and S. M. Saunders, J. Chem. Soc. F
day Trans. 1, 81, 259 (1985).

17y, Schmidt, G. Y. Zhu, K. H. Becker, and E. H. Fink, Ber. Bunse;
Phys. Chem. 89, 321 (1985).

8p_Devolder, M. Carlier, J. F. Pauwels, and L. R. Sochlet, Chem. F
Lett. 111, 94 (1984).

YR, A. Stachnik, L. T. Molina and M. J. Molina, J. Phys. Chem. 90, {
(1986).

2T. J. Wallington, D. M. Neuman, and M. J. Kurylo, Int. J. Ct
Kinet. 19, 725 (1987). “

2IN. Bourmada, C. Lafage and P. Devolder, Chem. Phys. Lett. 136,
(1987).

228, Zabarnick, J. W. Fleming, and M. C. Lin, Int. J. Chem. Kinet.
117 (1988). v

3], H. Lee and L. N. Tang, J. Chem. Phys. 77, 4459 (1982).

%0. J. Nielsen, J. Munk, P. Pagsberg, and A. Sillesen, Chem. Phys. L«
128, 168 (1986).

8. Gordon and W. A, Mulac, Int. J. Chem. Kinet., Symp. 1, 289 (197

*D. L. Baulch, R. J. B. Craven, M. Din, D. D. Drysdale, S. Grant,
J. Richardson, A. Walker, and G. Watling, J. Chem. Soc. Farac
Trans. 1, 79, 689 (1983).

YE. O. Edney, T. E. Kleindienst, and E. W. Corse, Int. J. Chem. Kin
18, 1355 (1986). :

HO + C:Hs + M — C;HeOH + N

AH® = —134 kJ'mol ~*

Low-pressure rate coefficients

Rate coefficient data ’

Temp./K

ko/cm® molecule™* s~ Reference Comments
Reviews and Evaluations ‘ A
8 x 1072(T/300)~** [N] 200-300 CODATA, 1984%; TUPAC, 1989° (a)
298-400

3 x 10~%(T/298) [air]

Atkinson, 1989* ®). -

Comments -

\@) s pavesas s range 1-760 Torr:at:298 K, the reac-
tion is close to its high-pressure limit. The falloff ex-
trapolation, therefore; is very uncertain. The k, value
was based on the data from Klein et al.* which show
little scatter. F.. = 0.5 at 300 K was used such as in
Refs. 4 and 5. The temperature dependence was esti-
mated by analogy to the reaction HO + GH; + M

- = CGHOH + M.

(b) Extensive evaluation of earlier data. Chosen value of
ko was the geometrical mean of the data from Refs.

‘4 and 5. The temperature dependence was estimated
by analogy to HO + GHs + M — C;H,OH + M.

Preferred Values

ko = 8 x 107%(T/300) 37 [N2] cm® molecule ™' s ! over
the temperature range 200-300 K. 5

me mwamvmar wwees me a3 swws w3 e owwes

Reliability
Alog ky= =*1 at 300 K.
An = %1,

Comments on Preferred Values

The uncertainty of the extrapolated ko is large, because
the reaction is close to the high-pressure limit at pres
sures of 1 bar. The preferred values follow the falloff ex:
trapolations from Refs. 4 and 5 which show the smalles
scatter. Falloff extrapolations are made using F. = 0.5 a
300 K. The temperature coefficient of ky is estimated b
analogy to the reaction HO + CH, + .M =
CGH OH + M.
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High-pressure rate coefficients
Rate coefficients data

N rﬁolecule“ s~1 Temp./K Reference Comments
1" .olute Rate Coefficients

(ol = 0.42) x 1071 298 Nielsen et al., 1990° (a)
. vews and Evaluations

oox 107 200-300 CODATA, 1984'; IUPAC, 1989° (b)

290-470 Atkinson, 1989° (c)

"N x 10-1(T/298) 713

Comments

(1) Pulsed radiolysis of HO~Ar mixtures at a total pres-
sure of 1 bar. The generated HO was determined by
absorption spectroscopy at 309 nm.

(1') Bascd on a varicty of cxpcrimental data at pressurcs
below 1 bar. Falloff extrapolations of the experi-
ments of references 4, 5, and 7 showed consistency.

) Extensive evaluation of earlier data. The tempera-
ture coefficient was from the data of Refs. 5 and 7.
Falloff extrapolation using F. = 0.5 at 300 K.

Preferred Values

ko = 3.0 X 107" cm® molecule ! s™! over the temper-
ature range 200-300 K.

Reliability
Alog k. =
300 K.
An = *1.

+0.1 over the temperature range 200-

Comments on Preferred Values

The preferred values are based on Refs. 1-7. Because
there is uncertainty about the extent of falloff at temper-
atures above 300 K and there is the possibility of a small
activation barrier, as in the reaction HO + C;H; + M —
C:H:OH + M, we prefer a temperature independent
value of k.. in contrast to the recommendation of Ref. 3.
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2JUPAC, Supplement 111, 1989 (see references in Introduction).

3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).
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SR. Zellner and K. Lorenz, J. Phys. Chem. 88, 984 (1984).

0. J. Nielsen, O. Jorgensen, M. Donlon, H. W. Sidebottom, D. J.
O’Farrell, and J. Treacy, Chem. Phys. Lett. 168, 319 (1990).

F. P. Tully and J. E. M. Goldsmith, Chem. Phys. Lett. 116, 345 (1985).

HO + CaHs hd H20 + n-C3H7 (1)

AH°(1) = —75.9 kJ'mol~!
AH°(2) = —87.6 kI-mol~*

—> Hzo + i'CQH'! (2)

Rate coefficient data (k = k, + k)

kfem?® molecule™* s™! Temp./K Reference Comments
Absolute Rate Coefficients
(127 = 0.11) x 107% 295 = 2 Nielsen ef al ., 1988" (@)
(121 = 0.10) x 107 297 = 2 Abbatt, Demerjian, and Anderson, 1990° (b)
(122 = 0.08) x 10-1 298 Mac Leod ef al., 1990 ©)
(1.02 = 0.05) x 10~*2 Room temperature Schiffman er al., 19914 (d)
Relative Rate Coefficients
1.38 x 10~** 300 = 3 Behnke, Nolting and Zetzsch, 1987° (e)
Reviews and Evaluations
8.6 x 10~ 12 exp(—610/T) ~270-340 IUPAC, 1989° ®
1.50 x 10~17 T exp(—44/T) 293-1220 Atkinson, 19897 (®
1.4 x 10~ exp(—750/T) 293-500 NASA, 1990* (h)
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Comments

(a) HO radicals generated by pulsed radiolysis of
Ar-H,O mixtures at 750 Torr total pressure and de-
tected by UV absorption at 309 nm.

(b) Discharge flow system with LIF detection of HO rad-
icals. The total pressure was 51 = 2 Torr (N>). Flow
velocity and HO radical concentration radial/axial
profiles were measured, allowing the full continuity
equation to be solved and hence eliminating the need
to use the “plug flow” approximation.

(c) HO radicals generated by the pulsed laser photnlysis
of HNO;, and detected by LIF.

(d) HO radicals generated by the pulsed laser photolysis
of HNO; at 193 nm, and detected by laser infrared
absorption. Total pressure, with argon as the diluent,
was 9 Torr.

(e) Relative rate method. HO radicals generated by pho-
tolysis of NO,-organic-air mixtures at atmospheric
pressure, and the relative decay rates of propane and
n-butane measured. The cited rate coefficient was
obtained relative to a rate coefficient of X(HO +
n-butanc) = 2.56 x 107" cm® molecule™" s~ 7

(f) Derived from the absolute rate coefficient data of
Greiner,” Schmidt ez al .,"* Baulch et al."* and Droege
and Tully"? and the relative rate coefficient of Atkin-
son et al P (these studies of Droege and Tully'? and
Atkinson er al."* superseding the previous studies of
Tully et al.** and Darnall et al.," respectively). These
data®" were fitted to the three parameter equation
k = CT?exp(—D/T), resultingink = 1.29 x 10"
T? exp(6/T) cm® molecule™' s ™! over the temperature
range 293-854 K. The preferred Arrhenius expres-
sion, k = A4 exp(—B/T), was centered at 300 X, and
was derived from the three parameter equation with

A=Ce*T?and B = D + 2T.

(g) Derived from the absolute rate coefficient data of
Greiner,” Baulch et al.,'' Droege and Tully,"? Bott
and Cohen'® and Smith er a/."” and the relative rate
coefficients of Baker efal."" and Atkinson et al.”
(the studies of Droege and Tully'? and Atkinson
et al . superseding the previous studies of Tully
etal and Darnall eral.”® respectively). These
data®!-1346-1 werg fitted to the three parameter
equation k = CT? exp(—D/T).

(h) The room temperature rate coefficients of Greiner,’
Bradley et al.,”” Tully et al.,"* Baulch et al.,*! Schmidt
et al . and Droege and Tully' were used to derive
the 298 K value. The temperature dependence was
derived from a least-squares analysis of the rate coef-
ficients of Greiner,” Tully eral.* and Tully and
Droege® at <500 K, with the 4 factor being adjusted
to fit the 298 K value.

Preferred Values

k = 1.14 x 107" cm® molecule ™! s~! at 298 K.
k = 9.8 x 10" 2 exp(—640/T) cm® molecule "' s~! over
a small temperature range around 300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Reliability
Alog k = *=0.10 at 298 K.
A(E/R) = £150 K.

Comments on Preferred Values

The available rate coefficient data exhibit a large
amount of scatter, especially at 350 K and below. The ab-
solute rate coefficient data of Greiner,’ Bott and Cohen,'
Smith et al.,"” Baulch et al.,'! Droege and Tully,'? Abbatt
etal.? and Mac Leod et al ? and the relative rate coeffi-
cients of Baker et al.'®"® and Atkinson et al."® were used
to derive the preferred value. These data were fitted to
the three-parameter equation k = CT? exp(—D/T), re-
sulting in & = 148 x 107 T? exp(—39/T) cm’
molecule ! s™! over the range 2931220 K. The preferred
Arrhenius expression, k — .4 exp(—B/T), is centered at
300 K, and is derived from the three parameter equation
with4 = Ce?*T?and B = D + 2T. Note that the data
upon which this expression is derived do not extend be-
low 293 K. The relative rate coefficients of Baulch et al 2
and Edney ef al.? are in good agreement with the recom-
mended expression, as is the absolute rate coefficient of
Schiffman eral.” at room temperature (which was not
specified).
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HO + CO - H + CO;

vt = —104.3 kJ-mol !
Rate coefficient data
#'m® molecule~! 57! Temp./K Reference Comments
ihholute Rate Coefficients
172 x 10°1 (P = 0.6 bar) 295 Forster ef al., 1992! (a)
267 x 10°1 (P = 1.1bar) 295
619 x 10-13 (P = 130 bar) 295
Reviews and Evaluations
15 x 107! [1+ (0.6 P/bar)] 200-300 TUPAC, 19892 (b)
15 x 107*2 [1+4(0.6 P/bar)] 200-300 NASA, 1990° (b)

Comments

(a) Laser flash photolysis of N;O at 193 nm in the pres-
ence of H;O-CO-He mixtures at total pressures be-
tween 0.6 and 130 bar. HO radicals were detected by
saturated LIF near 308 nm. Pseudo-first order condi-
tions used with excess CO. Analysis of the pressure
dependence in terms of a complex mechanism involv-
ing addition of HO gave a value of k. = 6.5 x 10~"
cm® molecule™ s™%.

(b) Weighted non-linear least-squares fit of pressure de-
pendent data in N; and air from Paraskevopoulos
and Irwin,* DeMore,” Hofzumahaus and Stuhl,® Niki
etal.” Hynes et al.® Wahner and Zetzsch’ and un-
published data of Fritz and Zellner, Stachnik and
Molina, and Wine and co-workers. The zero temper-
ature dependence was recommended on the basis of
the data of Hynes et a/.* and Stachnik and Molina.

Preferred Values

k =15 % 1073 [1 + 0.6 P/bar)] over the temperature
range 200-300 K and the pressure range 0 — 1 bar N, or
air.

Reliability
Alog k = =0.1 at 298 K.
A(E/R) — +300 K.

Comments on Preferred Values

The preferred values are unchanged from our previous
evaluation® and are recommended on the same basis [see
comment (b)]. The recent investigation of the pressure
dependence up to very high pressures confirms the com-
plex addition mechanism, and increases the confidence in
the recommended pressure dependence for atmospheric
conditions. There is little or no temperature dependence
under conditions relevant for atmospheric chemistry. At
higher temperatures, the rate coefficient k increases in a
strongly non-Arrhenius fashion (see the review by Tsang
and Hampson'®),
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HO + HCHO — H.0 + HCO (1)

AH°(1) = —135.3 kJ'mol~!
AH°(2) = —91.5 kJ-mol ™!

-> H + HCOOH (2)

Rate coefficient data (k = ky + k2)

k/cm® molecule~! s™! Temp./K Reference Comments
Absolute Rate Coefficients

(795134 ) x 10712 298 Yetter et al., 1989* (a)
Branching Ratios

kik = 097205 298 Yetter et al., 1989* (a)
Reviews and Evaluations

1.6 x 10~ exp(—110/T) 230-580 IUPAC. 1989° (b)

1.25 x 10~'7 T2 exp(648/T) 228-426 Atkinson, 1989% (©)

1.0 x 1071 228-426 NASA, 1990* (d)

Comments

(a) Discharge flow system with resonance fluorescence
detection of HO radicals. HO radicals generated by
reaction of H atoms with NO,. Branching ratio
derived from modeling of HO radical decays ob-
tained in the presence of HCHO in the presence and
absence of O,.

(b) Derived from the absolute rate coefficients deter-
mined by Atkinson and Pitts,’ Stief et al.,® Temps and
Wagner’ and Zabarnick et al..* which are in reason-
ably good agreement at room temperature. The rate
coefficients of Morris and Niki® and Niki ef al.'*! are
consistent with the 298 K value.

(c) Derived from the absolute rate coefficients of Atkin-
son and Pitts’ and Stief etal.’ using the three
parameter equation k = CT? exp(—D/T).

(d) The 298 K rate coefficient was the average of the ab-
solute rate coefficients determined by Atkinson and
Pitts,” Sticf et al.,* Temps and Wagner” and Zabar-
nick efal.® The combined data set yielded no evi-
dence for any temperature dependence of the rate
coefficient.

Preferred Values

k = 9.6 x 107" cm® molecule™ s™' at 298 K.

k = 8.8 x 10~'2exp(25/T) cm® molecule "' s~ over the
temperature range 240-300 K.

ki/k = 1.0 at 298 K.

Reliability
Alog k = =0.10 at 298 K.
A(E/R) = =150 K.
A(ky/k) = +0.10 at 298 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

The absolute rate coefficients of Atkinson and Pitts,’
Stief ¢t al., Temps and Wagner,” Zabarnick ¢t al .8 (aver-
aging the 296-301 K and 567-574 K values to yield rate
coefficients of 1.25 x 10™" cm® molecule ™' s~! at 298 K
and 1.45 x 107" cm® molecule ™' s™' at 572 K) and Yetter
et al ! and the relative rate coefficient of Niki et al." (for
formaldehyde-"*C) were fitted to the three parameter ex-
pression k = CT? exp(—D/T), resulting in

k = 1.69 x 107" T? exp(557/T) cm® molecule™* s™*

over the temperature range 228-572 K. The preferred
Arrhenius expression, k = A exp(—B/T), is centered at
265 K and is derived from the three parameter expression
with4 = Ce*T*and B = D + 2T.

The product data of Temps and Wagner’ and Niki
etal.! and the kinetic/modeling results of Yetter etal.!
show that at 298 K this reaction proceeds essentially to-
tally via pathway (1) to yield HO + HCO.
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A" = ~139.6 kJ-mol~!
Rate coefficient data
4 'm® molecule ™! s~! Temp./K Reference Comments
Ihvolute Rate Coefficients
86 X 1072 exp[(200 = 60)/T] 297-517 Da6bé, Khachatryan and Bérces, 1989! (a)
(1.69 = 0.34) x 10~ 298 x 2
(1.7 £ 0.3) x 107 298 Balestra-Garcia ef al., 1992° (b)
Reviews and Evaluations
56 % 1072 exp(310/T) 240-530 TUPAC, 1989° (c)
555 x 107*2 exp(311T) 244-528 Atkinson, 1989% (c)
60 x 10712 exp(250/T) 244-528 NASA, 1990° )

Comments

() Discharge flow system with resonance fluorescence
or LIF detection of HO radicals. HO radicals gener-
ated from the reactions H + NO; and F + H;O.

(b) Laser photolysis system with resonance fluorescence
detection of HO radicals.

(c¢) Derived from the absolute rate coefficient data of
Atkinson and Pitts® and Michael et /., and the rela-
tive rate coefticient of Niki et a/.® at 298 K. 'T'he data
of Semmes ef al .’ were not used in the evaluation be-
cause of their reported difficulties in determining the
acetaldehyde concentration.

(d) The 298 K rate coefficient was based upon the rate
coefficient data of Morris et al.,*® Niki et al .,® Atkin-
son and Pitts,® Kerr and Sheppard,' Semmes et al.’
and Michael et al.” The temperature dependence was
the average of those measured by Atkinson and
Pitts,® Semmes et al.° and Michael et al.”

Preferred Values

k=16 x 107" em® molecnle™! 7! at 208 K.
k =56 x 1072 exp(310/T) cm® molecule ™' s~! over
the temperature range 240-530 K.

Reliability
Alog k = =0.10 at 298 K.
A(E/R) = +200 K.

Comments on Preferred Values

The preferred values were obtained from a least-
squares analysis of the absolute rate coefficient data of
Atkinson and Pitts® and Michael et al.,” and the relative
rate coefficient of Niki et al ® at 298 K. The absolute and

relative rate data of Morris et al.," Cox et al ., Kerr and
Sheppard' and Balestra-Garcia et al.? are in agreement
with the preferred 298 K value. The data of Semmes
et al.,” which are lower than the preferred values by up to
~25%, were not used in the evaluation because of their
reported difficulties in accurately determining the
acetaldehyde concentrations.

While the absolute rate coefficients measured by Débé
et al.! for CH;CHO are in good agreement with the pre-
ferred values, their measured rate coefficients for the re-
actions of the HO radical with the higher aldehydes
(CH3),CHCHO and (CH3);CCHO are significantly
higher, by factors of ~1.5 2.3, than the rate coefficients
of Kerr and Sheppard'! and Semmes ef al.® (which are in
good agreement). Accordingly, the rate coefficient data
of DGbé et al.! have not been used in the evaluation.
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HO + C:HsCHO — products

Rate coefficient data

k/cm® molecule ! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.71 = 0.24) x 10" 298 Semmes et al ., 1985' (a)
Relative Rate Coefficients
3.06 x 10~ 298 Morris and Niki, 19712 (b)
(2.22 = 0.09) x 10~ 298 = 2 Niki eral., 1978* (<)
(1.94 = 0.15) x 10~ 298 = 4 Kerr and Sheppard, 19814 (]
pp
(1.83 = 0.21) x 10~ 298 Audley, Baulch and Campbell, 1981° (d)
<3.0 x 10~1 296 Kerr and Stocker, 1985¢ (e)
Reviews and Evaluations
2.0 x 101 298 TUPAC, 19897 ®
1.96 x 10~ 298 Atkinson, 1989* )
Comments Reliability

(a) Flash photolysis system with resonance fluorescence
detection of HO radicals.

(b) Discharge flow system with MS detection of 1-
propanal and propene in the presence of excess HO
radicals. Rate coefficient determined relative to that
for propene, and placed on an absolute basis using
k(HO + propene) = 1.7 x 107" cm’ molecule ™' s™*
under the experimental conditions used.’

(c) Relative rate method. HO radicals generated by pho-
tolysis of HONO in air at atmospheric pressure. De-
cay of l-propanal monitored relative to that for
ethene, and placed on an absolute basis using
k(HO + ethene) = 8.52 x 107" ¢m’® molecule ™’
s7!8

(d) Relative rate method. HO radicals generated from
the heterogeneous reaction of H.O, with NO,. Rate
coefficient measured relative to that for acetalde-
hyde, and placed on an absolute basis by use of
k(HO + CH;CHO) = 1.6 x 107" cm® molecule™'
s~! (this evaluation).

(e) Relative rate method. Rate coefficient determined
relative to that for IIO + IHHONO from the observed
dependence of the rate of change of NO on the NOy/
C:HsCHO concentration ratio, and placed on an ab-
solute basis by use of k(HO + HONQO) = 48 x
107 cm® molecule™! s~! (this evaluation).

(f) See Comments on Preferred Values.

(g) Derived from the absolute rate coefficient of
Semmes et al.! and the relative rate coefficients of
Niki ef al.* and Kerr and Sheppard.*

Preferred Values

k =20 x 10" cm® molecule ™' s~! at 298 K.

J. Phys. Chem, Ref. Data, Vol. 21, No. 6, 1992

Alog k = +0.15 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, TUPAC, 1989.” The preferred rate coefficient is
derived from the mean of the absolute rate coefficient of
Semmes et al.! and the relative rate coefficients of Niki
etal? and Kerr and Sheppard.* The upper limit to the
rate coefficient obtained by Kerr and Stocker® is consis-
tent with the preferred value. The relative rate coefficient
of Audley et al.’ was not used in the evaluation, due to
questions concerning the applicability of the experimen-
tal technique used."® The rate coefficient derived by
Kaiser'” at 553 K relative to those for ethene, propene
and trans-2-butene of <2.9 x 107" ¢cm® molecule ™! s,
though of only semi-quantitative value, suggests a zero or
close to zero temperature dependence, as expected by
analogy with HCHO and CH;CHO. The major reaction
channel is expected® to be H-atom abstraction from the
-CHO group to form H,O + CH;CO.

References

'D. H. Semmes, A. R. Ravishankara, C. A. Gump-Perkins, and P. H.
Wine, Int. J. Chem. Kinet. 17, 303 (1985).

2E. D. Morris, Jr. and H. Niki, J. Phys. Chem. 75, 3640 (1971).

*H. Niki, P. D. Maker, C. M. Savage, and L. P. Breitenbach, J. Phys.
Chem. 82, 132 (1978).

*J. A. Kerr and D. W. Sheppard, Environ. Sci. Technol. 15, 960 (1981).

5G. J. Audley, D. L. Baulch, and I. M. Campbell, J. Chem. Soc. Faraday
Trans. 1, 77, 2541 (1981).

1. A. Kerr and D. W. Stocker, J. Photochem. 28, 475 (1985).
"TUPAC, Supplement II1, 1989 (see references in Introduction).

*R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

E. D. Morris, Jr., D. H. Stedman, and H. Niki, J. Am. Chem. Soc. 93,
3570 (1971).

YE. W. Kaiser, Int. J. Chem. Kinet. 15, 997 (1983).
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HO + (CHO). - H.0 + CHOCO

Rate coefficient data

«m"' molecule ! s~? Temp./K Reference Comments
", lutive Rate Coefficients

(114 = 0.04) x 107" 298 x 2 Plum ez al., 1983 (a)
Loviews and Evaluations

11 x 1074 298 TUPAC, 1989° (b)

114 x 10~ 298 Atkinson, 1989° (©

Comments

i.1) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures at atmospheric
pressure. Relative decay rates of glyoxal and cyclo-
hexane monitored in the presence of varying concen-
trations of HO radicals. Relative rate coefficient
placed on an absolute basis by use of K (HO + cyclo-
hexane) = 7.49 x 107" ¢cm® molecule ™! 5713

{h) See Comments on Preferred Values.

(¢) Based on the study of Plum efal.!

Preferred Values
k= 1.1 x 107" cm® molecule™! s~! at 298 K.

Reliability
Alogk = +0.3 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.2 The preferred rate coefficient is
based on the study of Plum et al.,' with increased uncer-
tainty limits. The rate coefficient at 298 K is similar to
those for other aldehydes. A close 10 zero temperature
dependence is expected at around 298 K. The reaction is
assumed to proceed via overall H-atom abstraction to
vield H-O + HC(O)CO.

References

!C. N. Plum, E. Sanhueza, R. Atkinson, W. P. L. Carter, and J. N. Pitts,
Jr., Environ. Sci. Technol. 17, 479 (1983).

*IUPAC, Supplement 111, 1989 (see references in Introduction).

*R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

HO + HOCH.CHO — H.O0 + HOCH.CO (1)

— H,0 + HOCHCHO (2)

Hate coefficient data (k = ky + k)

k/cm?® molecule ~! s™* Temp./K Reference Comments
Relative Rate Coefficients
(1.0 = 0.1) x 107" 298 * 2 Niki et al., 19871 (a)
Branching Ratios
kok = 0.20 298 Niki er al., 1987 (a)
ki/k = 0.80
Reviews and Evaluations
1.0 x 10-1 298 IUPAC, 1989> (b)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) HO radicals generated by photolysis of
CH3;0NO-NO-air and C;H;ONO-NO-air mixtures
at 700 Torr total pressure. Rate coefficient measured
relative to that for reaction of HO radicals with
CH;CHO, and placed on an absolute basis by use of
k(HO + CH;CHO) = 1.6 x 107" cm® molecule™
s~ ! (this evaluation). Branching ratio determined by
measuring the formation of the (CHO);, CO; and
HCHO products, with (CHO); being produced by re-
action of O; with the HOCHCHO radical formed in
step (2), and CO, + HCHO being produced from the
HOCH:CO radical formed in step (1).

(b) See Comments on Preferred Values.

Preferred Values

k = 1.0 x 107" c¢m® molecule™! s™! at 298 K.
ki/k = 0.80 at 298 K.

ATKINSON ET AL.

Reliability
Alog k = *0.3 at 298 K.
A(kyk) = +0.10 at 298 K.

Comments on Preferred Values
This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.% The preferred 298 K rate coef-
ficient is taken from the study of Niki e al.,! with the
error limits increased accordingly.

References

'H. Niki, P. D. Maker, C. M. Savage, and M. D. Hurley, J. Phys. Chem.
91, 2174 (1987).
2IUPAC, Supplement 111, 1989 (see references in Introduction).

HO + CH;COCHO — H.O + CH;COCO

Rate coefficlent data

k/cm® molecule~! 57* Temp./K Reference Comments
Absolute Rate Cocfficients

(7.1 = 1.6) x 107* 297 Kleindienst, Harris and Pitts, 1982" (a)
Relative Rate Coefficients

(1.72 % 0.12) x 10-1 298 + 2 Plum et al., 1983 (®)
Reviews and Evaluations

1.7 x 10~ 298 TUPAC, 1989* (©

1.72 ~ 10-1 208 Atkinson, 10894 (d)

Comments

(a) Flash photolysis system with resonance fluorescence
detection of HO radicals.

(b) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures at atmospheric
pressure. Relative decay rates of methylglyoxal and
cyclohexane monitored in the presence of varying
concentrations of HO radicals. Relative rate coeffi-
cient placed on an absolute basis by use of k(HO +
cyclohexane) = 7.49 x 107*? ¢m® molecule™! s71.4

(¢) Scc Comments on Preferred Valucs.

(d) Basegi upon the relative rate coefficient of Plum
etal.

Preferred Values
k = 1.7 x 107" ¢cm® molecule ™! s~! at 298 K.

Reliability
Alog k = +0.3 at 298 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, TUPAC, 1989.> The preferred 298 K rate coeffi-
cient is based upon the data obtained by Plum et a/.> The
absolute rate coefficient measured by Kleindienst et al.!
may have been low due to the presence of significant lev-
els of low reactivity impurities in the methylglyoxal. A
close to zero temperature dependence is expected at
around room temperature. The reaction is assumed to
proceed via H-atom abstraction to form H,O +
CH:COCO.

References

'T. E. Kleindicnst, G. W. Harris, and J. N. Pitts, Jr., Environ. Sci. Tech-
nol. 16, 844 (1982).

2C. N. Plum, E. Sanhueza, R. Atkinson, W. P. L. Carter, and J. N. Pitts,
Jr., Environ. Sci. Technol. 17, 479 (1983).

"IUPAC, Supplement III, 1989 (see references in Introduction).

“R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).
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A1 = —87.8 kI'mol~!
Rate coefficlent data

A /cm® molecule~! s~? Temp./K Reference Comments
Iholute Rate Coefficients

1.7 x 1072 exp[ — (600 = 75)/T] 240440 Wallington and Kurylo, 1987* (a)

(2.16 = 0.16) x 1071 296
Kelative Rate Coefficients

<5x 1078 300 Cox, Derwent and Williams, 1980* ()

(63 = 09) x 1078 298 Chiorboli et al., 19833 (©)

(2.7 = 0.8) x 1078 303 2 Kerr and Stocker, 1986* (d)
Keviews and Evaluations

1.7 x 1072 exp(—600/T) 240-440 IUPAC, 198%° (e)

2.13 x 107'% T2 exp(53/T) 240-440 Atkinson, 1989° 0]

Comments

(a) Flash photolysis system with resonance fluorescence
detection of HO radicals. .

(b) Relative rate method. HO radicals generated by pho-
tolysis of HONO-air mixtures at atmospheric pres-
sure. Relative decay rate of CH;COCH; measured
relative to those for ethene and toluene. Due to pho-
tolysis of CH;COCH3, the measured decay rate is an
upper limit to that due to HO radical reaction.

{c) Relative rate method. HO radicals generated by pho-
tolysis of organic-NO-air mixtures at atmospheric
pressure. Relative decay rates of CH;COCHj; and n-
hexane measured, and rate coefficient placed on an
absolute basis by use of K(HO + n-hexane) =
5.61 x 107" cm® molecule™ 571

(d) Relative rate method. HO radicals generated by pho-
tolysis of HONO-air mixtures at atmospheric pres-
sure. Decay rate of CH;COCH; measured relative to
that for ethene, with account being taken of the cun-
current photolysis of CH;COCHs. Rate coefficient
placed on an absolute basis by use of k(HO +
ethene) = 8.32 x 107'? cm® molecule™! s7'.%

(e) See Comments on Preferred Values.

(f) Derived from the absolute rate coefficients of
Wallington and Kurylo' and Zetzsch (unpublished
data, 1982) and the relative rate coefticient of Kerr
and Stocker, using the expression

k = CT? exp(—D/T).

Preferred Values

k = 23 x 107" cm® molecule ™' s~" at 298 K.
k = 1.7 x 1072 exp(—600/T) cm® molecule ™! s~! over
the temperature range 240-440 K.

Reliability
Alog k = +0.2 at 298 K.
A(E/R) = =300 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.5 The preferred rate coefficient is
based on the absolute study of Wallington and Kurylo,'
which is in good agreement with the relative rate coeffi-
cient of Kerr and Stocker* and consistent with that of Cox
et al ? The higher rate coefficient reported by Chiorboli
et al ? could be due to photolysis of CH;COCHs3, which
was not taken into account.

References

'T. J. Wallington and M. . Kurylo, J. Phys. Chem. 91, 5050 (1987).

2R. A. Cox, R. G. Derwent, and M. R. Williams, Environ. Sci, Technol.
14, 57 (1980). .

3C. Chiorboli, C. A. Bignozzi, A. Maldotti, P. F. Giardini, A. Rossi. and
V. Carassiti, Int. J. Chem. Kinet. 15, 579 (1983).

“J. A. Kerr and D. W. Stocker, J. Atmos. Chem. 4, 253 (1986).

*IUPAC, Supplement II1, 1989 (see references in Intraduction).

®R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).
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HO + CH;0H — H.O + CH.OH (1)

AH°(1) = —105.4 kJ-mol~*
AH(2) = —61.9 kJ-mol~!

g Hzo + CH;O (2)

Rate coefficient data (k = ky + k)

k/cm® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(88 = 1.8) x 1071 298 Pagsberg et al., 1988! (a)
(1.01 = 0.10) x 1012 298 * 2 McCaulley ef al., 19892 (b)
5.89 x 10-2 T2 exp(444/T) 294-866 Hess and Tully, 1989° ©
9.42 x 10713 298
(9.0 = 0.9) x 10-1 298 = 2 Nelson et al., 1990* (d)
Relative Rate Cocfficicnts
(1.00 = 0.23) x 10-12 298 = 2 Nelson et al., 1990* (e)
Branching Ratios
ko/k = 0.15 = 0.08 208 = 2 McCaulley ef al., 19892 )
Reviews and Evaluations
9.1 x 10~'2 exp(—690/T) 240-1000 IUPAC, 1989° (8)
6.39 % 10~18 T2 exp(148/T) 240-866 Atkincon, 1089 (h)
6.7 x 107'2 exp(—600/T) 240-400 NASA, 19907 @)

(2)

(®)
©

Comments

HO radicals generated by pulsed radiolysis of
Ar-CH3;0H mixtures at 750 Torr total pressure. HO
radicals monitored by UV absorption at 309 nm and
HO radical decay rates measured in the presence of
excess CH;OH.

Determined using a discharge flow system with LIF
detection of HO radicals.

HO radicals produced by the reaction of O('D)
atoms, generated from the pulsed laser photolysis of
N0, with H,O. HO radicals monitored by LIF detec-
tion.

(d) HO radicals generated by pulsed radiolysis of

(e)

®

(8

Ar-H;0O mixtures at 1 atmosphere total pressure. HO
radicals monitored by UV absorption at 309 nm.
Relative rate method, 11O radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures, and methanol
and cyclohexane concentrations monitored by gas
chromatography. Rate constant ratio placed on an
absolute basis by use of k(HO + cyclohexane) =
7.49 x 107 cm® molecule™! s™1.

Derived from measurements at 298 = 2 K of the rate
coefficients for the reactions of the HO radical with
CH;0H, CD3;0OH and CD3;OH and of the DO radical
with CH;OH, CH;0D, CD;OH and CD;OD, assum-
ing that secondary kinetic isotope effects are negligi-
ble.

The 298 K rate coefficient was based upon the room
temperature absolute rate coefficients of Overend

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

and Paraskevopoulos, Ravishankara and Davis,’
Higele eral., Meier etal.," Greenhill and
O’Grady" and Wallington and Kurylo® and the rela-
tive rate coefficients of Barnes et al."* and Tuazon
et al.” The temperature dependence was the average
of those reported from the absolute rate coefficient
studies,'™* with the A factor being adjusted to yield
the 298 K value.

(h) Derived from the absolute rate coefficients of

Overend and Paraskevopoulos,8 Ravishankara and
Davis,” Wallington and Kurylo® and Hess and Tully®
and the relative rate coefficient of Tuazon et al.,”

using the three parameter equation k = CT?
exp(—D/T).

(i) The 298 K rate coefficient was the average of the ab-

solute rate coefficients of Overend and Paraskevo-
poulos,! Ravishankara and Davis,” Hagcle et al.,!’
Meier et al.,"! Greenhill and O’Grady,” Wallington
and Kurylo®” and Hess and Tully.? The temperature
dependence was derived from those reported by
Greenhill and O’Grady’? and Wallington and
Kurylo."

Preferred Values

k =92 x 107" cm? molecule ™! s™! at 298 K.
k = 3.3 X 1072 exp(—380/T) cm® molecule ™! s~! over

the temperature range 240-300 K.

kiok = 0.15 at 298 K.
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/\'1'/I(lbi1ity
Alog k = =0.15 at 298 K.
A(E/R) = =200 K.
Akofk = #+0.10 at 298 K.

omments on Preferred Values

The preferred rate coefficient is obtained by fitting the
shsolute rate coefficients of Overend and Paraskevopou-
los,¥ Ravishankara and Davis,” Wallington and Kurylo,"
McCaully et al.,? Hess and Tully® and Nelson et al.* and
ihe relative rate coefficient of Tuazon et al.” to the three
parameter expression k = CT? exp(—D/T). This results
mk = 637 x 107" T? exp(150/T) cm® molecule™! s™!
over the temperature range 240-866 K. The preferred
Arrhenius expression, k = A exp(—B/T), is centered. at
035 K, and is derived from the three parameter equation
with A = C €’T? and B = D + 2T. The kinetic* and
product'®! studies show that the reaction proceeds
mainly by step (1) at room temperature, as expected from
the thermochemistry of the reaction steps (1) and (2).
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HO + C;HsOH — H,O + CH,CH,OH (1)

AH°(1) = —80 kJ-mol~!
AH®(2) = —109.9 kJ-mol~"
AH°(3) = —63.5 kFmol ™!

- H;0 + CH;CHOH (2)
— H;0 + CH,.CH,0 (3)

Rate coefficient data (k = ki + k2 + k3)

k/fcm® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients

(326 = 0.14) x 10712 293 Hess and Tully, 1988! (ab)

(333 % 0.14) x 10-2 326.5

(3.63 = 0.15) x 10~*2 380

(3.94 = 0.16) x 107" 441

(3.32 = 0.16) x 10~12 295 Hess and Tully, 1988! (b,c)

(547 = 034) x 10-2 599

(3.04 £ 025) x 10~ 12 298 + 2 Nelson et al., 1990° (d)
Relative Rate Coefficients

(346 + 052) x 10712 298 + 2 Nelson et al., 1990 (e)
Reviews and Evaluations

9.3 x 10! exp(—300/T) 250-450 IUPAC. 1989° ()

6.18 x 10~% T2 exp(532/T) 293-599 Atkinson, 1989 (8)

6.8 x 10712 exp(—225/T) 240-600 NASA, 1990° (h)

Comments

(a) HO radicals generated by pulsed laser photolysis of
N;O to form O('D) atoms, with the O('D) atoms re-
acting with H,O. HO radicals detected by LIF.

(b) Thermal decomposition of the HO'"*CH,CH radical
formed by H-atom abstraction from the -CHs group
to regenerate HO' radicals occurs at temperatures
> 500 K, and hence the HO' rate coefficient data do

not yield the rate coefficient k = k, + k, + k; above
~500 K. Since thermal decomposition of the
HO'"CH,CHs radical does not lead to regeneration
of the HO" radical, the HO™ rate coefficient data
yield the overall reaction rate coefficient, k = k; +
ky + k.

(c) Rate coefficients for reaction of the HO" radical.
HO'" radicals generated from pulsed laser photolysis
of H;**O, with HO™ being detected by LIF.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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(d) HO radicals generated from pulsed radiolysis of

1236
Comments

(a) HO radicals generated from the pulsed radiolysis of
Ar-H,O mixtures at atmospheric pressure and de-
tected by UV absorption at 309 nm.

(b) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures at atmospheric
pressure. Decay rate of i-propanol measured relative
to that for cyclohexane. The rate coefficient ratio
measured was placed on an absolute basis by use of
k(HO + cyclohexane) — 7.49 x 1072 cm’
molecule™! s7'2

(c) The 298 K rate coefficient was derived from the aver-
age of those of Overend and Paraskevopoulos* and
Wallington and Kurylo,” combined with a zero tem-
perature dependence.’

(d) The absolute rate coefficients of Overend and
Paraskevopoulos' and Wallington and Kurylo® were
fitted to the three parameter expression k = CT?
exp(—D/T).

Preferred Values

k = 5.7 x 1072 cm® molecule™! s}, independent of
temperature over the range 240440 K.

ATKINSON ET AL.

that of Hess and Tully' [see comments (a—c)1. The pre-

ATKINSON ET AL.

Reliability
Alog k = =02 at 298 K.
A(E/R) = *200 K.

Comments on Preferred Values

The preferred 298 K rate coefficient is the average of
the room temperature absolute rate coefficients of
Overend and Paraskevopoulos,® Wallington and Kurylo®
and Nelson er al.! and the relative rate coefficient of Nel-
son et al.! The preferred rate coefficient is in agreement
with the relative rate coefficients reported by Lloyd et al .6
and Klopffer etal.” A zero temperature dependence is
used, consistent with the data of Wallington and Kurylo.®
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3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).
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HO + CH,COCH,OH — products

Rate coefficient data

k/jem?® molecule ™! s~} Temp./K Reference Comments
Absolute Rate Coefficients
(30 +03) x 1071 298 Dagaut et al., 1989 (a)

Comments

(a) Flash photolysis system with resonance fluorescence
detection of HO radicals.

Preferred Values
k = 3.0 x 1072 cm® molecule™ s~! at 298 K.

Reliability
Alog k = =0.3 at 298 K.

Comments on Preferred Values
Based on the sole study of Dagaut etal.,! with ex-
panded uncertainty limits.

References

!P. Dagaut, R. Liu, T. J. Wallington, and M. J. Kurylo, J; Phys. Chem.
93, 7838 (1989).
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HO + n-C;H,OH — products

Rate coefficient data

k/cm® molecule~! s~* Temp./K Reference Comments
Absolute Rate Coefficients

(5.64 = 048) x 10712 208 = 2 Nelson et al., 1990 (a)
Relative Rate Coefficients

(5.50 = 0.44) x 10°12 298 = 2 Nelson et al ., 1990! (b)
Reviews and Evaluations

53 x 10-12 298 IUPAC, 1989 (©)

534 x 10712 298 Atkinson, 1989° ©)

Comments

(a) HO radicals generated by pulsed radiolysis of
Ar-H,O mixtures at 1 atmosphere total pressure and
detected by UV absorption at 309 nm. )

(b) Relative rate method. HO radicals generated from
the photolysis of CH;ONO-NO-air mixtures. Rate
coefficient measured relative to that for cyclohexane,
and placed on an absolute basis by use of k(HO +
cyclohexane) = 7.49 x 107" cm® molecule™ 7'

(c) Average of the room temperature absolute rate coef-
ficients of Overend and Paraskevopoulos* and
Wallington and Kurylo.?

Preferred Values
k = 55 x 107 cm® molecule ™ s™! at 298 K.

Reliability
Alog k = +0.2 at 298 K.

Comments on Preferred Values

The experimental technique of Campbell ef al.® was
possibly prone to unrecognized problems,’ and hence this
rate coefficient was not used in deriving the preferred
values. The 298 K value is the mean of the absolute rate
coefficients of Overend and Paraskevopoulos,® Walling-
ton and Kurylo® and Nelson et al.! and the relative rate
coefficient of Nelson ez al.!

References

!L. Nelson, O. Rattigan, R. Neavyn, H. Sidebottom, J. Treacy, and O,
J. Nielsen, Int. J. Chem. Kinet. 22, 1111 (1990).

2IUPAC, Supplement II1, 1989 (see references in Introduction).

3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

“R. Qverend and G. Paraskevopoulos, J. Phys. Chem. 82, 1329 (1976).

5T. J. Wallington and M. J. Kurylo, Int. J. Chem. Kinet. 19, 1015 (1987).
1. M. Campbell, D. F. McLaughlin, and B. J. Handy, Chem. Phys. Lett.
38, 362 (1976).

HO + i-C;H,OH — products

Rate coefficient data

k/cm® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients

(5.69 = 1.09) x 10-12 298 + 2 Nelson et al., 1990 (a)
Relative Rate Coefficients

(5.78 = 0.75) x 10~12 298 = 2 Nelson et al., 1990! (b)
Reviews and Evaluations

5.6 x 10712 240440 IUPAC, 1989* (c)

7.32 x 1078 T2 exp(620/T) 240-440 Atkinson, 1989° (d)

.I. Phvae. Chem. Ref. Data. Vol. 21. Na. 6. 1892
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(a) HO radicals generated from the pulsed radiolysis of
Ar-H;O mixtures at atmospheric pressure and de-
tected by UV absorption at 309 nm.

(b) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures at atmospheric
pressure. Decay rate of i -propanol measured relative
to that for cyclohexane. The rate coefficient ratio
measured was placed on an absolute basis by use of
k(HO + cyclohexane) = 749 x 1072 cm’
molecule ! s713

(c) The 298 K rate coefficient was derived from the aver-
age of those of Overend and Paraskevopoulos* and
Wallington and Kurylo,® combined with a zero tem-
perature dependence.’

(d) The absolute rate coefficients of Overend and
Paraskevopoulos* and Wallington and Kurylo® were
fitted to the three parameter expressmn k = CT?
exp(—D/T).

~ Preferred Values

k = 57 x 107" cm® molecule™! s™!, independent of
temperature over the range 240-440 K.

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

Comments on Preferred Values

The preferred 298 K rate coefficient is the average
the room temperature absolute rate coefficients
Overend and Paraskevopoulos,* Wallington and Kury
and Nelson et al ! and the relative rate coefficient of N
son et al.! The preferred rate coefficient is in agreeme
with the relative rate coefficients reported by Lloyd et a
and Kloépffer etal.” A zero temperature dependence
used, consistent with the data of Wallington and Kuryl

References

!L. Nelson, O. Rattigan, R. Neavyn, H. Sidebottom, J. Treacy, and
J. Nielsen, Int. J. Chem. Kinet. 22, 1111 (1990).

2JUPAC, Supplement 111, 1989 (see references in Introduction).

3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

“R. Overend and G. Paraskevopoulos, J. Phys. Chem. 82, 1329 (197

5T. J. Wallington and M. J. Kurylo, Int. J. Chem. Kinet. 19, 1015 (19¢

SA. C. Lloyd, K. R. Darnall, A. M. Winer, and J. N. Pitts, Jr., Che
Phys. Lett. 42, 205 (1976).

"W. Klépffer, R. Frank, E.-G. Kohl, and F. Haag, Chemiker-Zeitun;
110, 57 (1986).

HO + CH;COCH:OH — products

Rate cdeﬂlclent data

k/cm® molecule™! s~* Temp./K Reference Comments
Absolute Rate Coefficients
(3.0 = 0.3) x 107%2 298 Dagaut et al., 1989 (a)
Comments Comments on Preferred Values

(a) Flash photolysis system with resonance fluorescence
detection of HO radicals.

Preferred Values
k = 3.0 X 1072 cm® molecule™! s™! at 298 K.

Reliability
Alog k = %0.3 at 298 K.

Based on the sole study of Dagaut efal.,' with ex:
panded uncertainty limits.

References

'P. Dagaut, R. Liu, T. J. Wallington, and M. J. Kurylo, J. Phys. Chem
93, 7838 (1989)
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HO + CH;O0H — H;O0 + CH.O0H (1)

J1(2) = —140 kJ-mol !

Rate coefficient data (k = k; + k3)

i v’ molecule™! s~ Temp./K Reference Comments
Ilsolute Rate Coefficients
93 x 10712 exp[(190 = 14)/T] 223-423 Vaghjiani and Ravishankara, 1989 (a)
v 54 x 10712 298
Av= 178 x 107" exp[(220 = 21)/T] 203-348 Vaghjiani and Ravishankara, 1989* (a)
k.= (385 = 0.23) x 1012 298
ieviews and Evaluations
' x 10-1 298 IUPAC, 1989° (®)
293 x 1072 exp(190/T) 223-423 Atkinson, 1989* ©)
18 x 1072 exp(200/T) 203-423 NASA, 1990* (d)
Comments Preferred Values
(1) HO', HO™ and DO radicals generated by flash or k =55 % 1072 cm® molecule ™! s~! at 298 K.

pulsed laser photolysis of the precursors: for HO',
CH;O0H, H,0%, Os/H.0'%; for HO%; H,0®, Oy
H,0%; and for DO; D,0, 0y/D,0, Os/D, and were
monitored by LIF. Rate coefficients k, + k; obtained
from measurements of the decay rates of HO" and
DO radicals in the presence of excess CH;OO0H.
Rate coefficients k; were obtained from the decay
rates of HO" radicals in the presence of CH;OOH.
The CH,OOH radical formed in reaction channel (1)
rapidly decomposes to HO + HCHO, and hence the
use of HO' allows only the rate coefficient &, to be
measured.

(b) Based on the relative rate coefficient measured by
Niki et al ?

(c) Based on the absolute rate coefficient study of
Vaghjiani and Ravishankara.!

(d) The 298 K rate coefficient was the average of those
of Niki et al’ and Vaghjiani and Ravishankara.' The
temperature dependence was that measured by
Vaghjiani and Ravishankara.'

k =29 x 107" exp(190/T) cm® molecule ™! s~ over
the temperature range 220-430 K.
ki/k = 0.35 over the temperature range 220430 K.

Reliability
Alog k = =0.2 at 298 K.
A(E/R) = =150 K.
A(kik) = £0.15 at 298 K.

Comments on Preferred Values

The preferred values are those of Vaghjiani and Ravis-
hankara.! The preferred branching ratio, also taken from
the absolute rate coefficient study of Vaghjiani and Rav-
ishankara,' is in good agreement with the earlier mea-
surement of Niki et al .’

References

'G. L. Vaghjiani and A. R. Ravishankara, J. Phys. Chem. 93, 1948
(1989).

?IUPAC, Supplement 111, 1989 (see references in Introduction).

*R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

*NASA Evaluation No. 9, 1990 (see references in Introduction).

“H. Niki, P. D. Maker, C. M. Savage, and L. P. Breitenbach, J. Phys.
Chem. 87, 2190 (1983).
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HO + HCOOH — products
Rate coefficient data
k/cm® molecule™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
291 x 107" expf(102 = 194)/T] 297-445 Singleton et al., 1988! (a)
(447 = 028) x 10~ 297
Reviews and Evaluations
48 x 10713 290430 TUPAC, 1989° (b)
45 x 10-1 296445 Atkinson, 1989° (©)

Comments

(a) HO radicals generated by pulsed laser photolysis of
HCOOH at 222 nm, and detected by UV absorption
at 308.2 nm.

(b) The average of the room temperature data of Wine
etal.* and Jolly etal’ was used to derive the pre-
ferred 298 K value. The temperature dependence of
the rate cocfficicnt was taken to be zero, in agree-
ment with the data of Wine et al .

(c) Derived from a unit-weighted average of the absolute
rate coefficients of Wine ef al.,* Jolly ef al * and Sin-
gleton ef al.! The data of Wine et al.* and Singleton
etal.! show no evidence for a temperature depen-
dence of the rate coefficient, within the experimental
uncertainties.

Preferred Values

k = 45 x 107" cm® molecule™* s/, independent of
temperature over the range 290-450 K.

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

Comments on Preferred Values

A major problem with the determination of the rate co-
efficient for this reaction concerns the ready dimerization
of HCOOH. The studies of Wine et al.,* Jolly et al > and
Singleton et al ! monitored formic acid in the experimen-
tal systems used by UV absorption spectroscopy. The
data from these studies™* agree well, and are in reason-
able agreement with the room temperature rate coeffi-
cient of Dagaut eral.’ The data of Wine etal.® and
Singleton et al.' show that the temperature dependence

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

of the rate coefficient is zero within the experimental un-
certainties. The average of the rate coefficient data of .
Wine etal.,* Jolly etal.’ and Singleton et al.! has been
used to derive the preferred rate coefficient.

Recent studies of Wine ez al .* and Jolly et al .* showed
that H atoms are produced in this reaction, with a yield
of 0.75 = 0.25.* Furthermore, Wine et al.* and Singleton
et al ! showed that within the experimental uncertainties
the rate cocfficicnt for the rcaction of the HO radical
with DCOOH is identical to that for HCOOH at 298 K.
Also, the room temperature rate coefficients for the reac-
tions of the DO radical with HCOOD and DCOOD are
significantly lower than those for the reactions of the HO
radical with HCOOH and DCOOH.! This reaction then
appears to proceed by

OH + HC(0)OH —»H;0 + HCO;,

!
H + CO;

with abstraction of the H (or D) atom from the ~OH (or
~OD) group being the major pathway at room tempera-
ture.

References

'D. L. Singleton, G. Paraskevopoulos, R. S. Irwin, G. S. Jolly, and D. J.
McKenney, J. Am. Chem. Soc. 110, 7786 (1988).

’IUPAC, Supplement II (scc references in Introduction).

3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

“P. H. Wine, R. J. Astalos, and R. L. Mauldin, 111, J. Phys. Chem. 89,
2620 (1985).

5G. 8. Jolly, D. J. McKenncy, D. L. Singlcton, G. Paraskcvopoulos, and

A. R. Bossard, J. Phys. Chem. 90, 6557 (1986).

P. Dagaut, T. J. Wallington, R. Liu, and M. J. Kurylo, Int. J. Chem.

Kinet. 20, 331 (1988).
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HO + CH;COOH — products

Rate coefficient data

i «m® molecule ™! s! Temp./K Reference Comments
tisolute Rate Coefficients
(8.67 = 0.65) x 10713 296.8 Singleton, Paraskevopoulos, and Irwin, 1989" (a)
(5.63 = 0.44) x 10713 326.2
(4.88 + 0.17) x 10~13 356.4
(4.09 = 0.14) x 1071 396.8
(3.95 = 0.07) x 10713 446.2
Reviews and Evaluations
1.3 X 10712 exp(—170/T) 290440 TUPAC, 1989° (b)

Comments

(a) HO radicals generated by the pulsed laser photolysis
of CH;COOH at 222 nm, and detected by UV ab-
sorption at 308.2 nm.

(b) Based on the absolute rate coefficient study of Da-
gaut et al ?

Preferred Values
k = 8 x 107" cm® molecule™! s™! at 298 K.

Reliability
Alog k = *0.3 at 298 K.

Comments on Preferred Values

At 298 K, the rate coefficients of Dagaut et al.’ and
Singleton et al.! are in reasonable agreement. However,
at temperatures above 298 K, Dagaut et a/.* observed the
rate coefficient to increase with increasing temperature,
while Singleton ez al ! observed the rate coefficient to de-

crease in a non-Arrhenius manner with increasing tem-
perature. At 400-440 K, the rate coefficients of Dagaut
et al 3 and Singlcton er al.! disagree by a factor of 2.2.

The preferred 298 K rate coefficient is an average of
the data of Dagaut et al.* and Singleton et al.! No recom-
mendation is made regarding the temperature depen-
dence. The rate coefficient data of Singleton eral.! for
the reactions of the HO radical with CH;COOH,
CD;COOH and CD;COOD indicate that at room tem-
perature the major reaction channel involves H atom ab-
straction from the ~OH bond:

HO + CH;COOH -» H,O + CH;CO;

References

'D. L. Singleton, G. Paraskevopoulos, and R. S. Irwin, J. Am. Chem.
Soc. 111, 5248 (1989).

2IUPAC, Supplement II1, 1989 (see references in Introduction).

3p. Dagaut, T. J. Wallington, R. Liu, and M. J. Kurylo, Int. J. Chem.
Kinet. 20, 331 (1988).

HO + CH3;ONO; — products

Rate coefficient data

-1

k/cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(34 = 04) x 1071 298 Gaffney ef al., 1986 (a)
8.8 x 107% exp[(1050 = 180)/T] 298-393 Niclsen eral., 1991° (b)
(32 £05) x 1078 298 = 2
Relative Rate Coefficients
(38 = 1.0) x 1071 303+ 2 Kerr and Stocker, 1986* (c)
(34 £ 0.7) x 1071 298 + 2 Niclsen et al., 19917 (d)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) Discharge flow system with resonance fluorescence
detection of HO radicals.

(b) HO radicals generated by pulsed radiolysis of
H;O-Ar mixtures at 1 bar total pressure, and de-
tected by UV absorption at 309 nm.

(c) Relative rate method. HO radicals generated from
the photolysis of HONO-air mixtures at atmospheric
pressure. Relative decay rates of methyl nitrate and
ethene measured, and the rate coefficient ratio
placed on an absolute basis by use of K(HO +
ethene) = 8.32 x 107"? cm® molecule™* s~1.*

(d) Relative rate method. HO radicals generated by the
photolysis of CH;ONO-NO-air mixtures at 730-750
Torr total pressure. The decays of CH;0ONO, and
(CH;);CH measured by GC. The rate coefficient ra-
tio was placed on an absolute basis by use of
k(HO + (CHs;):CH) = 234 x 1072 em®

molccule™t s~14
Preferred Values
k = 3.5 x 107" cm® molecule 's! at 298 K and 1 bar.

k = 1.0 x 107" exp(1060/T) cm® molecule™' s~ over
the temperature range 290-400 K at 1 bar.

Reliability
Alog k = +0.10 at 298 K (1 bar).
A(E/R) = %500 K.

Comments on Preferred Values
At room temperature, the absolute and relative rate
coefficients of Nielsen eral.? and Kerr and Stocker’®

ATKINSON ET AL.

measured at 1 bar pressure are in good agreement, but
are an order of magnitude higher than the rate coeffi-
cient measured by Gaffney et al.! at 0.003-0.004 bar pres-
sure. This may indicate that the rate coefficient is
pressure dependent and hence that the reaction proceeds
by H-atom abstraction and OH radical addition (and by
~90% OH radical addition at 298 K and 1 bar). This con-
clusion is supported by the negative temperature depen-
dence.? The preferred 298 K rate coefficient at 1 bar
pressure is the average of the rate coefficients of Nielsen
etal’ and Kerr and Stocker’ (note that formation of
CH3ONO; in the photolysis of CH;ONO-NO-air mix-
tures could have lead to a low measured rate coefficient
in the relative rate coefficient study of Nielsen et al.,* al-
though the agreement of this relative rate coefficient?
with the absolute rate coefficient of Nielsen et al.? and
the relative rate coefficient of Kerr and Stocker® suggests
that any such formation of CH;ONO, was small). The
temperature dependence is derived from the absolute
rate cocfficient data of Niclsen et al.,? and is applicable
only at 1 bar pressure.

References

!J. S. Gaffney, R. Fajer, G. I. Senum, and J. H. Lee, Int. J. Chem. Kinet.
18, 399 (1986).

20. J. Nielsen, H. W. Sidcbottom, M. Donlon, and J. Treacy, Chem.
Phys. Lett. 178, 163 (1991).

3). A. Kerr and D. W. Stocker, J. Atmos. Chem. 4, 253 (1986).

“R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

HO + C,HsONO. — products

Rate coefficient data

k/fem® molecule ™! 5! Temp./K Reference Comments
Absolute Rate Coefficients
4,7 X 107" exp[(716 = 138)/17] 298-373 Nielsen et al ., 1991* (a)
(53 = 0.6) x 1074 298 = 2
Relative Rate Coefficients
(49 £ 21) x 107*2 303 = 2 Kerr and Stocker, 1986° )
(4.6 = 0.3) x 1071 298 + 2 Nielsen er al., 1991! (c)

Comments

(a) HO radicals generated by pulsed radiolysis of

H,O-Ar mixtures at atmospheric pressure, and de-
_ tected by UV absorption at 309 nm.

(b) Relative rate method. HO radicals generated by pho-
tolysis of HONO-air mixtures at atmospheric pres-
sure. Decay rates of ethyl nitrate and ethene
measured and the rate coefficient ratio placed on an

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

absolute basis by use of k(HO + ethene) = 8.32 X
107 cm?® molecule™! s™!2

(c) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures at atmospheric
pressure. Decays of ethyl nitrate and 2-methyl-
propane measured by GC, and the rate coefficient
ratio placed on an absolute basis by use of K (HO +

2-methylpropane) = 2.34 X 10~'2 cm® molecule™

s—-l 3
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Preferred Values

k = 4.9 x 10~P cm® molecule ™' s™! at 298 K and 1 bar.
k= 44 x 107" exp(720/T) cm® molecule ™' s~ over
ihe temperature range 290-380 K at 1 bar.

/\'4'[111bility
Alog k = +0.15 at 298 K (1 bar).
A(E/R) = =500 K (1 bar).

« ‘omments on Preferred Values

‘The absolute and relative rate coefficients of Kerr and
Stocker® and Nielsen etal.! are in good agreement at
1oom temperature. All three rate coefficients have been

1241

determined at ~ 1 bar pressure, and it is possible that the
rate coefficient is pressure dependent at low total pres-
sures. The preferred 298 K rate coefficient is the average
of those determined by Kerr and Stocker? and Nelson
etal.! The preferred temperature dependence is that of
Nielsen et al.! The preferred values are applicable to 1
bar pressure.

References

'0. J. Nielsen, H. W. Sidebottom, M. Donlon, and J. Treacy, Chem.
Phys. Lett. 178, 163 (1991).

2J. A. Kerr and D. W. Stocker, J. Atmos. Chem. 4, 253 (1986).

3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989)

HO + n-C;H;ONO, — products

Rate coefficient data

4 fem® molecule =1 5! Temp./K Reference Comments
thsolute Rate Coefficients
5.0 x 10713 exp[(140 = 144)/T] 298-368 Nielsen et al., 1991* (a)
(82 = 0.8) x 10~V 298 * 2
Relative Rate Coefficients
(72 £ 23) x 1078 303 = 2 Kerr and Stocker, 19867 (®)
(6.2 £ 1.0) x 10" 298 = 2 Atkinson and Aschmann, 1989° (c)
(7.7 = 0.8) x 1079 298 + 2 Nielsen ez al., 1991 (G)]

Comments

(a) HO radicals generated by the pulsed radiolysis of
H,O-Ar mixtures at atmospheric pressure, and de-
tected by UV absorption at 309 nm.

(b) Relative rate method. HO radicals generated by the
photolysis of HONO-air mixtures at atmospheric
pressure. Decay rates of n-propyl nitrate and ethene
measured, and rate coefficient ratio placed on an ab-
solute basis by use of k(HO + ethene) = 832 X
1072 cm® molecule™! s~1.4

(c) Relative rate method. HO radicals generated by the
photolysis of CH;ONO-NO-air mixtures at atmo-
spheric pressure. Decays of n-propyl nitrate and cy-
clohexane measured, and rate coefficient ratio
placed on an absolute basis by use of K (HO + cyclo-
hexane) = 7.49 x 10~ cm® molecule™* s~'.*

(d) Relative rate method. HO radicals generated by the
photolysis of CH;ONO-NO-air mixtures at atmo-
spheric pressure. Decays of n-propyl nitrate and 2-
methylpropane measured by GC and the rate
coefficient ratio placed on an absolute basis by use of
k(HO + 2-methylpropane) = 2.34 x 107" cm®
molecule™! s™1¢

Preferred Values

k = 7.3 x 107" cm® molecule ™! s™!, independent of
temperature over the range 290-370 K (1 bar).

Reliability
Alog k = =*0.15 at 298 K (1 bar).
A(E/R) = %500 K (1 bar).

Comments on Preferred Values

The absolute and relative rate coefficients of Kerr and
Stocker,” Atkinson and Aschmann® and Nielsen et al.! are
in reasonable agreement at room temperature. All stud-
ies have been carried out at ~1 bar pressure. The reac-
tion may proceed by H-atom abstraction and OH radical
addition, and the rate coefficient may be pressure depen-
dent at low total pressures. The preferred 298 K rate co-
efficient is the average of those measured by Kerr and
Stocker,? Atkinson and Aschmann® and Nielsen et al.! A
zero temperature dependence is assumed, consistent with
the data of Nielsen et al.! The preferred rate coefficients
are applicable to 1 bar pressure.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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References
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Phys. Lett. 178, 163 (1991).

ATKINSON ET AL.
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HO + i-C;H,ONO; — products

Rate coefficlent data

k/cm® molecule~! s~! Temp./K Reference Comments
Relative Rate Coefficients
(1.8 = 0.5) x 10~ 299 = 2 Atkinson et al., 1982! (a)
(5.7 £ 23) x 10-% 295 + 2 Becker and Wirtz, 1989° ®)
(4.1 = 0.6) x 10713 208 = 2 Atkingon and Aschmann, 19803 ©)
Comments Reliability

(a) Relative rate method. HO radicals generated from
the photolysis of CH;ONO-NO-air mixtures at at-
mospheric pressure. Decay rates of isopropyl nitrate
and cyclohexane measured, and rate coefficient ratio
placed on an absolute basis by use of kK (HO + cyclo-
hexane) = 7.51 x 10~ cm® molecule™" s!.*

(b) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO-NO-air mixtures at 1 bar. Decay
rates of isopropyl nitrate and n-butane measured,
and the rate cocfficient ratio placed on an absolute
basis by use of k(HO + n-butane) = 2.48 x 1072
cm® molecule ™ s~

(¢) Relative rate method. HO radicals generated by pho-
tolysis of CH;ONO~NO-air mixtures at atmospheric
pressure. Decays of isopropyl nitrate and cyclohex-
ane measured, and the rate coefficient ratio placed
on an absolute basis by use ot kK(HO + cyclohexane)
= 7.49 X 107" cm® molecule ™' s™.*

Preferred Values

k =49 x 107" cm® molecule ™' s~! at 298 K and 1 bar.

Alog k = =0.25 at 298 K (1 bar).

Comments on Preferred Values

The study of Atkinson and Aschmann,? carried out in
a 6400 liter reaction chamber, supersedes the earlier
study of Atkinson et al.! carried out in a 50 liter chamber
and in which wall losses were concluded (probably erro-
neously) to have occurred. The relative rate coetficients
of Becker and Wirtz? and Atkinson and Aschmann® are in
reasonable agreement. The preferred 298 K rate coeffi-
cicnt is the average of thosc of Becker and Wirtz? and
Atkinson and Aschmann.’ As for the other alkyl nitrates,
this reaction may proceed by H-atom abstraction and OH
radical addition, and the preferred rate coefficient is ap-
plicable to 1 bar pressure.

References

IR, Atkinson, S. M. Aschmann, W. P. L. Carter, and A. M. Winer, Int.
J. Chem. Kinet. 14, 919 (1982).

2K. H. Becker and K. Wirtz, J. Atmos. Chem. 9, 419 (1989).

3R. Atkinson and S. M. Aschmann, Int. J. Chem. Kinet. 21, 1123 (1089).
“R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

HO + CH;CO3;NO, — products

Rate coefficient data

k/cm® molecule=! g1

Temp./K Reference Comments
Absolute Rate Coefficients
(7.5 = 1.4) x 10-1 298 Tsalkani ef al., 1988' (a)
" Reviews and Evaluations
12 x 10712 exp( - 650)/T 270-300 1UPAC, 1989° ®)

J. Phys. Chem, Ref. Data, Vol. 21, No. 6, 1992
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Comments

Discharge flow system with resonance fluorescence
detection of HO radicals.

() Based upon the absolute rate coefficient study of
Wallington et al ?

Preferred Values

k=11 x 107" cm® molecule™' s~! at 298 K.
A =95 x 107 exp(—650/T) cm® molecule ™' s~! over
ihe temperature range 270-300 K.

I\'«'llability
Alog k = =0.2 at 298 K.
A(E/R) = +400 K.

1243

Comments on Preferred Values

The 298 K preferred value is the average of the room
temperature rate coefficients of Wallington et al.® and
Tsalkani et al.,! both of which are consistent with the up-
per limit to the rate coefficient previously determined by
Winer etal.* The temperature dependence is that re-
ported by Wallington et al.® The reaction is expected to
proceed via H-atom abstraction from the C-H bonds to
yield H;O + CH,COsNO:.

References

'N. Tsalkani, A. Mellouki, G. Poulet, G. Toupance, and G. Le Bras, J.
Atmos. Chem. 7, 409 (1988).

2JUPAC, Supplement I1I, 1989 (see references in Introduction).

3T. J. Wallington, R. Atkinson, and A. M. Winer, Geophys. Res. Lett.
11, 861 (1984).

‘A. M. Winer, A. C. Lloyd, K. R. Darnall, R. Atkinson, and J. N. Pitts,
Jr., Chem. Phys. Lett. 51, 221 (1977).

HO + HCN — products

Rate coefficient data

k /em® molecule ™! s7! Temp./K Reference Comments
thsolute Rate Coefficients
See comment (b) 373 Phillips, 1978! (a,b)
1.6 x 1071 T-1 exp(—1860/T) 298-563 Phillips, 1979 (ac)
1.0 x 10~ 298
1.2 x 10713 exp(—400/T) 296-433 Fritz et al ., 1984° (d)
@x1)x10° 298
Reviews and Evaluations
1.2 x 107" exp(—400/T) 296-433 CODATA, 1984% IUPAC, 1989° (e)
1.2 X 10713 exp(—400/T) 296-433 NASA, 1990° ®
Comments Preferred Values

(a) Discharge flow system with resonance fluorescence
detection of HO.

(b) The rate coefficient was observed to be pressure de-
pendent below 15 Torr, with the rate coefficient in-
creasing with increasing pressure. These data
indicate an addition reaction in the fall-off region.

(c) Carried out at total pressures of 10-15 Torr. Data
were probably still in the fall-off region.

(d) Flash photolysis system with UV absorption detec-
tion of HO radicals. The rate coefficients were ob-
served to be pressure dependent over the range
~10-450 Torr of N, diluent, with the measured rate
coefficients increasing with increasing pressure. The
cited rate coefficient is that extrapolated to the high-
pressure limit (k).

(e) See Comments on Preferred Values.

(f) Uses the extrapolated high pressure rate coefficient
data of Fritz eral?

k =3 x 107" cm® molecule ™' s™! at 298 K and 1 bar.
k =12 x 107" exp(—400/T) cm® molecule ' s~! over
the temperature range 290-440 K at 1 bar.

Reliability
Alogk = 0.5 at 298 K.
A(E/R) = %300 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, CODATA, 1984.* The preferred values are those
of Fritz et al > with wider error limits. The rate coefficient
increases with increasing pressure over this temperature
range, and the rate coefficients cited are those extrapo-
lated by Fritz et al * to the high-pressure limit.

The reaction proceeds by HO radical addition over this
temperature range. At higher temperatures the available
rate coefficient data indicate a direct abstraction reac-
tion.’

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992 1992
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References
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HO + CH;CN — products

Rate coefficient data

k/cm* molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
1.1 x 1072 exp[— (1130 = 90)/T] 256-388 Hynes and Wine, 1991! (a)
(248 + 038) x 1074 298
Reviews and Evaluations
6.3 x 107" exp(~—1030/T) 250-420 IUPAC, 1989° (b)
6.77 x 107 exp(~1030/T) 250-363 Atkinson, 1989° ()
4.5 x 10-13 exp(—900/T) 250391 NASA, 1990¢ )

Comments

(a) HO radicals were generated by pulsed laser photoly-
sis of H;O; or HNO; and detected by LIF. No defini-
tive evidence for a pressure dependence of the rate
coefficient for the HO + CHs;CN reaction was ob-

served in N; or He diluent over the pressure range.

46-700 Torr (N diluent) or 30-630 Torr (He dilu-
ent). In the presence of O, the HO radical decays
were non-exponential, indicating regeneration of HO
radicals. Combined with analogous data for the reac-
tions of HO radicals with CDs;CN (for which the rate
coefficient was pressure dependent over the pressure
range 40-692 Torr of N; diluent) and of DO radicals
with CHsCN and CDsCN, these data suggest that the
initial HO radical reaction proceeds by H atom ab-
straction from the —~CHj; group and HO radical addi-
tion to the —-CN group.!

H,0 + "CH,CN
HO + CH;CN—-[:
[CH:CNOHT

Subsequent reactions of the addition adduct in the
presence of O then lead to the regeneration of HO
radicals.

(b) The 298 K value was derived from the average of the
rate coefficients reported by Kurylo and Knable® and
Poulet ef al.* The temperature dependence was that
determined by Kurylo and Knable,’ with the A factor
being adjusted to fit the 298 K value.

(c) Derived from a unit-weighted average of the room
temperature rate constants of Fritz etal.,” Poulet
etal..* Zetzsch (unpublished data, 1983) and Kurylo
and Knable,” combined with the temperature depen-
dence of Kurylo and Knable.’

(d) The 298 K value was derived from the average of the
absolute rate coefficients of Kurylo and Knable,’ Zet-

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

zsch (unpublished data, 1983), Rhidsa and Zellner
(unpublished data, 1984) and Poulet et al.® The tem-
perature dependence was obtained from the 295-
391 K data of Rhisa and Zellner (unpublished data,
1984) and those of Kurylo and Knable.?

Preferred Values

k =22 x 107" cm® molecule™ s~! at 298 K (1 bar).
k = 81 x 107" exp(—1080/T) cm’ molecule™ s~
over the temperature range 250-390 K.

Reliability
Alog k = =0.15 at 298 K.
A(E/R) = =200 K.

Comments on Preferred Values

The preferred 298 K rate coefficient is a unit-weighted
average of the rate coefficients of Poulet et al ..’ Kurylo
and Knable® and Hynes and Wine.! The temperature de-
pendence is the mean of those determined by Kurylo and
Knable’ and Hynes and Wine.! The mechanism and prod-
ucts of this reaction are not understood at present [see
comment (a) above]. In view of the possibility of a pres-
sure dependence of the 298 K rate coefficient at low total
pressures' (0.1 bar), the preferred values are applicable
to atmospheric conditions.

References

!A. J. Hynes and P. H. Wine, J. Phys. Chem. 95, 1232 (1991).

IUPAC, Supplement 11, 1989 (see references in Introduction).

3R. Atkinson, J. Phys. Chem. Ref. Data, Monograph 1, 1 (1989).

*NASA Evaluation No. 9, 1990 (see references in Introduction).
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5G. Poulet, G. Laverdet, J. L. Jourdain, and G. Le Bras, J. Phys. Chem.
88, 6259 (1984).

B. Fritz, K. Lorenz, W. Steinert, and R. Zellner, Proc. 2nd European
Symp. on the Physico-Chemical Behavior of Atmospheric Pollutants,
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HOz + CHst —> 02 + CHaozH

\/1° = —156 kJ-mol !

Rate coefficient data

A fcm® molecule ! s~! Temp./K Reference Comments
tholute Rate Coefficients
(48 = 0.2) x 10712 298 Moortgat et al., 1989" (a)
44 x 1071 exp[(780 = 55)/T}] 248-573 Lightfoot, Lesclaux, and Veyret, 19907 (b)
(62 = 1.0) x 10~ 298
Keviews and Evaluations
17 x 10" exp(1000/T) 250-380 IUPAC, 1989° ©
33 x 10~ exp(800/T) 200-300

NASA, 1990* (d)

Comments

(1) Study of the photooxidation of CH;CHO at 700 Torr,
with double multipath spectrometer, combining both
IR and UV absorption spectrometry for monitoring
reactants and products, together with modulated
photolysis for transient detection. Transient absorp-
tions were assigned to peroxy radicals and the rate
coefficient was obtained from kinetic analysis by
computer simulation.

by Flash  photolysis-UV  absorption = study  of
Cl~-CH;0OH-CH+O:-N; mixtures at pressures of
120 or 760 Torr. Revised cross section data were
used, o(HO,) = 5.3 x 107" cm® molecule ™" at 210
nm and o(CH;0;) = 3.6 x 107" cm? molecule ™! at
260 nm.

(¢} Derived from the data of Dagaut et al.,’ Jenkin et al .*
and Cox and Tyndall.’

() The 298 K rate coefficient was the average of the data
of Dagaut etal.’ Jenkin etal.® Moortgat etal.
Lightfoot et al.? and Cox and Tyndall.” The recom-
mended value of E/R was obtained from an analysis
of the temperature dependences of Dagaut etal.’
Lightfoot et al.* and Cox and Tyndall,” with the A-
factor being adjusted to yield the preferred 298 K
rate coefficient.

Preferred Values

k =52 x 107" cm® molecule™! s~ at 298 K.
k = 3.8 x 107" exp(780/T) cm® molecule™' s™! over
the temperature range 225-580 K.

Reliability
Alog k = =0.3 at 298 K.
A(E/R) = =500 K.

t‘omments on Preferred Values

‘The discrepancies in the data for this reaction, due in
part to the different values of the UV absorption cross
cctions used in the various studies,** remain unresolved.

The preferred rate coefficient at 298 K is the mean of
the values of Dagaut etal.’ Jenkin etal.,® Moortgat
et al.,! Lightfoot et al 2 and Cox and Tyndall.” The recom-
mended temperature coefficient is that reported by
Lightfoot et al.,? selected on the basis of their wider range
of temperatures than the previous studies.>” The A -factor
was then adjusted to fit the preferred value of kxs. The
preferred rate parameters are in agreement with the most
recent NASA recommendation.*

The studies of Kurylo et al.* Jenkin et al.® and Light-
foot et al.,? show that the rate coefficient is independent
of pressure over the range 10-760 Torr.

The possibility of a second reaction channel, yielding
HCHO + H:O + O, discussed by Jenkin et al.,’ receives
some indirect support from the study of Moortgat et al.!
They calculated a rate coefficient of x (HO, + CH;0; —»
0; + CH;O:H) = 3.5 x 1072 cm® molecule™" s™! at
room temperature, from the computer simulation of the
rate of formation of CH3OH. Since this is lower than
their value based on the rate of decay of the peroxy rad-
icals, they concluded that there could be an additional
product channel. More direct information concerning the
possible second channel comes from the report of
Wallington and Japar,” on the products of the HO; +
CH;0; reaction studied by FTIR spectroscopy. On the
basis of their analyses of CH;OOH and only trace quan-
tities of HCHO (attributed to secondary reactions),
Wallington and Japar® concluded that the reaction in-
volves only the onc channcl yiclding CH;0:H and Oa.

References

'G. K. Moortgat, R. A. Cox, G. Schuster, J. P. Burrows, and G. S. Tyn-
dall, J. Chem. Soc. Faraday Trans. 2, 85, 809 (1989).

*P. D. Lightfoot, B. Veyret, and R. Lesclaux, J. Phys. Chem. 94, 708
(1990).
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*NASA Evaluation No. 9, 1990 (see references in Introduction).

3P. Dagaut, T. J. Wallington, and M. J. Kurylo, J. Phys. Chem. 92, 3833
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M. E. Jenkin, R. A. Cox, G. D. Hayman, and L. J. Whyte, J. Chem. Soc.
Faraday Trans. 2, 84, 913 (1988).
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ATKINSON ET AL.

H02 + HOCHzoz g 02 + HOCHzozH (1)
g 02 + HCOzH + Hzo (2)

AH°(2) = —473.1 kl-mol -1

Rate coefficient data (k = ki + k2)

kjcm® molecule~! s~! Temp./K Reference Comments
Absolute Kate Coefficients

5.6 x 1071 exp[(2300 = 1100)/T] 275-333 Veyret et al., 1989 (a)

(12 = 0.4) x 10~ 295

(1.2 = 0.3) x 107 298 Burrows et al., 1989° (b)
Branching Ratios :

kyk = 0.40 = 0.15 298 Burrows ef al., 1989° ()

Comments Reliability

(a) Flash photolysis of Cl; in the presence of HCHO or
CH;OH and O; with time-resolved absorption spec-
troscopy for HO, and HOCH,O; radicals. The rate
coefficient k was obtained from a computer simula-
tion of the absorption profiles based on a mechanism
of nine elementary reactions.

(b) Molecular modulation study of Cl,-HCHO-0; mix-
ture with diode laser IR spectroscopy for HO; and
HOCH;0, radicals. The rate coefficient k& was
obtained from a computer simulation of HO; absorp-
tion profiles based on a mechanism of eight elemen-
tary reactions.

(c) Same experimental system as for comment (b). The
branching ratio was determined from a computer
simulation of the quantum yields of HCOOH forma-
tion.

Preferred Values
k = 1.2 x 107" c¢m® molecule~! s~! at 298 K.
k= 5.6 x 107" exp(2300/T) cm® molecule ™! s™! over

the temperature range 275-335 K.
ko/k = 0.4 at 298 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Alog k = =03 at 298 K.
A(E/R) = %1500 K.
A(ki/k) = +0.4 at 298 K.

Comments on Preferred Values

The two studies'? of the rate coefficient at 298 K are in
good agreement and confirm that this reaction is fast
compared with the HO; radical reactions with CH30: and
C,H;0; radicals. The product channel yielding HCOOH
is presumed to proceed via a six-membered cyclic inter-
mediate, analogous to that proposed for the formation of
HCHO, CH;0H and O: from the interaction of CH;O:
radicals.’ Both the temperature dependence and the
branching ratio require independent confirmation.

References

'B. Veyret, R. Lesclaux, M.-T. Rayez, J.-C. Rayez, R. A. Cox, and G
K. Moortgat, J. Phys. Chem. 93, 2368 (1989).

2J. P. Burrows, G. K. Moortgat, G. S. Tyndall, R. A. Cox, M. E. Jenkin,
G. D. Hayman, and B. Veyret, J. Phys. Chem. 93, 2375 (1989).

3M. E. Jenkin, R. A. Cox, G. D. Hayman, and L. J. Whyte, J. Chem. Soc
Faraday Trans. 2, 84, 913 (1988).
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HO, + C;H:0, — 0. + C,Hs0;H

Rate coefficient data

.m' molecule ™! 57! Temp./K Reference Comments
I'wlute Rate Coefficients
63 = 0.9) x 10712 ) 295 Cattell et al., 1986! (a)
v x 1071 exp[(650 = 125)/T] 248-380 Dagaut, Wallington and Kurylo, 19882 (b)
3+ 1.0) x 10712 298
* luve Rate Coefficients
(15 x05) x 10712 298 Niki et al ., 1982} (c)
views and Evaluations
0y x 1071 exp(650/T) 240-380 TUPAC, 1989° (d)
w1013 exp(650/T) 200-300 NASA, 1990 (c)
Comments Reliability

1) Molecular modulation spectrometry system used,
with HO; and C;Hs;0, radicals being generated
simultaneously by photolysis of Cl. in the presence of
C:He~CH3OH-O-N, mixtures at pressures of 2.4
Torr. HO; monitored by IR absorption with a tun-
able diode laser and C,;HsO, monitored by UV ab-
sorption at 260 nm. The rate coefficient k was
determined from the observed perturbation of the
second-order kinetics of the HO, self-reaction when
C:Hs0; was present in large excess, and shown to be
cssentially independent of pressure over the range
2.4-760 Torr.
Flash photolysis of Cl. in the presence of
C:He~CH3;OH-0O,N; mixtures at total pressures of
25-400 Torr. Composite transient absorption decay
curves for HO, and C;HsO, were measured at 230,
250 and 280 nm. Kinetic analysis derived from com-
puter modeling of experimental data.
FTIR spectroscopic study of product formation in
the phOtO‘ySiS of C]—C:Hs—()z and ((‘QHs)zN:—OQ mix-
tures at 700 Torr total pressure. The rate coefficient
k was derived from computer simulation of the pro-
posed mechanism.
1) See Comments on Preferred Values.
) Derived on the same basis as in the IUPAC, 1989*
cvaluation.

Preferred Values

k= 5.8 x 1077 ecm® molecule™ s™! at 298 K.
h = 6.5 x 107" exp(650/T) cm® molecule ™! s™! over
the temperature range 240-380 K.

Alog k = =0.2 at 298 K.
A(E/R) = =200 K.

Comments on Preferred Values

This data sheet is largely reproduced from our previous
evaluation, [IUPAC, 1989.* The two direct studies of this
rate coefficient are in good agreement at 298 K, and the
preferred value is the mean of these data. The rate coef-
ficient reported by Niki e al.? is considerably lower than
the preferred value but it is derived on the basis of a
much less direct technique. The preferred temperature
dependence of the rate coefficient is based on the data of
Dagaut et al.,” but requires further experimental confir-
mation. The experiments of Cattell ez al.! indicate that
the rate coefficient is independent of total pressure based
on measurements at 2.4 and 760 Torr.

Wallington and Japar® have carried out a study of the
products of the HO, + CH;sO: reaction, using FTIR
spectroscopy. From the analyses of C;HsOOH, they con-
cluded that the reaction involves only the one channel
yielding C;HsOOH and Oa.

References

'F. C. Cattell, J. Cavanagh, R. A. Cox, and M. E. Jenkin, J. Chem. Soc.
Faraday Trans. 2, 82, 199 (1986).
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(1988).
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86, 3825 (1982).
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°T. J. Wallington and S. M. Japar, Chem. Phys. Lett. 166, 495 (1990).
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ATKINSON ET AL.

H02 + CH3c03 -> Oz + CHsCO3H (1)

AH°(2) = —132 kJ-mol™!

—> 0; + CH:COH (2)

Rate coefficlent data (k = k, + k2)

k/cm® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients

4.3 x 1073 exp[(1040 = 100)/T] 253-368 Moortgat, Veyret and Lesclaux, 1989 (a)

(13 = 0.3) x 10-1 298
Branching Ratios

ki/k = 023 298 Niki ef al., 1985° (b)

kilk = 0.33 = 0.07 253-368 Moortgat, Veyret and (c)

Lesclaux, 1989*

Comments

(a) Flash photolysis of Cl; in the presence of
CH3;CHO-CH;0H~-O»-N; mixtures at total pressures
of 600-650 Torr. [CH3COs] was monitored by UV ab-
sarption aver the wavelength range 195-280 nm and
the absorption cross section measured relative to
o(HO;) = 53 x 107" cm® molecule™ at 210 nm.
Rate coefficients were derived from a computer sim-
ulation of absorption traces at a range of wave-
lengths, based on a mechanism including secondary
removal of CH3CO:.

(b) FTIR study of irradiated Cl,-HCHO-CH;CHO-0,
mixtures. The branching ratio was based on analysis
of the products, CH;CO:H, CH3CO-H, and Os.

(c) Derived from same experiments as in comment (a) by
making allowance for absorption by the O; product.

Preferred Values

k = 1.4 x 107" cm® molecule™ s™! at 298 K.

k = 43 x 107" exp(1040/T) cm® molecule™! s™! over
the temperature range 250-370 K.

ki/k = 0.3 over the temperature range 250-370 K.

Reliability
Alog k = =0.3 at 298 K.
A(E/R) = =500 K.
A(k/k) = =0.1 over the range 250-370 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

The data of Moortgat et al.! are in line with their re-
sults for the reactions of HO; radicals with CH3O. and
HOCH;0; radicals.** While the results appear reason-
able and we recommend their value of k, this requires in-
dependent confirmation before the error limits can be
reduced.

Channel (2) leading to O; formation is well supported
by the studies of Niki ef al.> and of Moortgat et al.! Such
a pathway does not take place in the HO; + RO; interac-
tions and may be unique to the HO, + RCO; systems.
The recommended branching ratio is a rounded-off mean
from both studies.'?

References

'G. K. Moortgat, B. Veyret, and R. Lesclaux, Chem. Phys. Lett. 160, 443
(1989).

2H. Niki, P. D. Maker, C. M. Savage, and L. P. Breitenbach, J. Phys.
Chem. 89, 588 (1985).

°P. D. Lightfoot, B. Veyret, and R. Lesclaux, J. Phys. Chem. 94, 708
(1990).

“B. Veyret, R. Lesclaux, M. T. Rayez, J. C. Rayez, R. A. Cox, and G.
K. Moortgat, J. Phys. Chem. 93, 2368 (1989).
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HO. + HOCH.CH.0. — products

Rate coefficlent data

m' molecule=~* s=! Temp./K Reference Comments
t - lute Rate Coefficients
(18 £ 1.5) x 10~%2 298 Jenkin and Cox, 1991 (a)
T ox 1071 298 Anastasi et al ., 19912 (b)
(1 x03) x 1071 296 Murrells et al ., 1991° (c)
Comments Comments on Preferred Values

1 1) Molecular modulation study with HOCH,CH,O; rad-
icals being generated from the photolysis of
HOCH:CH_l in the presence of O, and N; at total
pressures of 10, 100 and 760 Torr in a slow flow sys-
tem. Evidence from the modulated absorption spec-
trum in the range 205-310 nm showed additional
transient species were absorbing, and these were as-
cribed to HOCH,CH:OO! and HO.. The rate coeffi-
cient was obtained from computer simulations of the
time-resolved absorption waveforms at 220-310 nm
for experiments at 10 Torr pressure.

() Pulse radiolysis study, with the HOCH.CH.O; radi-
cal being generated from CGH~0O»-HO-SFs and
CH;CH,OH-O»-SFs mixtures at a total pressure of
760 Torr. [HOCH.CH.O;] was monitored by absorp-
tion at 230 nm and k derived from kinetic modeling
of absorption profiles.

(¢) Laser flash photolysis study, with HOCH:CH,O, rad-
icals being generated from photolysis of
HOCHCH:Cl in the presence of O, and N; at total
pressures of 710 Torr. The rate coefficient was ob-
tained by modeling the observed absorption profiles
on the basis of a simplified mechanism of four reac-
tions.

Preferred Values
k = 1.0 x 107" cm® molecule™! s~! at 298 K.

Reliability
Alog k = +0.3 at 298 K.

The studies of Murrells et al ? by laser flash photolysis
and by molecular modulation of the absorption spectrum
of the HOCH,CH,O; radical have shown that the absorp-
tion cross sections reported earlier by Jenkin and Cox'
from molecular modulation studies of the photolysis of
HOCH;CH,l are approximaiely a factor of itwo low.
Jenkin and Cox! made the assumption that the photolysis
of HOCH.CH.l in their system yields entirely
HOCH,CH,0; radicals, which is apparently not the case.
Increasing o230 (HOCH,CH-0O-) by a factor of two in the
interpretation® of the data of Jenkin and Cox' yields the
revised value of k = (8.4 + 3.0) x 107" cm® molecule ™'
s™! at 298 K.

The recommended rate coefficient is the mean of this
revised value together with the value of Murrells ef al .}
The approximatc valuc derived by Anastasi et /.2 in the
pulse radiolysis experiments is a factor of two higher than
our recommended value, and we have not taken this
value of Anastasi et al .2 into account, owing to the differ-
ences in the absorption spectrum of the radical observed
by Anastasi ef al.* compared with the consistent spectra
reported by Jenkin and Cox' and Murrells et al ? (see data
for the reaction ZHOCH,;CH;O; — products).

References

'M. E. Jenkin and R. A. Cox, J. Phys. Chem. 95, 3229 (1991).

2C. Anastasi, D. J. Muir, V. J. Simpson, and P. Pagsberg, J. Phys. Chem.
95, 5791 (1991).

3T. P. Murrells, M. E. Jenkin, S. J. Shalliker, and G. D. Hayman, J.
Chem. Soc. Faraday Trans. 87, 2351 (1991).
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ATKINSON ET AL.

HO; + HCHO — HOCH.00

AH° = —68.1 kI'mol ™!

Rate coefficient data

k/cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.1 = 0.4) x 1071 273 Barnes et al., 1985" (a)
7.7 x 107 exp[(625 + 550)/T)] 275-333 Veyret et al., 1989° (b)
(6.0 = 0.7) x 1071 295
Reviews and Evaluations
9.7 x 10~ exp(625/T) 275-333 IUPAC, 19893 ()
6.7 X 1075 exp(600/T) 200-300 NASA, 1990* (d)

Comments

(a) FTIR spectroscopic study in a 420 £ reaction cham-
ber. HO; radicals were generated from the thermal
decomposition of HO,NO; in the presence of
HCHO, NO: and synthetic air at a total pressure of
400 Torr. The rate coefficient k was obtained from a
computer simulation of the rates of decay of HCHO
and rates of formation of HCOOH and
HOCH:O:;NO,, based on a reaction scheme consist-
ing of nine elementary reactions.

(b) Flash photolysis of Cl, in the presence of HCHO or
CH;OH and O, with long path absorption measure-
ments of HO; and HOCH:O; radicals at total pres-
sures of 85-170 Torr. The rate coefficient & was
obtained from a computer simulation of the absorp-
tion profiles based on a mechanism of five elemen-
tary reactions.

(c) See Comments on Preferred Values.

(d) ks obtained from average of values obtained by Su

etal.’ Veyret et al * and Veyret et al.* Temperature:

dependence taken from Veyret et al
Preferred Values
k = 7.9 x 107* cm® molecule™! s7! at 298 K.

k = 9.7 x 10~% exp(625/T) cm® molecule™! s~! over
the temperature range 275-333 K.

Reliability
Alog k = =0.3 at 298 K.
A(E/R) = =600 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6,1992

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.> The most recent studies of Barnes
et al.! and of Veyret et al.? are in excellent agreement re-
garding this rate coefficient and both are in good agree-
ment with the earlier data of Veyret et al.’ The preferred
rate equation is derived by taking an average value of the
rate coefficients of Barnes et al.! [k (273 K) = 1.1 x 1071
cm?® molecule ™' s™'] and of Veyretetal >[k(275K) = 8.0
x 107" cm® molecule ™' s7'] together with the value of
E/R determined by Veyret et al .

This reaction is believed to proceed via the initial for-
mation of the adduct radical, HO,CH,O, which rapidly
isomerizes to the product radical, HOCH,0O, via H-
atom transfer.

References

1. Barnes, K. H. Becker, E. H. Fink, A. Reimer, F. Zabel, and H. Niki,
Chem. Phys. Lett. 115, 1 (1985).

2B. Veyret, R. Lesclaux, M.-T. Rayez, J.-C. Rayez, R. A. Cox, and G.
K. Moortgat, J. Phys. Chem. 93, 2368 (1989).

STUPAC, Supplement III, 1989 (see references in Introduction).

‘NASA Evaluation No. 9, 1990 (see references in Introduction).

5F. Su, J. G. Calvert, J. H. Shaw, H. Niki, P. D. Maker, C. M. Savage,
and L. P. Breitenbach, Chem. Phys. Lett. 65, 221 (1979).

°B. Veyret, J.-C. Rayez, and R. Lesclaux, J. Phys. Chem. 86, 3424
(1982).
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HOCH:00 — HO, + HCHO

\H® = 68.1 kJ-mol~!

Rate coefficient data

At Temp./K Reference Comments
Ihsolute Rate Coefficients
1.5 298 Su, Calvert, and Shaw, 1979' (a)
30 298 Veyret, Rayez and Lesclaux, 19822 (b)
20%% 273 Barnes ef al ., 1985° ©)
20 x 10'2 exp[(—7000 = 2000)/T] 275-333 Veyret et al ., 1989* (d)
100 = 50 295
Reviews and Evaluations
275-333

2.4 x 10" exp(—7000/T)

Comments

(a) Photooxidation of HCHO-CI, mixtures in H,, O, and
N diluent or in synthetic air (total pressure ~ 700
Torr) studied by FTIR spectroscopy. The rate coeffi-
cient k was derived from a computer simulation of a
complex system.

(b) Flash photolysis of HCHO-O-NO mixtures at total
pressures of 62-230 Torr. Kinetic analysis based
solely on measured +d[NO,)/dz. The rate coefficient
k was derived from a computer simulation of a com-
plex system.

(c¢) FTIR spectroscopic study in a 420 € reaction cham-
ber. HO, radicals were generated from the thermal
decomposition of HO,NO; in the presence of
HCHO, NO: and synthetic air at total pressures of
400 Torr. The rate coefficient k was derived from a
computer simulation of the rates of decay of HCHO
and rates of formation of HCOOH and
HOCH;O:NO:; based on a reaction scheme consist-
ing of nine elementary reactions.

(d) Flash photolysis of Cl, in presence of HCHO or
CH;OH and O; with long-path absorption measure-
ments of [HO:] and [HOCH,0;] at total pressures of
85-170 Torr. The rate coefficient k was obtained
from a computcr simulation of the absorption pro-
files based on a mechanism of five elementary reac-
tions.

(e) See Comments on Preferred Values.

Preferred Values

k=15 x 10*s™! at 298 K.
k = 2.4 x 10?2 exp(—"7000/T) s~ ' over the temperature
range 275-333 K.

Reliability
Alog k = 0.3 at 298 K.
A(E/R) = =2000 K.

Comments on Preferred Values

This data sheet is reproduced from our previous cvalu-
ation, IUPAC, 1989.° The studies of Barnes ef al.* and of
Veyret et al * are in good agreement regarding the rate
coefficient of this reaction. The preferred rate equation
has been obtained by taking the average of the rate coef-
ficients at 273 K from these studies together with the E/R
determined by Veyret et al .’

It should be pointed out that the equilibrium constant
for the reactions HO, + HCHO = HOCH:0; (1,-1),
K= 5.2 x 107! cm® molecule ™! at 298 K, derived from
the kinetic study of Veyret er al.* (which is identical to the
value obtained from our recommended data for k; and
k-1), is in excellent agreement with the value K; = 4.0 X
10" cm® molecule ™! at 298 K obtained independently by
Burrows et al.* from molecular modulation studies. The
above value of K| is, however, considerably smaller than
the value of K; = 3.4 x 107" cm? molecule™! at 298 K
reported by Zabel er al.” from ESR spectroscopic mea-
surements of the ratio of concentrations of HO, and
HOCH,OO radicals in the photolysis of HCHO-0, mix-
tures.

References

'F. Su, J. G. Calvert, and J. H. Shaw, J. Phys. Chem. 83, 3185 (1979).

B. Veyret, J.-C. Rayez, and R. Lesclaux, J. Phys. Chem. 86, 3424
(1982).

31. Barnes, K. H. Becker, E. H. Fink, A. Reimer, F. Zabel, and H. Niki,
Chem. Phys. Lett. 115, 1 (1985).

“B. Veyret, R. Lesclaux, M.-T. Rayez, J.-C. Rayez, R. A. Cox, and G.
K. Moortgat, J. Phys. Chem. 93, 2368 (1989).

- *IUPAC, Supplement I, 1989 (see refcrences in Introduction).

¢J. P. Burrows, G. K. Moortgat, G. S. Tyndall, R. A. Cox, M. E. Jenkin,
G. D. Hayman, and B. Veyret, J. Phys. Chem. 93, 2375 (1989).

’F. Zabel, K. A. Sahetchian, and C. Chachaty, Chem. Phys. Lett. 134,
433 (1987).
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NO; + C.H. — products
Rate coefficient data

k/em® molecule~! s~} Temp./K Reference Comments
Absolute Rate Coefficients

4.9 x 1075 exp[— (2742 = 542)/T}] 296-523 Canosa-Mas et al., 1988'2 (a)

(5.1 = 35) x 10~V 295
Relative Rate Coefficients

<3.0 x 107V 298 Atkinson, Aschmann and Goodman, 1987° (b)
Reviews and Evaluations

<1 x 10~ 298 IUPAC, 1989* ©

<5 x 10~V 298 Atkinson, 1991° (d)

Comments

(a) Discharge flow system with optical absorption detec-
tion of NOs.

(b) Relative rate method. NO; radicals generated by the
thermal decomposition of N2Os in NOq-air mixtures
at atmospheric pressure. Relative decay rates of C;H,
and CH, monitored, leading to k(NO; + C;H,)/
k(NO; + C;Hs) =0.14. Placed on an absolute basis
by use of k(NOs + CH,) = 21 x 107 cm®
molecule ™ s~ (this evaluation).

{c) See Comments on Preferred Values.

(d) Derived from the room temperature rate coefficients
of Canosa-Mas et al.! and Atkinson et al?

Preferred Values
k <1 x 107 cm? molecule ™! s~! at 298 K.
Comments on Preferred Values

This data sheet is reproduced from our previous
evaluation, JTUPAC, 1989. The measurement of rate

coefficients for low reactivity organics is complicated by
the possibility of secondary reactions, leading to erro-
neously high measured rate coefficients. The relative rate
measurcments® show C;H; to be significantly less rcactive
than C;H,. The preferred value of the upper limit to the
rate coefficient is sufficiently high to be consistent with
the data of Canosa-Mas ef al.! Until there are confirma-
tory data for the reported temperature dependence® of
this rate coefficient, no temperature dependence is rec-
ommended.

References

!C. Canosa-Mas, S. J.-Smith, S. Toby and R. P. Wayne, J. Chem. Soc.
Faraday Trans. 2, 84, 247 (1988).

2C. Canosa-Mas, S. J. Smith, S. Toby, and R. P. Wayne, J. Chem. Soc.,
Faraday Trans. 2, 84, 263 (1988).

3R. Atkinson, S. M. Aschmann, and M. A. Goodman, Int. J. Chem.
Kinet. 19, 299 (1987).

‘TUPAC, Supplement III, 1989 (see references in Introduction).

SR. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).

NO; + C.Hs — products

Rate coefficient data

k/cm?® molecule ™! ™! Temp./K
;i‘;la;; }é;e C&eﬁéciems
(143 = 0.54) x 10~ 296 + 1
(1.85 + 0.39) x 10~ 208 = 2

Reviews and Evaluations
2.1 x 10°1¢ 298
4.88 x 107!® T? exp(—2282/T) 295-523

Reference Comments
Andersson and Ljungstrém, 1989! (a)
Barnes et al., 1990% (b)
TUPAC, 1989* (©)
Atkinson, 19914 (d)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(1) Relative rate study, with the rate coefficient being
determined relative to the equilibrium constant K for
the NOs; + NO; = N;O; reactions. Placed on an ab-
solute basis by use of K = 440 x 107" cm’®
molecule ™! at 296 K.*

(h) Relative rate study with the rate coefficient being de-
termined relative to the rate coefficient for the reac-
tion of the NO; radical with 2-methylpropane. Placed
on an absolute basis by use of k(NO; + 2-methyl-
propane) = 1.04 x 107" cm® molecule™ s™'.%°

(¢) Based upon the relative rate coefficient of Atkinson
et al.,® which is in agreement with the absolute rate
coefficient data of Canosa-Mas et al.™®

(d) Derived from the absolute rate coettficients of
Canosa-Mas et al.”® and the relative rate coefficient
of Atkinson et al.,’ using the three parameter expres-
sion k = CT? exp(—D/T).

Preferred Values

k = 2.1 x 107" cm® molecule ™' s™' at 298 K.
k = 33 x 1072 exp(—2880/T) cm® molecule™! s™!
over the temperature range 270-330 K.

Reliability
Alog k = +0.2 at 298 K.
A(E/R) = +500 K.

Comments on Preferred Values
The preferred rate coefficient is derived using the ab-
solute rate coefficient data of Canosa-Mas et al.”* and the
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relative rate coefficient of Atkinson et al.® These data
were fitted to the three parameter expression k = CT?
exp(—D/T), resulting in k = 488 x 107%® T?

exp(—2282/T) cm® molecule™! s™! over the temperature

range 295-523 K. The preferred Arrhenius expression, k
= A exp(—B/T), is centered at 300 K and is derived from
the three parameter expression with4 = C e T? and B
=D + 2T.

The preferred rate coefficient is in reasonable agree-
ment with the relative rate coefficient data of Atkinson
et al ° (which is superseded by the more recent study of
Atkinson et al .f), Andersson and Ljungstrém' and Barnes
etal.? all of which have significant uncertainties due to
the uncertainties in the equilibrium constant for the
NO; + NO; == N;Os reactions or in the reference reac-
tion rate coefficient.

References

Y. Andersson and E. Ljungstrém, Atmos. Environ. 23, 1153 (1989).

21. Barnes, V. Bastian, K. H. Becker, and Z. Tong, J. Phys. Chem. 92,
2413 (1990).

*TUPAC, Supplement II1, 1989 (see references in Introduction).

4R. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).

5J. A. Bagley, C. Canosa-Mas, M. R. Little, A. D. Parr, S. J. Smith, S.
J. Waygood, and R. P. Wayne, J. Chem. Soc. Faraday Trans. 86, 2109
(1990).

SR. Atkinson, S. M. Aschmann, and J. N. Pitts, Jr., J. Phys. Chem. 92,
3454 (1988).

’C. Canosa-Mas, S. J. Smith, S. Toby, and R. P. Wayne, J. Chem. Soc.
Faraday Trans. 2, 84, 247 (1988).

8C. Canosa-Mas, S. J. Smith, S. Toby, and R. P. Wayne, J. Chem. Soc.,
Faraday Trans. 2, 84, 263 (1988).

°R. Atkinson, C. N. Plum, W. P. L. Carter, A. M. Winer, and J. N. Pitts,
Jr., J. Phys. Chem. 88, 1210 (1984).

NOa + 03H5 - prOdUCtS

Rate coefficlent data

k/cm® molecule™! ™! Temp./K Reference Comments
Relative Rate Coefficients
(6.4 = 1.6) x 1071 300 Morris and Niki, 1974 (a)
(1.08 = 0.07) x 10~ 300 Japar and Niki, 1975 (a)
(757 = 1.54) x 10~ 298 = 1 Atkinson et al., 1984° (a)
(741 = 1.95) x 10~ 298 = 1 Atkinson e al., 1984° (b)
(9.45 = 0.47) x 1071 296 = 2 Atkinson, Aschmann, and Pitts, 1988* (©)
Reviews and Evaluations
9.4 x 10°% 298 TUPAC, 1989° (d)
9.45 x 10~% 298 Atkinson, 1991¢ (e)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) Relative rate method. Decay of N,Os monitored by
infrared absorption spectroscopy in N>Os-NOr-
NO;3;-C3Hg-Oz-Ar (or N) mixtures at ~750 Torr to-
tal pressure. The rate coefficient derived for CsHs is
dependent on the equilibrium constant K for the re-
actions NO; + NOs = N,Os. The cited values in the
table use an equilibrium constant of K = 1.26 X
107 exp(11275/T) cm® molecule™..*

(b) Relative rate method in which the decay rate of C;Hs
was monitored relative to that of trans-2-butene in
N205~NONO;-air mixtures by GC. The measured
rate coefficient ratio of k(NOs + propene)/k (NO; +
trans-2-butene) of 0.019 = 0.005 has been placed on
an absolute basis by use of kK(NO; + trans-2-butene)
= 3.90 x 107" cm® molecule™' s7'.8

(c) Relative rate method. The relative decay rates of sev-
eral sets of organics were monitored by GC in
N,Os~NO;-air mixtures at atmospheric pressure. By
combining the rate coefficient ratios for trans-2-

- butene and bicyclo[2.2.2]-2-octene, bicyclo[2.2.2]-2-
octene and thiophene, and thiophene and propene, a
rate coefficient ratio of kK (NO; + propene)/k (NOs +
trans-2-butene) = 0.0243 = 0.0012 was obtained.
Placed on an absolute basis by use of K (NOs + trans-
2-butene) = 3.89 x 10" cm® molecule™! s71.°

(d) See Comments on Preferred Values.

(e) Based on the most recent and precise relative rate
coefficient study of Atkinson eral.!

Preferred Values

k = 9.4 x 107" cm® molecule™! s~! at 298 K.

ATKINSON ET AL.

Reliability
Alog k = *=0.2 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, TUPAC, 1989.° The preferred 298 K rate coeffi-
cient is based on the most recent relative rate study of
Atkinson et al.,* which supersedes the earlier work from
this group® and which is in reasonable agreement with the
earlier studies of Niki and co-workers'? when the differ-
ing equilibrium constants used for the NO; + NO; =
N:Os reactions are taken into account (see cited values in
table). The reaction proceeds by NOs radical addition to
the carbon-carbon double bond.'-*%1°

References

'E. D. Morris, Jr. and H. Niki, J. Phys. Chem. 78, 1337 (1974).

28. M. Japar and H. Niki, J. Phys. Chem. 79, 1629 (1975).

3R. Atkinson, C. N. Plum, W. P. L. Carter, A. M. Winer, and J. N. Pitts,
Jr., J. Phys. Chem. 88, 1210 (1984). :

“R. Atkinson, S. M. Aschmann, and J. N. Pitts, Jr., J. Phys. Chem., 92,
3454 (1088).

*IUPAC, Supplement IIT, 1989 (see references in Introduction).

‘R. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).

7H. Bandow, M. Okuda and H. Akimoto, J. Phys. Chem. 84, 3604
(1980).

P. B. Shepson, E. O. Edney, T. E. Kleindienst, J. H. Pittman, G. R.
Namie, and L. T. Cupitt, Environ. Sci. Technol. 19, 849 (1985).

°I. Barnes, V. Bastian, K. H. Becker, and Z. Tong, J. Phys. Chem. 94,
2413 (1990).

103, Hjorth, C. Lohse, C. J. Nielsen, H. Skov, and G. Restelli, J. Phys.
Chem. 94, 7494 (1990).

NO; + HCHO — HNO; + HCO

AH® = —53.7 kJ-mol~!

Rate coefficient data

k/cm® molecule™! 5! Temp./K Reference Comments
Relative Rate Coefficients
(59 = 0.5) x 107 298 + 1 Atkinson et al., 1984! (a)
5.6 x 10716 298 Cantrell et al., 1985> (b)
" (8.7 = 0.6) x 1071 298 Cantrell et al ., 1985% (c)
(79 = 1.6) x 1071 295 Hjorth, Ottobrini and Restelli, 1988* (d)
Reviews and Evaluations
6 x 1071 298 IUPAC, 1989* (e)
5.8 x 10716 298 NASA, 1990° ) )
5.8 x 10716 298 Atkinson, 1991¢ (e)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

{a) Relative rate method. N,Os decay rates monitored in
N;0Os-NO-HCHO-air mixtures as a function of the
HCHO/NO; concentration ratio. The rate coefficient
derived is dependent on the value of the equilibrium
constant K for the reactions NO; + NOsz == N;Os. An
equilibrium constant of K = 3.41 x 107" cm’
molecule ™! at 298 K° has been used to place the rate
coefficient on an absolute basis.

(b) Derived from computer fits of time-concentration
data for reactants and products, monitored by FTIR
absorption spectroscopy, in O;-NO,~HCHO-0O-N;
mixtures. For four experiments in which the NO; rad-
ical was monitored, the rate coefficient was not de-
pendent on the equilibrium constant for the
reactions NO; + NOs = N,Os, and a rate coefficient
of 5.6 X 107 cm® molecule™' s~' was obtained.

(¢) Derived from computer fits of time-concentration
data for reactants and products, monitored by FTIR
absorption spectroscopy, in O3-NO;~HCHO-O~N:
mixtures. For five of the nine experiments the rate
coefficient derived was dependent on the equilibrium
constant for the reactions NO; + NOs; = N:Os. An
equilibrium constant of 341 x 107" cm?
molecule ™! * has been used to place the data on an
absolute basis.

(d) Derived from computer fits of time-concentration
data for reactants and products, monitored by FTIR
absorption spectroscopy, in O-NO,-HCHO-0O>-N;
and N2Os-NOrHCHO-O,-N, mixtures. The rate
coefficient derived is dependent on the equilibrium
constant for the reactions NO; + NO; = N;Os. An
equilibrium constant of 4.00 x 107" cm?
molecule™!® has been used to place the data on an
absolute basis, although the equilibrium constant
cited by Hjorth er al ? is not consistent with the tem-
perature employed. Hence reevaluation of the
Hijorth et al ? data is subject to large uncertainties.

(e) Based upon the relative rate coefficient of Atkinson
etal.! and the absolute rate coefficient of Cantrell
etal?
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(f) Based on the absolute and relative rate coefficient
data 3of Atkinson et al.,' Cantrell et al.> and Hjorth
etal.

Preferred Values
k = 5.8 x 107" cm® molecule ™! 5! at 298 K.

Reliability
Alog k = +0.3 at 298 K.

Comments on Preferred Values

The data of Atkinson et al.,' Cantrell et al.2 and Hjorth
et al 2 disagree by a factor of ~1.5 when the same equi-
librium constant for the reactions NO, + NO; = N,Os is
used to place the rate coefficients on an absolute basis.
However, the rate coefficient obtained by Cantrell et al 2
from experiments which were independent of this equi-
librium constant agree well with that derived from the
Atkinson et al.! data.

Accordingly, a rate coefficient of 5.8 x 10~% cm?
molecule ™' s™! is recommended, with the uncertainty lim-
its reflecting the need for an absolute measurement.
While no temperature dependence of the rate coefficient
has been measured to date, by analogy with the NO; rad-
ical reaction with CH;CHO, a preexponential factor of
~2 x 107" cm’ molecule™" s~ is expected, and hence
k(NO; + HCHO) ~2 x 1072 exp(-2430/T) cm®
molecule ™ s7!,

This reaction proceeds by H atom abstraction

NO; + HCHO — HNO; + HCO

References

'R. Atkinson, C. N. Plum, W. P. L. Carter, A. M. Winer, and J. N. Pitts,
Jr., J. Phys. Chem. 88, 1210 (1984),

C. A. Cantrell, W. R. Stockwell, L. G. Anderson, K. L. Busarow, D.
Perner, A. Schmeltekopf, J. G. Calvert, and H. §S. Johnston, J. Phys.
Chem. 89, 139 (1985).

3J. jorth, G. Ottobrini, and G. Restelli, J. Phys. Chem, 92, 2669 (1988).

*IUPAC, Supplement HI, 1989 (sce references in Introduction).

*NASA Evaluation No. 9, 1990 (sce references in Introduction).

®R. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).
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ATKINSON ET AL.

NO; + CH;CHO — HNO; + CH,CO

AH® = —58.0 kJ-mol !

Rate coefficient data

k/cm® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
1.44 x 10712 exp[ — (1860 = 300)/T] 264-374 Diugokencky and Howard, 1989! (a)
(274 = 033) x 1075 298
Relative Rate Coefficients
(2.54 = 0.64) x 101 300 Morris and Niki, 19742 ®)
(244 = 0.52) x 1075 298 + 1 Atkinson et al., 1984° ©)
(3.15 = 0.60) x 10~ 299 Cantrell et al ., 1986* (d)
Reviews and Evaluations
1.4 X 1072 exp(—186U/1) 260-370 IUPAC, 1989 ©
1.4 x 10~'2 exp(~1900/T) 264-374 NASA, 1990° )
144 x 10~ exp(—1862/T) 264-374 Atkinson, 19917 ®

Comments

(a) Flow system with LIF detection of NOs.

(b) Relative rate method. NO; radicals generated from
the thermal decomposition of N,Os in O»/Ar mixtures
at 750 Torr total pressure. Decays of N.Os monitored
by IR absorption spectroscopy in the presence of ex-
cess CH;CHO. Placed on an absolute basis by use of
an equilibrium constant for the NO; + NO; = N,;Os
reactions of 2.65 x 10~!' cm® molecule™.’

(c) Relative rate method. NOs radicals generated from
the thermal decomposition of N,Os in air at 740 Torr
total pressure, and the decays of N;Os in the pres-
ence of excess CH3CHO monitored by FTIR absorp-
tion spectroscopy. Placed on an absolute basis by use
of an equilibrium constant for the NO, + NO; =
NO:s reactions of 3.41 x 107" cm® molecule ™.’

(d) NO; radicals generated from the thermal decomposi-
tion of N>Os in synthetic air at 700 Torr total pres-
sure. Reactants and products monitored by FI1IR
absorption spectroscopy, and their time-concentra-
tion profiles fitted by computer modeling, using an
equilibrium constant for the NO,; + NO; = N,O; re-
actions of 3.00 x 107" cm?® molecule™! at 299 K.

(e) See Comments on Preferred Values.

(f) The 298 K value was derived from the rate coefficient
data of Atkinson eral.? (as reevaluated), Cantrell
et al.* and Dlugokencky and Howard.! The tempera-
ture dependence of Dlugokencky and Howard' was
utilized with the A4 -factor being adjusted to yield the
preferred 298 K value.

(g) Based on the absolute rate coefficient study of
Dlugokencky and Howard.! The reevaluated relative
rate coefficients of Morris and Niki,> Atkinson et al 2
and Cantrell ez al.* are in good agreement with the
recommended value.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Preferred Values

k = 2.7 x 107" cm® molecule 's ' at 298 K.
k = 1.4 x 107" exp(—1860/T) cm® molecule ™! s~!
over the temperature range 260-370 K.

Reliability
Alog k = *0.2 at 298 K.
A(E/R) = =500 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.° The preferred values are based
upon the sole absolute rate coefficient study of Dlugo-
kencky and Howard.! The rate coefficients reported by
Morris and Niki,> Atkinson etal® and Cantrell etal.!
(when reevaluated’ to be consistent with recent values of
the equilibrium constant for the NO, + NO; == N;O;s re-
actions) are in good agreement with this preferred value.
However, because of the significant uncertainties in this
equilibrium constant,” these relative rate coefficient data
were not used in the evaluation of the preferred rate co-
efficient.

References

!E. J. Dlugokencky and C. J. Howard, J. Phys. Chem. 93, 1091 (1989).

’E. D. Morris, Jr. and H. Niki, J. Phys. Chem. 78, 1337 (1974).
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“C. A. Cantrell, J. A. Davidson, K. L. Busarow, and J. G. Calvert, J.
Geophys. Res. 91, 5347 (1986).

*TUPAC, Supplement 111, 1989 (see references in Introduction).

®NASA Evaluation No. 9, 1990 (see references in Introduction).

R. Atkinson, J. Phys. Chem. Ref. Data 20, 459 (1991).
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NO; + CH,;0H — products

Rate coefficient data

& /cm* molecule ! s~! Temp./K Reference Comments
thsolute Rate Coefficients
125 x 10712 exp[ - (2562 = 241)/T] 294-473 Canosa-Mas et al ., 1989' (a)
(2.1 = 1.1) x 107 294
Keviews and Evaluations
<1 x 101 298 TUPAC, 1989° (b)

Comments

(a) Discharge flow system with optical absorption detec-
tion of NOa.

(b) Based on the upper limit to the absolute rate coeffi-
cient determined by Wallington et al.® using a flash
photolysis system with optical absorption detection of
NOs.

Preferred Values

k = 2.4 x 107" cm® molecule™' s™' at 298 K.
k = 1.3 x 107" exp(—2560/T) cm® molecule™ s~
over the temperature range 290-480 K.

Reliability
Alog k = =0.5 at 298 K.
A(E/R) = =700 K.

Comments on Preferred Values

The preferred values are based on the absolute rate co-
efficient study of Canosa-Mas et al.! The 298 K preferred
rate coefficient is consistent with the upper limit to the
rate coefficient determined by Wallington et af.?

References

IC. E. Canosa-Mas, S. J. Smith, S. Toby, and R. P. Wayne, J. Chem.
Soc., Faraday Trans. 2, 85, 709 (1989).

2JUPAC, Supplement 111, 1989 (see references in Introduction).

3T. J. Wallington, R. Atkinson, A. M. Winer, and J. N. Pitts, Jr.,, Int. J.
Chem. Kinet. 19, 243 (1987).

NO: + C.H;OH — products

Rate coefficient data

kfcm® molecule ™! s~? Temp./K Reference Comments
Absolute Rate Coefficients
<9 x 1076 298 Wallington et al., 1987 (a)
Reviews and Evaluations
<2 x 10~ 298 IUPAC, 19892 (b)
Comments Comments on Preferred Values

(a) Flash photolysis system with optical absorption de-
tection of NO;.
(b) See Comments on Preferred Values.

Preferred Values

k < 2 x 107" cm® molecule ™ s~ at 298 K.

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.% The preferred value is based on the
only study carried out to date.' A somewhat higher upper
limit is' recommended than cited by Wallington et al.!

References
'T. J. Wallington, R. Atkinson, A. M. Winer, and J. N. Pitts, Jr., Int. J.

Chem. Kinet. 19, 243 (1987).
2IUPAC, Supplement III, 1989 (see references in Introduction).

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992



1258

ATKINSON ET AL.

NO; + i-C;H;OH — products

Rate coefficient data

k/cm® molecule ™! s—! Temp./K Reference Comments
Absolute Rate Coefficients

<23 x 1071 ) 298 Wallington e al., 1987 (a)
Reviews and Evaluations

<5 x 10~ 298 IUPAC, 1989° (b)

Comments
(a) Flash photolysis system with optical absorption de-
tection of NQ;.
(b) See Comments on Preferred Values,

Preferred Values

k <5 x 107" cm® molecule™! s~! at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAGC, 1989.7 The preferred value is based on the
only study carried out to date.! A somewhat higher upper
limit is recommended than cited by Wallington et al.!

References
T, J. Wallington, R. Atkinson, A. M. Winer, and J. N. Pitts, Jr., Int. J,

Chem. Kinet. 19, 243 (1987).
UPAC, Supplement 11, 1989 (see references in Introduction).

CH3+02+M—>CH302+M

AH® = —135.6 kI'mol~*

Low-pressure rate coefficients

Rate coefficient data

kofcm® molecule~! s—! Temp./K Reference Comments
Absolute Rate Coefficients
(1.0 = 0.3) x 300-850 Keiffer and Pilling, 1991 (@)
10-3(T/300) =33 [Ar]
Reviews and Evaluations
8 x 1073(T/300)33 [N,] 200-600 CODATA, 1980% TUPAC, 1989° (b)
4.5 x 1073'(T/300) ** [air] 200-300 NASA, 1990° (©)

Comments

(a) CH; radicals were produced by laser flash photolysis
of acetone at 193 nm and detected by UV absorption
at 216 nm. At the temperatures employed (775-
850 K) the reaction is in the equilibrium regime. The
pressure of Ar was varied between 54 and 560 Torr.
The rate data were fitted, together with previous val-
ues at lower temperatures™® wusing F. =
0.46 —0.039(T/300) which corresponds to F. = 0.43
at 300 K.

(b) Based on earlier data, in particular from Refs. 6 and
7, using F. = 0.27 at 300 K.

(c) Based on the low-pressure data of Selzer and Bayes,?
using F. = 0.6 at 300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Preferred Values

ko = 1.0 x 107°%(T/300)** [N;] cm® molecule™! s™!
over the temperature range 200-300 K.

Reliability
Alog ko = *0.2 at 300 K.

An = =1.

Comments on Preferred Values

The evaluation uses the new results of Ref. 1 which are
in good agreement with the previously preferred values of
Ref. 3, although different values of F. were employed.
The temperature dependence of F. applied in Ref. 1 does
not extend to temperatures below 300 K. The calculated
values of F. used in Ref. 3 are preferred, i.e., F. = 0.27
at 300 K.
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High-pressure rate coefficients

Rate coefficient data

A . fem® molecule ™! s~! Temp./K Reference Comments
thsolute Rate Coefficients

(1.2 = 0.2) x 107¥(T/300)'? 300-850 Keiffer and Pilling, 1991} . (a)
Reviews and Evaluations

22 x 10713(T/300)! 200400 CODATA, 19802 TUPAC, 1989 (b)

1.8 x 107'%(T/300)~'7 200-300 NASA, 1990* (c)

Comments

(a) See comment (a) for k. Falloff extrapolation with a
fitted value of F. = 0.43 at 300 K.

(b) Based on data from Ref. 7. The temperature depen-
dence was from the measured dependence from
Ref. 6 and that theoretically predicted in Ref. 7.
Falloff extrapolation conducted with a calculated
value of F. = 0.27 at 300 K. )

(c) Based on the rate data from Ref. 3. The temperature
dependence was an estimate. The standard value of
F. = 0.6 was used.

Preferred Values

ke = 2.2 X 107'%(T/300)'° cm’ molecule ' s™! over the
temperature range 200-300 K.

Comments on Preferred Values

Most of the discrepancies between Refs. 1, 3, and 4 are
due to the choice of different F. values. The preferred
values correspond to F. = 0.27 at 300 K. At pressures be-
low 1 bar all recommended falloff experiments give simi-
larly good fits to the data. The present preferred values
follow Refs. 3 and 7.

References

M. Keiffer and M. J. Pilling, J. Chem. Soc. Faraday Trans. 87, in press
(1991).

2CODATA, 1980 (see refercnces in Introduction).

3JUPAC, Supplement 111, 1989 (see references in Introduction).

“NASA Evaluation No. 9, 1990 (see references in Introduction).

M. J. Pilling and M. J. C. Smith, J. Phys. Chem. 89, 4713 (1985).

M. Keiffer, M. J. Pilling and M. J. C. Smith, J. Phys. Chem. 91, 6028
(1987).

C. J. Cobos, H. Hippler, K. Luther, A. R. Ravishankara, and J. Troe,
J. Phys. Chem. 89, 4334 (1985).

8E. A. Selzer and K. D. Baycs, J. Phys. Chem. 87, 392 (1983).

02H5 + 02 b d CzH4 + H02

Reliability
Alog k. = *0.3.
An = *1.

AH® = —351.7 kJ'mol™*

Rate coefficient data

k/cm® molecule ! s~} Temp./K Reference Comments
Absolute Rate Coefficients
<10~ 1000 Wagner et al., 1990 (a)
Relative Rate Coefficients
1.9 x 10~* (100 Torr, air) 298 Kaiser, Lorkovic, and Wallington, 1990° (b)
3.8 x 10~'5 (760 Torr, air) 298
9.8 x 10~!¢ (6000 Torr, air) 298
Reviews and Evaluations
1.4 x 10712 exp(—1950/T) 300-2500 IUPAC, 1989° (©)
1.7 x 10~ exp(1100/T) 600-1200 Baulch ez al, 1992° (d)
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Comments

(a) Experimental and theoretical study of the C;Hs + O,
reaction. Experiments were carried out in tubular
flow reaction; C;Hs formed from the laser photolysis
of C;H;sBr or CCL~C;Hs mixtures; [C;Hs] decay and
[C:H.] growth monitored by photoionization MS.

(b) Study of the yields of C;H4 produced relative to the
C;Hs consumed (GC analysis) in a system in which
C;H; radicals were generated from UV irradiation of
Cl,-C;H¢—0O>-N; (or air) mixtures. Over the pressure
range 1-6000 Torr the percentage of C;H, produced,
relative to the C;Hg consumed, decreased from 12%
to 0.02%, following a P(~°% * D pressure dependence
in air. The listed pressure-dependent & values are rel-
ative 10 values of k(C:Hs + O2 + M — GH;0; +
M) calculated from the recommended data of this
evaluation.

(c) Based on previous
Hampson.’

(d) Based on data of McAdam and Walker® and of Slagle
etal

evaluations of Tsang and

Preferred Values

k = 3.8 x 107" cm® molecule "' s at 298 K and 1 bar.
k=19 x 107" cm® molecule ™' s~! at 298 K and 0.133
bar.

ATKINSON ET AL.

Reliability
Alog k = *£0.5 at 298 K.

Comments on Preferred Values

The recommended pressure-dependent values of Kz
are from the product study of Kaiser et al.> The tempera-
ture dependence of the rate coefficient has yet to be es-
tablished, but at a given pressure, increasing the
temperature leads to an increased yield of CHa.

For a full discussion on the mechanism of the C;Hs +
O; reaction see the paper of Wagner et al ! It is clear that
for atmospheric conditions the interaction of C;Hs with
O; to form C,H;s0; radicals is by far the dominant path-
way.

References

'A. F. Wagner, 1. R. Slagle, D. Sarzynski, and D. Gutman, J. Phys,
Chem. 94, 1853 (1990).

E. W. Kaiser, I. M. Lorkovic, and T. J. Wallington, J. Phys. Chem. 94,
3352 (1990).

3IUPAC, Supplement 111, 1989 (see references in Introduction).

“D. L. Baulch, C. J. Cobos, R. A. Cox, C. Esser, P. Frank, Th. Just, J.
A. Kerr, M. J. Pilling, J. Troe, R. W. Walker, and J. Warnatz, J. Phys.
Chem. Ref. Data 21, 411 (1992).

SW. Tsang and R. F. Hampson, J. Phys. Chem. Ref. Data 15, 1987
(1986).

K. G. McAdam and R. W. Walker, J. Chem. Soc. Faraday Trans. 2, 83,
1509 (1987).

L. R. Slagle, Q. Feng, and D. Gutman, J. Phys. Chem. 88, 3648 (1984).

C:Hs + O, + M > C,H:O, + M

AH° = —147.2 k¥mol !

Low-pressure rate coefficients

Rate coefficient data

kofcm® molecule ™! s~ Temp./K Reference Comments
Absolute Rate Coefficients
1.96 x 107°T—°* x 296-805 Wagner et al., 1990* (a)
exp(—2150/T) [He]
5.9 x 10~* [He] 298
Relative Rate Coefficients
(6.5 = 2.0) x 10~% [He] 298 Kaiser, Wallington and Andino, 19902 (b)
Reviews and Evaluations
2.0 x 10-2%(T/300)~3% [N;] 200-300 CODATA, 1984°; TUPAC, 1989* (c)
2.0 x 10-2%(T/300)~3* [air] 200-300 NASA, 1990° (d)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) CHs radicals were generated by photolysis of C;HsBr
at 248 nm or photolysis of CCL~C;Hs mixtures at 193
nm. The experiments were carried out in a heatable
tubular reactor coupled to a photoionization MS.
C.H;s and C;H, were detected in real time. He pres-
sures from 0.5 to 15 Torr were used.

(b) Mixtures of Cl;~C;He~O; and diluent gases were irra-
diated using the output from UV blacklights to pro-
duce C,Hs radicals. The C;Hs consumed was
determined by either FTIR or GC with flame ioniza-
tion detection (which also allowed the amount of
C.HsCl formed to be measured). Rate coefficients
were measured as a function of pressure (3-1500
-Torr) relative to that of C;Hs + Cl, — GHsCl + Cl,
and have been placed on an absolute basis by use of
k(CHs + Cly) = 2.9 x 107" cm® molecule ™' s™" at
5 Torr.

(c) Based on rate constants from Plumb and Ryan,® us-
ing F. = 0.7 and assuming collision efficiencies . for
N> and O, of 0.3 and AH® = —133 kl-mol~L

(d) From IUPAC, 1989.

1261
Preferred Values

ko = 5.9 x 107*(T/300)~3% [N,] ¢cm® molecule™! s~!
over the temperature range 200-300 K.

Reliability

Alog ky = +0.3 at 300 K.

An = 1.
Comments on Preferred Values

Experiments so far have mainly been conducted using
the bath gas He, with the previously recommended rate
coefficients* for M = N; and O; being estimated relative
to the He data. The new study of Ref. 2 reports identical
rate coefficients for M = He and N, in the upper half of
the falloff curve. For this reason, we revise the preferred
values by using identical ko values for M = He and N..
We prefer the most extensive results from Ref. 1 because
the long falloff extrapolation to ko was done with a careful
theoretical analysis. However, we retain the temperature
coefficient from Ref. 6 which was determined theoreti-
cally. Falloff extrapolations were made with theoretically

derived' values of F. = 0.64 at 200 K and 0.54 at 300 K.

High-pressure rate coefficient

Rate coefficient data

ko/cm® molecule ~! s~! Temp./K Reference Comments
Absolute Rate Coefficients

1.3 x 10~ exp(420/T) 298-400 Munk et al., 19867 (a)

53 x 10712 298

3.67 x 10~1T°772 exp(287/T) 296-805 Wagner et al., 1990! (b)
Relative Rate Coefficients

9.2 = 0.9) x 102 298 Kaiser, Wallington and Andino, 1990? (c)
Reviews and Evaluations

5x 10-1 200-300 CODATA, 1984% TUPAC, 1989* (d)

5 x 10712 200-300 NASA, 1990° (c)

Comments Reliability
' Alog k. = =0.2 over the temperature range 200-

(a) Pulsed radiolysis in H; at 1 atm. C;Hs radicals gener- 300 K.

ated from the reaction H + GH,, and C,HsO, radi-
cals were monitored by absorption at 240 nm.

(b) See comment (a) for k.

(c) See comment (b) for k.

(d) Based on the analysis of data of Plumb and Ryan,
assuming that F. = 0.7.

(e) From IUPAC, 1989.

6

Preferred Values

k. = 7.8 x 107" cm® molecule™! s™! over the temper-
ature range 200-300 K.

Comments on Preferred Values

As for ko, we prefer the more extensive data from
Ref. 1 because of their combination with a careful theo-
retical analysis. We assume a temperature independent
rate coefficient k. below 300 K. Falloff curves were fit-
ted' with an expression F. = {0.58 exp(—7/1250) + 0.42
exp(— T/183)} which leads to F. = 0.64 at 200 K and 0.54
at 300 K. Within the stated error limits, the available data
all agree with the preferred values based on Ref. 1.
QRRK calculations® of the reaction are less realistic than
the RRKM calculations of Ref. 1. The analysis of the

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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reaction system is complicated, because there is a cou-
pling of the addition reaction with the reaction forming
CH,, C;Hs + O, —» CH, + HO; (see the analysis in
Ref. 1).

References

'A. F. Wagner, 1. R. Slagle, D. Sarzynski, and D. Gutman, J. Phys.
Chem. 94, 1853 (1990).

ATKINSON ET AL.

2E. W. Kaiser, T. J. Wallington, and J. M. Andino, Chem. Phys. Lett.
168, 309 (1990).

3CODATA, Supplement II, 1984 (see references in Introduction).

“IUPAC, Supplement III, 1989 (see references in Introduction).

SNASA Evaluation No. 9, 1990 (see references in Introduction).

L. C. Plumb and K. R. Ryan, Int. J. Chem. Kinet. 13, 1011 (1981).

7J. Munk, P. Pagsberg, E. Ratajczak, and A. Sillesen, J. Phys. Chem. 90,
2752 (1986). )

8J. W. Boselli and A. M. Dean, J. Phys. Chem. 94, 3313 (1990).

n-C;H; + O + M - n-C;H,0, + M

High-pressure rate coefficients

Rate coefficient data

Reference

kw/cm® molecule ™! s~* Temp./K Comments
Absolute Rate Coefficients
6 x 107" 297 Slaglc et al., 1985! (a)
Reviews and Evaluations
6 x 10712 200-300 CODATA, 1984% TUPAC, 19893 (b)
Comments Reliability

(a) Flow system study using photoionization MS for the
detection of n-C;Hy radicals, which were produced
by CO; laser photolysis of CsF:C4Hy. Only weak pres-
sure dependences were observed over the range of
He or N pressures from 0.4 to 6.8 Torr. The rate co-
efficient decreased from 6 x 107210 2.8 x 10~ ®cm’®
molecule ™ s™! over the temperature range 297-
635 K.

(b) Based on Ref. 1 and earlier data by Ruiz and Bayes.*
The observed negative temperature coefficient was
attributed to falloff effects, and experiments con-
ducted near 300 K were assumed to be close to the
high pressure limit.

Preferred Values
k = 6 x 1072 cm® molecule™ s7! at 1-10 Torr and
208 K.

k. = 8 x 107" cm® molecule™' s~! over the tempera-
ture range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Alog k. = =0.2 over the temperature range 200-
300 K.

Comments on Preferred Values

The available experimental data are consistent with
each other. Because they were obtained at total pressures
below 100 Torr, we estimate that some falloff corrections
have to be applied, which is taken into account in the pre-
ferred values. These values are consistent with experi-
ments for the reactions C;Hs + O, + M —- CGH;O, + M
and i-CHs + O; + M — i-C;H;0:2 + M (see this eval-
uation).

References

'I. R. Slagle, J.-Y. Park, and D. Gutman, 20th International Symposium
on Combustion, 1984 (Combustion Institute, Pittsburgh, PA, 1985), pp.
733-741.

*CODATA, Supplcment 11, 1984 (see references in Introduction).
*IUPAC, Supplement II1, 1989 (see references in Introduction).

“R. P. Ruiz and K. D. Bayes, J. Phys. Chem. 88, 2592 (1984).



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

1263

i'C3H7 + 02 + M 4 i'C3H70z + M

AH°® = —157.9 kJ'mol~!

High-pressure rate coefficients

Rate coefficient data

ko/cm® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients

141 x 1071 300 Ruiz and Bayes, 1984! (a)

8.3 x 10712 300 Munk ef al., 1986> (b)
Reviews and Evaluations

1.5 x 10~ 200-300 CODATA, 1984% TUPAC, 1989* (c)

Comments

(a) Flash photolysis system with detection of radicals by
photoionization MS. No pressure dependence de-
tected for He or N; pressures from 1 to 4 Torr.

(b) Pulsed radiolysis study in H; at 1 atm. i-CsH; gener-
ated by the addition of H to C;Hs and detected by
UV absorption at 253 nm. Absorption spectrum of i-
G;H,0; also detected.

(c) Based on the data from reference 1.

Preferred Values

ko = 1.1 X 107" cm® molecule ™' s~! over the temper-
ature range 200-300 K.

Reliability
Alog k.. =
300 K.

*0.3 over the temperature range 200-

Comments on Preferred Values

The preferred values are taken as the average of the
results from Ref. 1 and 2. Falloff corrections are probably
within the uncertainties of the average. This rate coeffi-
cient k. appears consistent with those for the reactions
C:H;s + Oz + M - CGH:0; + M and n-CHy; + O, +
M — n-GH;0; + M (see this evaluation).

References

'R. P. Ruiz and K. D. Bayes, J. Phys. Chem. 88, 2592 (1984).

2J. Munk, P. Pagsberg, E. Ratajczak, and A. Sillesen, Chem. Phys.
Lett.132, 417 (1986).

3CODATA, Supplement II, 1984 (sce references in Introduction).

‘TUPAGC, Supplement III, 1989 (see references in Introduction).

CHsCOCHz + 02 + M g CHJCOCH:OZ + M

High-pressure rate coefficients

Rate coefficient data

kw/cm® molecule ! s~* Temp./K Reference Comments
Absolute Kate Coefficients
145 x 10-12 298 Cox et al ., 1990* (a)

Comments

(a) Pulsed radiolysis of CH;COCH;~O,-SFs mixtures at
1 bar of SFs. CH:COCH; radicals were formed by the
reaction of F atoms with CH;COCHj. At the moni-
toring wavelength of 310 nm both CH;COCH, and
CH3;COCH;O; radicals absorb, with the absorption
cross-section of the peroxy radical being a factor of
1.7 greater than that of the CH;COCH. radical. The

rate coefficient was evaluated by simulations of the

above reaction together with the reaction

CH;COCH; + CH;COCH;O, — 2CH;COCH0.
Preferred Values

ke = 1.5 x 107'* cm® molecule™! s~! at 300 K.

Reliability
Alog k. = =0.5 at 300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments on Preferred Values

Because this is the only study of this reaction, we rec-
ommend large error limits. Near atmospheric pressure
this reaction should be close to the high pressure limit.

ATKINSON ET AL.

References

IR. A. Cox, J. Munk, O. J. Nielsen, P. Pagsberg, and E. Ratajczak,
Chem. Phys. Lett. 173, 206 (1990).

HCO + O; — CO + HO;

AH®° = —133.1 kJ'mol ™!

Rate coefficient data

k/cm® molecule =" s~! Temp./K Reference Comments
Absolute Rate Coefficients
1.3 x 107 exp[ — (204 = 180)/T] 295-713 Timonen, Ratajczak, and Gutman, 1988! (a)
6.2 x 10-12 295
3.2 x 107" exp(87/T) 200-398 Stief, Nesbitt, and Gleason, 1990° (b)
43 x 1071 298
Reviews and Evaluations
3.5 % 1072 exp(140/T) 300-500 CODATA, 1984; TUPAC, 1989° (©)
3.5 x 10712 exp(140/T) 200-300 NASA, 1990* (d)
50 x 10712 300-2500 Baulch et al, 1992° (e)

Comments

(a) Laser pulsed photolysis of CH;CHO; [HCO] moni-
tored by photoionization MS.

(b) Discharge-flow system; HCO generated from Cl +
HCHO and monitored by photoionization MS.

(c) Based on data of Veyret and Lesclaux, Washida
etal.” and Shibuya et al 8

(d) As for comment (c) with addition of data of Langford
and Moore.’

(e) Based on data of Veyret and Lesclaux® and Timonen
etal!

Preferred Values

k = 5.5 x 1072 cm? molecule ™! s~! over the tempera-

ture range 200~400 K.

Reliability
Alogk = +0.15 at 298 K.
A(E/R) = =150 K.

omments on Preferred Values

The most recent measurements of the room tempera-
ture rate coefficient'? are in good agreement with our
previous recommendation.® The above temperature-

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

independent rate coefficient is the averaged room-
temperature rate coefficient of the results of Washida
etal.’ Shibuya etal.® Veyret and Lesclaux,® Timonen
etal! and Stief et al > Taken together, the temperature
dependent studies of Veyret and Lesclaux,® Timonen
et al . and Stief et al . show that the rate coefficient of this
reaction is essentially independent of temperature over
the temperature range 200-400 K, within the error limits
of the measurements.

References

'R. S. Timonen, E. Ratajczak, and D. Gutman, J. Phys. Chem. 92, 651
(1988).

2L. . Stief, F. L. Nesbitt, and J. F. Gleason, Abstracts of papers pre-
sented at the International Symposium of Gas Kinetics, Assisi, Italy,
Sept. 1990.

3CODATA, Supplement 11, 1984; TUPAC, Supplement III, 1989 (sec
references in Introduction).

‘NASA Evaluation No. 9, 1990 (see references in Introduction).

“D. L. Baulch, C. J. Cobos, R. A. Cox, C. Esser, P. Franck, Th. Just, J.
A.Kerr, M. 1. Pilling, J. Troe, R. W. Walker, and J. Warnatz, J. Phys.
Chem. Ref. Data 21, 411 (1992).

®B. Veyret and R. Lesclaux, J. Phys. Chem. 85, 1918 (1981).

"N. Washida, R. I. Martinez, and K. D. Baycs, Z. Natuiforsch. 29a, 251
(1974).

®K. Shibuya, T. Ebata, K. Obi, and 1. Tanaka, J. Phys. Chem. 81, 2292
(1977).

°A. O. Langford and C. B. Moore, J. Chem. Phys. 80, 4211 (1984).
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CH,CO + O, + M —» CH;CO; + M

\H* = —148 kJ-mol !
High-pressure rate coefficients
Rate coefficients data
4 . /cm® molecule ™! s~! Temp./K Reference Comments
Keviews and Evaluations
5 x 10712 200-300 CODATA, 1984! (a)
Comments
Reliability

(1) Based on a direct measurement from Ref. 2 at total
pressures of 1-4 Torr, where a rate coefficient of k =
2 X 10~** cm® molecule ™! s~! was measured near 298
K. This rate coefficient is consistent with a series of
earlier relative rate measurements,

Preferred Values

k =20 x 107" cm® molecule™' s~! at 298 K and 1-4
Torr.

ke = 5.0 X 1072 cm® molecule ™! s™! over the temper-
ature range 200-300 K.

Alog k. = =*0.5 over the temperature range 200-
300 K.

Comments on Preferred Values

The preferred value is based on Ref. 2, with some
falloff correction estimated by comparison with the reac-
tion GHs + O; + M — CH;sO: + M (this evaluation).

References
!CODATA, Supplement II, 1984 (see references in Introduction).

2C. E. McDade, T. M. Lenhardt, and K. D. Bayes, J. Photochem. 20, 1
(1982).

CH.OH + O, — HCHO + HO,

AH® = —68.1 kI-mol~!

Rate coefficlent data

k/cm® molecule ! s~} Temp./K Reference Comments
Absolute Rate Coefficients
{25 x 107°T~10 + 298-682 Grotheer et al., 1988! (a)
4.0 x 10719 exp(—2525/T)}
(8.0 = 1.5) x 10~% 298
5.6 X 1077 exp(—1700/T) 215-250 Nesbitt, Payne and Stief, 19882 (b)
(861 = 1.14) x 10~1 300
(88 = 0.2) x 10712 298 Pagsberg et al., 1989° )
(117 + 0.12) x 10~ 296 Miyoshi et al., 1990° )
Reviews and Evaluations
1.7 x 107 exp(—3600/T) 300-2000 Warnatz, 1984° (e)
9.8 x 10712 298 TUPAC, 1989% (f)
9.1 x 10-2 298 NASA, 19907 : (®

Comments

(a) Discharge flow system in which CH,OH was gener-
ated from the reaction Cl + CH3;OH in the presence
of a large excess of O, at total pressures of ~0.8
Torr. The rate coefficient k was derived from the dis-
appearance of CH,OH, as monitored by low electron
energy MS.

(b) Similar system to comment (a), with total pressures
of ~1 Torr and CH,OH monitored by MS.

(c) Pulsed radiolysis generation of CH,OH from F +
CH;0H, with the decay of CH;OH monitored by ab-
sorption at 285.5 nm.

(d) Laser flash photolysis of CH;COCH,OH with the de-
cay of CH,OH monitored by photoionization MS.

(e) Includes high-temperature data from shock-tube and
other studies.

(f) Average of the data of Grotheer et al.,* Débé et al .’
and Payne et al "

(g) Average of the data of Grotheer et al.? Débé et al.,’

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Payne et al.,”® Grotheer et al.! and Nesbitt et al .2
Preferred Values

k = 9.4 x 107 cm?® molecule™ s™* at 298 K.

Reliability
Alog k = +0.12 at 298 K.

Comments on Preferred Values

The rate coefficient at 298 K is now well established for
this reaction and our recommendation is the average of
the results of Grotheer et al.,! Nesbitt et al.,’> Pagsberg
etal.;> Miyoshi et al.,* Grotheer et al.,! D6bé etal.’ and
Payne et al.'’ The earlier data of Wang ef al."! and Rad-
ford et al.? are rejected on the basis that they involved
high concentrations of radicals, leading to mechanistic
complications.® The two recent studies' of the tempera-
ture dependence of this reaction indicate that the rate co-
efficient follows a complicated non-Arrhenius behavior
over the range 200-700 K. The existing data are difficult
to explain and more work is needed to confirm the ob-
served temperature dependence of this reaction before a
recommendation can be made.

ATKINSON ET AL.

Grotheer et al.! have carried out experiments replacing
CH;0H by CH;0D and have observed no kinetic effect
for the CH,OH/CH,OD + O, reactions.
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CH;CHOH + O, — CH;CHO + HO:

AH® = —87.6 kJ'mol~!

Rate coefficient data

k/cm® molecule™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
{14 x 1078712 + 300-682 Grotheer et al ., 1988} (a)
8.0 x 1071 exp(—2525/T)}
1.56 x 10~4 300
(13 = 02) x 101 300 Anastasi et al., 19897 ®)
(28 = 0.2) x 10~ 293 Miyoshi, Matsui and Washida, 19893 ()
Comments Reliability

(a) Discharge flow system in which CH;CHOH was gen-
erated from Cl + C;H;OH in the presence of a large
excess of O at total pressures of ~0.8 Torr. The rate
coefficient k was derived from the disappearance of
CH;CHOH, as monitored by low electron energy
MS.

(b) Pulsed radiolysis of Ar-SFHCI-C;HsOH-O; mix-
tures at total pressures of 760 Torr and with
[SFs]> >[HCl]> >[C;H;0H]> >[0.]. CH;CHOH
was generated from Cl + C,HsOH and monitored by
UV absorption at 260 nm.

(c) Laser flash photolysis of CH;COCHOHCH; in a
large excess of He at total pressures of 2-7 Torr.
CH;CHOH was monitored by photoionization MS in
the presence of excess Ox.

Preferred Values

k =19 x 107" cm® molecule™! s~! at 298 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Alog k = +0.3 at 298 K.

Comments on Preferred Values

The preferred value of k>« is the mean of the results of
Grotheer et al.,' Anastasi et al.? and Miyoshi et al.’ The
rather large discrepancy between the data of Miyoshi
et al ? and the other two studies'? could be due to the dif-
ferent sources of generation of the CH;CHOH radical.
The radical generation'? involving CI attack on C;HsOH
may not be as clean a source as is the photolysis® of
CH;COCHOHCH..

The temperature dependence of the rate coefficient
determined by Grotheer etal.! shows a marked non-
Arrhenius behavior, but this needs to be confirmed be-
fore a recommendation can be made.

Evidence for the reaction between CH;CHOH and O,
yielding CH;CHO as a major product comes from the
product studies of the photooxidations of ethanol.*
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References

'[1.-H. Grotheer, G. Riekert, D. Walter, and Th. Just, 22nd Interna-
tional Symposium on Combustion, 1988 (Combustion Institute, Pitts-
burgh, PA, 1989), pp. 963-972.

‘C. Anastasi, V. Simpson, J. Munk, and P. Pagsberg, Chem. Phys. Lett.
164, 18 (1989).

1267

3A. Miyoshi, H. Matsui, and N. Washida, Chem. Phys. Lett. 160, 291
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CH.CH.OH + O, — products

Rate coefficient data

A/cm® molecule ™! 5! Temp./K Reference Comments
Absolute Rate Coefficients
(3.0 = 04) x 10~ 293 Miyoshi, Matsui and (a)

Washida, 1989*

Comments

(a) Laser flash photolysis of CICH.CH,OH and
BrCH,CH,OH in a large excess of He at total pres-
sures of 2-7 Torr. CH.CH,OH was monitored by
photoionization MS in the presence of excess O,.

Preferred Values
k = 3.0 x 1072 cm® molecule™! s7! at 298 K.

Reliability
Alog k = £0.3 at 298 K.

Comments on Preferred Values

The direct measurements! of this rate coefficient, from
the pulsed laser photolysis of either CICH,CH.OH or
BrCH;CH;OH as the radical source, showed a good level
of consistency. By analogy with the reactions C;Hs + O»

+ M —> GH:O; + Mand CH;CO + O; + M —
CH:COs + M (this evaluation), the rate coefficient for
this reaction is expected to be close to the high-pressure
limit under the experimental conditions employed. The
UV absorption spectrum of the HOCH,CH.O; radical
has recently been observed®® by pulsed radiolysis of
SFsH,O mixtures® and laser flash photolysis of HO;® in
the presence of C;Hq and O:. These observations indicate
that the reaction between CH,CH,OH radicals and O,
leads significantly to the adduct peroxy radical.
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CH;0 + O, — HCHO + HO:

AH® = ~111.6 kJ'mol !

Rate coefficient data

k/cm?® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
5.5 x 10~ exp(—1000/T) 298-450 Lorenz et al., 1985! (a)
1.9 x 105 298
2.3 x 10714(1000/T)~*5 exp(2768/T) 298-973 Wantuck et al., 1987° (b)
2.1 x 10°% 298
Reviews and Evaluations
1.7 x 10~1 exp(—3610/T) 300-2000 Warnatz, 1984° ©
7.2 x 10~ exp(—1080/T) 298-610 IUPAC, 1989¢ (d)
3.9 x 10~ exp(—900/T) 200-300 NASA, 1990° (e)
6.7 x 10~ exp(—1070/T) 300-1000 Baulch et al, 1992¢ )

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992



1268
Comments

(a) Laser photolysis of CH;ONO with monitoring of
CH;0 by LIF, at pressures of 75 Torr of He. At 298 K
the rate coefficient was shown to be independent of
pressure over the range 7.5-150 Torr of He.

(b) Laser photolysis of CH;0OH or CH;ONO at 193 nm in
presence of O, plus 25 Torr of Ar. CH;O radicals
were monitored by LIF. Non-Arrhenius behavior ob-
served over entire temperature range and rate coeffi-
cients were found to obey a double exponential
expression, with k = 1.5 x 107 exp(—6028/T) +
3.6 x 107" exp(—880/T) cm® molecule ! s,

(c) Includes high-temperature data from shock-tube and
other studies.

(d) See Comments on Preferred Values.

(e) Based on the data of Gutman etal.” and Lorenz
etal!

(f) Obtained by a least square fit to the data of Gutman
etal.” and Lorenz er al.'

Preferred Values

k =19 x 107" cm® molecule ™ s™* at 298 K.
k = 72 x 107" exp(—1080/T) cm® molecule™' s~!
over the temperature range 298-610 K.

Reliability
Alog k = +0.2 at 298 K.
A(E/R) = =300 K.

ATKINSON ET AL.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, TUPAC, 1989.* The direct measurements of the
rate coefficients by Lorenz et al.! (298-450 K) and Wan-
tuck et al .2 (298-973 K) are in good agreement with the
similar measurements of Gutman et al.’ (413-608 K),
where the temperature ranges overlap. The preferred
temperature dependence of the rate coefficient was
derived from a least-mean-squares analysis of the three
sets of data over the temperature range 298-608 K and is
essentially in agreement with the most recent NASA rec-
ommendation.” The higher temperature measurements
of Wantuck et al.? give a clear indication of non-Arrhe-
nius behavior over the extended temperature range. The
anomalously low A4 -factor for a simple H-atom transfer
reaction and the possibility of a more complicated mech-
anism have both been noted.’
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C:HsO + O, —» CH;CHO + HO.

AH° = ~134.0 kJ'mol~!

Rate coefficient data

k/cm® molecule ™! s~1 Temp./K Reference Comments
Absolute Rate Coefficients
7.1 x 107" exp[(—552 = 64)/T) 295-411 Hartmann et al., 1990 (a)
(1.08 = 0.20) x 10" 295
Reviews and Evaluations
8.0 x 10°%¥ 298 IUPAC, 1989° (b)
1.0 x 10~* exp(-830/T) 300~1000 Baulch et al,, 1992* (c)

Comments

(a) Laser photolysis of C;HsONO in C;H;ONO-O-He
mixtures, with LIF monitoring of C;H;O in the wave-
length range 310-330 nm. Studies carried out at a to-
tal pressure of 26 Torr.

(b) Based on the data of Gutman et al.}

(c) Based on the mean values of ks of Gutman et al.’
and Zabarnick and Heicklen,’ assuming that the A4 -
factor is the same as that of the reaction CH;0 + O
— HCHO + HO..

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Preferred Values

k = 9.5 x 1075 cm’ molecule™ s~ at 298 K.
k = 6.0 X 107" exp(—550/T) cm® molecule ™! s~! over
the temperature range 295-425 K.

Reliability
Alog k = *0.2 at 298 K.
A(E/R) = =300 K.
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 ‘omments on Preferred Values

‘The preferred 298 K rate coefficient and the tempera-
e dependence were obtained from the mean of the
room temperature rate coefficients of Gutman et al.*
1796 K) and of Hartmann et al.! (295 K) and by taking the
rounded-off value of E/R of Hartmann et al.! The rate co-
cHicients of Gutman et al.* and of Hartmann et al ! differ
by between 30 and 50%, which although within the range
of the individual error limits, is somewhat higher than
nmght be expected from two direct studies.

The relative rate measurements of Zabarnick and He-
wklen® are within the error limits which we recommend
tor our preferred values. We have not taken these results
mto account, however, owing to the uncertainty con-
ccrned with the rate coefficient of the reference reaction
of CH;O + NO — products.
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It should be noted that the A -factor for the above reac-
tion is very low, but in keeping with that for the analogous
reaction CH;O + O, — HCHO + HO..
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n-CsH;0 + 0; —» C:HsCHO + HO;

AH® = —131.4 kJ'mol~*

Rate coefficient data

k/em® molecule ™! 57! Temp./K Reference Comments
Relative Rate Coefficients
1.3 x 107! exp[ - (879 = 117)/T] 247-393 Zabarnick and Heicklen, 1985 (a)
6.8 x 1074 298
Reviews and Evaluations
42 x 1078 298 Demerjian, Kerr and Calvert, 19747 (b)
8 x 10~ 298 IUPAC, 19893 ©

Comments

(a) Photolysis with 366 nm radiation of n- GGH,ONO in
a static system in the presence of NO, O, and N;
at total pressures of >150 Torr. Rate data based
on measured quantum yields of C;HsCHO product.
The rate coefficient k was measured relative to
n-CG:H,0 + NO — products with k (n- GH/,0 + O3)/
k(n-CH,O + NO) = 6.8 x 1073 exp(—879/T), and
placed on an absolute basis by use of k(n- G;H,O +
NO) = 1.9 x 10" cm® molecule ™! 57!, independent
of temperature. This value of k(n-CH,O + NO) is
estimated on the assumptions (i) that the ratc cocffi-
cient for the reaction n-CGH:O + NO + M —
n-C;H;ONO + M is approximately equal to that® for
the reaction CH;O + NO + M — CH:ONO + M
(k= = 1.4 x 107" cm?® molecule™! s~! at 298 K)
(CODATA value), and (ii) that® ko/k. = 0.35 for the
reactions n- GHsO + NO — C;H;CHO + HNO (d)
and n-CGH,0 + NO (+M) — n-CH;ONO (+M)
(c).

(b) Estimate based on an assumed A -factor for RO + O;
reactions and E calculated empirically from AH® for
the reaction.

(c) See Comments on Preferred Values.

Preferred Values
k =8 x 107" cm® molecule ™! s7* at 298 K.

Reliability
Alog k = =0.5 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.> The rate coefficient at 298 K
derived from the Zabarnick and Heicklen! study, though
heavily dependent upon the choice of data for the refer-
ence reaction, n- CGGH,0O + NO — products, is consistent
with data for other RO, + O, reactions obtained from
direct studies. Here we have selected kas to be equal to
that for the C;HsO + O; reaction.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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The temperature coefficient determined by Zabarnick
and Heicklen' from their relative rate system is consider-
ably greater than those for the C;H;O + O:reaction (E/R
= 650 K) or the i-CsH; + Os reaction (E/R = 200 K),
both of which were obtained from direct studies. This as-
pect of the reaction requires further experimental work.

ATKINSON ET AL.
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i-03H7o + 02 il CHaCOCHs + HOz

AH® = —150.3 kJ-mol !

Rate coefficient data

k/cm® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
1.51 x 107" exp[ - (200 = 140/T)] 294-384 Balla, Nelson, and McDonald, 1985! (a)
772 x 105 298
Reviews and Evaluations
1.5 x 107 exp(—200/7T) 290-390 IUPAC, 1989* (b)

Comments

(a) Pulsed laser photolysis of isopropyl nitrite at 355 nm,
with LIF detection of i- C;H;O. Pressure range 1-50
Torr.

(b) See Comments on Preferred Values.

Preferred Values

k =8 x 107" ecm® molecule™ s~! at 298 K.
k = 1.5 x 107" exp(—200/T) cm® molecule ™' s ™! over
the temperature range 290-390 K.

il

Reliability
Alog k = +0.3 at 298 K.
A(E/R) = =200 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, [TUPAC, 1989.2 The results of Balla etal.! on the
rate coefficient of this reaction appear reasonable in rela-
tion to data for other reactions of this type. Both the rate
coefficient and temperature coefficient require confirma-
tion.

References

'R. J. Balla, H. H. Nelson, and J. R. McDonald, Chem. Phys. 99, 323
(1985).
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CH; + O; — products

Rate coefficient data

k/em® molecule ™! 5! Temp./K Reference Comments
Absolute Rate Coefficients
5.1 x 1072 exp[ ~ (210 = 84)/T) 243-384 Paltenghi, Ogryzlo and Bayes, 1984 (a)
(2.53 = 0.54)y x 10~ 298
Reviews and Evaluations
5.1 x 10712 exp(-210/T) 240-400 TUPAC, 1989* (b)
5.4 x 10712 exp(—220/T) 200-300 NASA, 1990° (c)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

i.) Revised calculations of the measurements of Ogryzlo
etal

ih) See Comments on Preferred Values.

() Based on the data of Ogryzlo et al.*

Preferred Values

k =25 x 1072 cm® molecule™! s~ at 298 K.
k =5.1x 1072 exp(—210/T) cm® molecule ™' s™! over
ihe temperature range 240-400 K.

Reliability
Alog k
A(E/R)

+0.3 at 298 K.
+200 K.
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Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.% The slight change from the earlier
evaluation® takes account of the revised calculations on
the data of Ogryzlo et al.,* which result from a correction
for the pressure drop along the flow tube between the re-
action vessel and the manometer.

References
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(1984).
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SCODATA, Supplement I, 19841 (see references in Introduction).

CH;O + NO + M — CH;,ONO + M (1)
CH:;O + NO — HCHO + HNO (2)

AH(1) = —173.2 kJ-mol !
AH(2) = ~116.9 kJ-mol !

Low pressure rate coefficients

Rate coefficient data

koi/em® molecule ! s~? Temp./K Reference Comments
Absolute Rate Coefficients
3 x 10-%* [He] 298 Zellner, 1987! (a)
1.35 x 10-2(T/298)~3* [Ar] 296-573 Frost and Smith, 1990° (b)
1.8 x 10~2(T/300)32 [Ar] 220-473 McCaulley et al., 1990 ©
Reviews and Evaluations
6 X 10728 [N,] 298 TUPAC, 1989¢ (d)

Comments

(a) Laser photolysis of CH;ONO at 248 or 351 nm in the
presence of NO. The rate coefficient & was deter-
mined from the rate of recovery of CH;ONO by time-
resolved laser absorption at 257 nm. Falloff curve
measured over the range 3.8-375 Torr. ky extrapo-

. lated using F. — 0.6.

(b) Laser pulsed photolysis of CH;ONO at 260 nm in the
presence of NO. The CH;0 radical decay was moni-
tored by laser-induced fluorescence at 298.5 nm.
Rate coefficients were measured up to 125 Torr of
Ar or CF, diluent. Evaluation of the chemical activa-
tion system CH;O + NO - CH;ONO*,
CH;ONO* + M — CH;ONO + M, and CH;ONO*
-> HCHO + HNO using an extended Lindemann-
Hinshelwood mechanism. At low pressures the dis-
proportionation reaction CH;O + NO — HCHO +
HNO dominated (k; = 5.0 x 107"%(7/298)7°% ¢m’
molecule™! s7%).

(c) Discharge flow study with LIF detection of CH:0O
near 320 nm. Measurements were made over the
pressure range 0.75-5.0 Torr in He or Ar. The dis-
proportionation reaction CH;O + NO — HCHO +
HNO was measured by molecular beam MS (k; =
1.3 x 107" exp(250/T) em® molecule™! s71).

(d) Based on the data from Ref. 1.

Preferred Values

kot = 1.6 x 107%(T/300)~** [N;] cm® molecule ™! s
over the temperature range 200400 K.

k2 = 4 x 107"*(T/300)"°" cm® molecule ™" s~! over the
temperature range 200400 K.

Reliability

Alog ko = *0.1 at 300 K.
An = %05

J. Phys. Chem, Ref. Data, Vol. 21, No. 6, 1992



1272

Comments of Preferred Values

The new experiments from Refs. 2 and 3, on which the
preferred values for k., are based, allow for a separation
of the combination and disproportionation reactions. A
broadening factor F. = 0.6 was used for the combination

ATKINSON ET AL.

part of the reaction. The disproportionation/combination
ratio k2/(k: + k:) from Refs. 2 and 3 at 8 Torr total pres-
sure is in excellent agreement with the result of 0.45 from
Jenkin et al.’ Apparently the distinction between reac-
tions (1) and (2) was not possible in Refs. 2 and 3. .

High-pressure rate coefficients

Rate coefficient data

k«1/cm® molecule ! s~ Temp./K Reference Comments
Absolute Rate Coefficients

14 x 10~ 298 Zellner, 1987 (a)

3.6 x 10~'Y(T/298)°6 296-573 Frost and Smith, 1990° (b)
Review and Evaluations

3 x 10-4 300-400 Atkinson and Lloyd, 1984¢ (©

2 x 1071 200-400 CODATA, 19827; IUPAC, 1989* (d)

Comments

(a) See comment (a) for k.;.

(b) See comment (b) for k1.

(c) Comparison of RONO + M — RO + NO + M dis-
sociation data. Calculations via the equilibrium con-
stants led to a constant value of £ for RO + NO +
M — RONO + M which was independent of R up
to Cs.

(d) Based on reference 1 and earlier results from methyl
nitrite photolysis.

Preferred Values

kot = 3.6 x 107(T/300)7°% over the temperature
range 200400 K.

Reliability
Alog k.; = +0.5 at 300 K.
An = 0.5,

Comments on Preferred Values

The preferred values are those from Ref. 2. Because
these have heen evaluated with F, = 1, an increase of k..,
is expected when an analysis with a smaller value of F. is
done. '

References

!R. Zellner, J. Chim. Physique 84, 403 (1987).

M. J. Frost and I. W. M. Smith, J. Chem. Soc. Faraday Trans. 86, 1757
(1990).

3J. A. McCaulley, A. M. Moyle, M. F. Golde, S. M. Anderson, and F.
Kaufman, J. Chem. Soc. Faraday Trans. 86, 4001 (1990).

‘TUPAC, Supplement 11, 1989 (see references in Introduction).

5 M. E. Jenkin, G. D. Hayman, and R. A. Cox, J. Photochem. A, 42, 187
(1988).

‘R. Atkinson and A. C. Lloyd, J. Phys. Chem. Ref. Data 13, 315 (1984).

"CODATA, Supplement I, 1982 (see references in Introduction).

C:HsO + NO + M — CHONO + M (1)
C:Hs0 + NO - CH;CHO + HNO (2)

AH°(1) = —176.9 kJ-mol~!
AH*(2) = —139.3 kl'mol~!

High-pressure rate coefficients

Rate coefficient data

ky/cm® molecule~! s~} Temp./K Reference Comments
Absolute Rate Coefficients
(44 = 04) x 1071 298 Frost and Smith, 1990 (a)
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Comments

(1) Laser photolysis of C;HsONO at 266 nm in the pres-
ence of NO. The reaction was followed by monitoring
the decay of C;H;O radicals by LIF at 322.8 nm. The
same rate coefficients were found in the presence of
15 or 100 Torr of Ar.

Preferred Values

ke = 4.4 X 107" cm® molecule ™' s ! over the temper-
ature range 200-300 K.
k» = 1.3 x 107" cm® molecule™! s™! at 300 K.

Reliability
Alog k=3 = #0.3 at 300 K.
An = =05,
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Comments on Preferred Values

The value of k. appears consistent with values for re-
lated reactions such as CH;0 + NO + M — CH;ONO
+ Mandi-GH;0 + NO + M —i-CH;0NO + M (see
this evaluation). The value of k; is estimated via the pre-
ferred value of k=, and the ratio kyk.; = 0.3 such as
measured in Ref. 2.

References

M. J. Frost and I. W. M. Smith, J. Chem. Soc. Faraday Trans. 86, 1757
(1990).
’G. Baker and R. Shaw, J. Chem. Soc. A, 6965 (1965).

i-C3H;O0 + NO+ M — i-CH,ONO + M (1)
i-C3H,0 + NO — (CH;).CO + HNO (2)

\{°(2) = —155.6 kI-mol -

RHigh-pressure rate coefficlents

Rate coefficient data

A ..1/cm® molecule ~! s~! Temp./K Reference Comments
thsolute Rate Coefficients

34 x 1074 298 Balla, Nelson and McDonald, 1985! (a)
Reviews and Evaluations

3x 107 300-400 Atkinson and Lloyd, 1984% (b)

Comments

(a) Pulsed laser photolysis at 355 nm of i-C;H;ONO in
the presence of NO. i-C:H;0 was detected by LIF.
No dependence of the rate coefficient was observed
over the pressure range 1-50 Torr. The small nega-
tive temperature dependence (k = 1.2 x 107"
exp(310/T) cm® molecule™" s7') observed over the
range 298-383 K may be attributed to falloff effects.

(b) Results on the reverse dissociations of RONO were
converted via the equilibrium constants,

Preferred Values
ke; = 3.4 x 107" cm® molecule ™! s ™! over the temper-

ature range 200-300 K.
k, = 6.5 x 107" cm® molecule™ s™' at 300 K.

Reliability
Alog k.; = =0.3 at 300 K.
An = =0.5.
Alog ks = *0.5.

Comments on Preferred Values

The values for k-, for related reactions such as CH;O
+ NO + M — CH;ONO + Mand C;H;O + NO + M
— C;H;ONO + M (see this evaluation and Ref. 2) are
consistent with the preferred values based on Ref. 1. The
value of k, is obtained from the preferred k«; and the rate
coefficient ratio k»/ky = 0.19 = 0.03, independent of
temperature, measured in Ref. 3.

References

'R. J. Balla, H. H. Nclson, and J. R. McDonald, Chem. Phys. 99, 323
(1985).

*R. Atkinson and A. C. Lloyd, J. Phys. Chem. Ref. Data 13, 315 (1984).

3L. Batt and R. T. Milne, Int. J. Chem. Kinet. 9, 141 (1977).
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CH;O + NO, + M - CH;ONO, + M (1)
CH:0 + NO, — HCHO + HONO (2)

AH®°(1) = ~—170.5 kJ-mol~*
AH®(2) = —238.9 kJ-mol~?

Low-pressure rate coefficients

Rate coefficient data

koy/em® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
2.6 X 10-*(T/300)~*5 [He] 220473 McCaulley ef al.; 1985* (a)
(1.6 * 0.6) X 10~ [He] 295 Frost and Smith, 19902 (b)
(2.8 = 0.6) x 10~% [Ar] 295
(34 % 1.0) x 10~% [CF,] 295
(2.0 = 0.5) x 10~% [Ar] 390
Reviews and Evaluations
2.6 x 107%(T/300)~*5 [He] 200400 TUPAC, 1989° (©)

Comments

(a) Studied using a discharge flow system over the pres-
sure range 0.6-4 Torr of He. CHs produced by IR
laser dissociation of CsFsOCHj, followed by the reac-
tion CH; + NO:; — CH3:O + NO, with CH3O being
monitored by LIF. Direct measurements of the
branching ratio k/k, were not possible. A separation
was performed by assuming that reaction (1) was in
the low pressure limit which led to a value of k, =
1 x 107" exp(— 1150/T) cm® molecule ™! s

(b) Laser photolysis of CH;ONO-NO mixtures at 266
nm with CH;O being monitored by LIF at 298.5 nm.
Rate coefficients were measured over the total pres-
sure ranges 30-100 Torr of He, 6-100 Torr of Ar and
30-125 Torr of CF.. Falloff curves were fitted to the
experimental data using the F. values of 0.41, 0.44,
and 0.48 for He, Ar, and CF,, respectively. The asso-
ciation reaction (1) appears to dominate over reac-
tion (2).

(c) The derived values for ko and its temperature coeffi-
cient were in good agreement with theoretical simu-
lations by Patrick and Golden.*

Preferred Values

kor = 2.8 x 107%(T/300)** [N;] over the temperature
range 200-400 K.

Reliability
Alog kst = *0.3 at 300 K.
An = x1.

Comments on Preferred Values

The agreement between the two studies appears satis-
factory, in particular if the different ways of treating the
falloff curve are taken into account. We assume similar
values of ky for M = Ar and N.. Falloff curves are con-
structed with F. = 0.44 at 300 K such as chosen in Ref. 2.
Reaction (2) appears to play only a minor role at pres-
sures above 10 Torr [see k2 value in comment (a)].

High-pressure rate coefficients

Rate coefficient data

koi/em’® molecule ™! 5! Temp./K Reference Comments
Absolute Rate Coefficients

(20 = 04) x 1074 295 Frost and Smith, 1990? (a)
Reviews and Evaluations

1.5 x 10~ 300-400 Atkinson and Lloyd, 1984° (b)

1.5 x 1071 300-400 CODATA, 1982% TUPAC, 1989° (c)
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Comments

0 See comment (b) for k.

Iy Derived on the basis that k=(RO + NO + M)/
k.(RO + NO, + M) = 2 independent of tempera-
ture and taking k(RO + NO + M) = 3 x 107"
cm® molecule ™ s™!, irrespective of R.

1) This value of k.1 can only be a lower limit if falloff
curves are broader than assumed.

Preferred Values

koy = 2 X 107" cm® molecule ™' s™' over the temper-
uure range 200-400 K.

}\'l'/l(lbility
Alog k. = +0.3 at 300 K.
An = £0.5.
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Comments on Preferred Values

The preferred k=; value based on Ref. 2 appears con-
sistent with the values for the related reactions RO +
NO + M — RONO + M (with R = CH3, C;Hs, i-C:Hy,
see this evaluation). Falloff curves are constructed with
F. = 0.44 from Ref. 2. Reaction (2) appears to be only of
minor importance [see comment (a) for ko1)].

References

3. A. McCaulley, S. M. Anderson, J. B. Jeffries, and F. Kaufman,
Chem. Phys. Lett. 115, 180 (1985).

2M. J. Frost and 1. W. M. Smith, J. Chem. Soc. Faraday Trans. 86, 1751
(1990).

3IUPAC, Supplement 111, 1989 (see references in Introduction).

“R. Patrick and D. M. Golden, Int. J. Chem. Kinet. 15, 1189 (1983).

5R. Atkinson and A. C. Lloyd, J. Phys. Chem. Ref. Data 13, 315 (1984).

SCODATA, Supplement I, 1982 (see references in Introduction).

C2H5o + N02 + M s CszONOz + M (1)
C:H:O + NO; — CH,CHO + HONO (2)

AHe(1) = —170.0 kJ-mol~!
AH°(2) = —261.3 kJ'mol ™!

High-pressure rate coefficients

Rate coefficient data

kwi/em® molecule ™ s™! Temp./K Reference Comments
Absolute Rate Coefficients
(28 = 0.3) x 1071 295 Frost and Smith, 1990 (a)

Comments

(a) Laser photolysis of C;HsONO; at 266 nm in the pres-
ence of NO,. The reaction was followed by monitor-
ing the decay of C;HsO radicals by LIF at 322.8 nm.
The same rate coefficients were found in the pres-
cnce of 1.5 or 100 Torr of Ar.

Preferred Values

ko1 = 2.8 X 107" cm® molecule ™' s™! over the temper-
ature range 200-300 K.

Reliability
Alog kwy = =0.3 at 300 K.
An = 05,

Comments on Preferred Values

The value of k.., appears consistent with values for re-
lated reactions’ such as RO + NO + M —» RONO + M
(with M = CH;, C;Hs, and i-CsHy) or CH;0 + NO; +
M — CH;ONO; + M (see this evaluation). Reaction (2)
appears to be of minor importance (kyk., < 0.2) in the
high-pressure range of the reaction’ (see also the CH;O
+ NO; reaction system; this evaluation).

References
™. J. Frost and I. W. M. Smith, J. Chem. Soc. Faraday Trans. 86, 1751

(1990).
*R. Atkinson and A. C. Lloyd, J. Phys. Chem. Ref. Data 13, 315 (1984).
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i-C;H;0 + NO; + M — j-C;H,ONO, + M (1)
i-C3;H;0 + NO; — (CHs)ch + HONO (2)

AH°(1) = -171.7 kJ-mol !
AH°(2) =—277.6 kJ-mol™!

High-pressure rate coefficient

Rate coefficient data

kwy/cm® molecule ™! 5! Temp./K Reference Comments
Absolute Rate Coefficients
3.5 x 1071 298 Balla, Nelson and McDonald, 1985} (a)
Comments Reliability
Aog k.1 = 0.3 at 300 K.
(a) Pulsed laser photolysis of isopropyl nitrite at 355 nm An = £0.5.

in the presence of NO.. i-C:H;O was detected by
LIF. By extrapolation to zero laser power, a rate co-
efficient of key = 1.5 X 107" exp(250/T) cm’
molecule™! s~! was derived from measurements over
the temperature range 295-384 K. No pressurc de-
pendence was observed between 1 and 10 Torr. Re-
action (2) appears to be the minor channel (ky/k.; <
0.2) in the high pressure range of reaction (1).

Preferred Values

ke1 = 3.5 x 107" cm® molecule ™! s™! over the temper-
ature range 200-300 K.

Comments on Preferred Values

This recommendation is based on Ref. 1. The values of
kw1 are consistent with other related reactions such as
RO + NO + M —- RONO + Mand RO + NO; + M
— RONO; + M (with R = CHj3, C;Hs, i-CsHy; see this
evaluation and reference 2). It is estimated that kz/k«; <
0.2.

References
'R. J. Balla, H. H. Nelson, and J. R. McDonald, Chem. Phys. 99, 323

(1985).
2R. Atkinson and A, C. Lloyd, J. Phys. Chem. Ref. Data 13, 315 (1984).

CHsoz + NO —> CH30 + NO:

AH® = —49.9 kJ-mol~!
Rate coefficient data
k/cm® molecule ™! s~? Temp./K Reference Comments
Absolute Rate Coefficients
2.1 x 1072 exp[(380 + 250)/T] 218-365 Simonaitis and Heicklen, 1981! (a)
(7.7 = 09) x 10-1 296
(86 x 2.0) x 10-% 295 Plumb et al., 19813 ) (b)
(7 x2) x 1072 298 Zeliner, Fritz and Lorenz, 1986° (c)
Reviews and Evaluations
42 x 10-'2 exp(180/T) 240-360 CODATA, 1984; TUPAC, 1989* (d)
42 x 1072 exp(180/T) 200-300 NASA, 1990° (e)
Comments (b) Discharge flow system with CH3;O, radicals being
generated from Cl + CH,-O: reactions and moni-
(a) CH;0; radicals were produced from the flash photol- tored by MS.

ysis of Cl, in the presence of CH, and O, and moni-
tored by UV absorption at 270 nm. The rate
coefficient k was independent of pressure over the
range 70-600 Torr.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

(c) Pulsed laser photolysis of (CH3):N-O-NO mix-
tures, with CH;O; radicals being monitored by UV
absorption at 257 nm.

(d) See Comments on Preferred Values.
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The ka rate coefficient was the average of the data
of Sander and Watson,® Ravishankara etal.,’ Cox
and Tyndall,® Plumb e a/.,? Simonaitis and Heicklen'
and Zellner et al .}

e
~

Preferred Values

k = 7.6 x 1072 cm® molecule™! s7' at 298 K.
k = 42 x 1072 exp(180/T) cm® molecule ! s™' over
the temperature range 240-360 K.

Reliability
Alog k = =0.1 at 298 K.
A(E/R) = =180 K.

Comments on Preferred Values

There have been no new data on this reaction since
1986, and here we largely reproduce our previous data
sheet, CODATA, 1984 combincd with thc subscquent
Comments.* The recommended rate coefficient at 298 K
i the average of the data of Sander and Watson,® Ravis-
hankara efal.] Cox and Tyndall,® Plumb efal.? and
Zellner et al > We recommend the slight negative temper-
ature dependence of the rate coefficient obtained’® by a

1277

least-squares analysis of the results of Ravishankara

et al.” and Simonaitis and Heicklen.! Ravishankara et al.’
have shown that the channel leading to NO, accounts for
at least 80% of the reaction and Zellner et al.? and Zell-
ner’ have shown, from product studies, that $/(CH;0) =

1.0 = 0.2. These results, along with the indirect evidence

of Pate et al.,”® confirm that the product channel to give

CH;0 and NO; is the major, if not the only, reaction
pathway.

References

'R. Simonaitis and J. Heicklen, J. Phys. Chem. 85, 2946 (1981).

2. C. Plumb, K. R. Ryan, J. R. Steven, and M. F. R. Mulcahy, J. Phys.
Chem. 85, 3136 (1981).

3R. Zellner, B. Fritz, and K. Lorenz, J. Atmos. Chem. 4, 241 (1986).

*CODATA, Supplement 11, 1984; IUPAC, Supplement I, 1989 (sec
references in Introduction.

SNASA Evaluation No. 9, 1990 (see references in Introduction).

%S. P. Sander and R. T. Watson, J. Phys. Chem. 84, 1664 (1980).

7A. R. Ravishankara, I. L. Ciscle, N. M. Kreutter, and P. H. Wing, J.
Chem. Phys. 74, 2267 (1981).

¥R. A. Cox and G. Tyndall, Chem. Phys. Lett. 65, 357 (1979); J. Chem.
Soc. Faraday Trans. 2, 76, 153 (1980).

YR. Zellner, J. Chim. Phys. Phys. Chim. Biol. 84, 403 (1087).

1C, T. Pate, B. J. Finlayson, and J. N. Pitts, Jr., J. Am. Chem. Soc. 96,
6554 (1974).

C:Hs0; + NO — C,H;0 + NO: (1)
C2H502 +NO+M-— C2H50N02 + M (2)

AH(1

) = —45.6 kJ-mol !
AH°(2) =

—215.6 kJ'-mol~!

Rate coefficient data k = (k; + k.)

h/cm® molecule ~! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(2.7 £ 0.2) x 10712 298 Adachi and Basco, 1979 (a)
(89 = 3.0) x 10~ 295 Plumb et al., 1982 )
Branching Ratios
kak < 0.014 (735 Torr air) 299 Atkinson et al ., 1982° ()
Reviews and Evaluations
8.9 x 10~'? 298 CODATA, 1984% TUPAC, 1989° ()
ka/k < 0.014 298 (d)
Comments HO; + NO -> HO 1 NO.. The branching ratios

(a) C;H;O; radicals were generated from the flash pho-
tolysis of azoethane in the presence of O, and moni-
tored by UV absorption at 250 nm. The rate
coefficient k was obtained from the pseudo-first-or-
der decay of C;HsO:; in the presence of NO.

(b) Discharge flow system with MS analysis. C;HsO, rad-
icals were generated from Cl + CHeO- reactions;
C;Hs0,* ions could not be detected. The rate coeffi-
cient k was based on a complex analysis of rate of for-
mation of NO,, with account taken of the reaction

were based on the amount of NO, produced.

(c) Product study of the OH radical-initiated or Cl atom-
initiated photooxidation of C;Hs in NO,-air mixtures
at atmospheric pressure. HO radicals generated from
photolysis of CH;ONO and Cl atoms generated from
photolysis of Cl,. The branching ratio was deter-
mined from GC analysis of C;HsONO; (presumed to
be formed from the reactions C;HsO, + NO —
C,H;0,NO* %5 C;H;ONO,) relative to the rate of
consumption of C;Hs.

(d) See Comments on Preferred Values.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Preferred Values

k = 8.9 x 107% cm® molecule™! s~! at 298 K.
ko/k < 0.014 at 298 K and 1 bar pressure.

Reliability
Alog k = *0.3 at 298 K.

Comments on Preferred Values

This data sheet is largely reproduced from our previous
evaluation, CODATA, 1984,* combined with the subse-
quent Comments.” The discrepancy between the data of
Adachi and Basco' and Plumb efal? remains unex-
plained. Since, however, the technique of Adachi and
Basco! gave a low rate constant for the analogous reac-
tion CHzO; + NO — CH;0 + NO,, it sccms likely that
the results of these authors are in error. It has been sug-
gested® that for the CH;O, + NO system of Adachi and

ATKINSON ET AL. .

Basco,! the formation of CH;ONO could lead to interfer-
ence at the wavelength used to measure the CH;O; ab-
sorption and hence to a low value of measured rate
coefficient. A similar argument can be applied to the data
of Adachi and Basco® for the C;Hs0, + NO reaction.

The preferred rate coefficient at 298 K is that of Plumb
et al.,? and the preferred branching ratio is that of Atkin-
son etal.?

References

‘H. Adachi and N. Basco, Chem. Phys. Lett. 64, 431 (1979).

2. C. Plumb, K. R. Ryan, J. R. Steven, and M. F. R. Mulcahy, Int. J.
Chem. Kinet. 14, 183 (1982).

3R. Atkinson, S. M. Aschmann, W. P. L. Carter, A. M. Winer, and J. N.
Pitts, Jr., J. Phys. Chem. 86, 4563 (1982).

4“CODATA, Supplement 11, 1984 (see references in Introduction).

*IUPAC, Supplement I1I, 1989 (sce references in Introduction).

fS. P. Sander and R. T. Watson, J. Phys. Chem. 84, 1664 (1980).

n'C3H7°2 + NO —->n-CaH1O + NOz (1)
n-C;H;0, + NO + M —» n-C;H,ONO, + M (2)

Rate coefficient data (k = &y + k2)

k/cm? molecule~* s~? Temp./K Reference Comments
Branching Ratios

kafke = 0.020 = 0.009 (735 Torr air) 299 Atkinson et al ., 1982! (a)
Reviews and Evaluations

8.9 x 10-12 298 TUPAC, 1989° (b)

k2/k = 0.020 298

Comments

(a) Photolysis of CH;ONO-NO-C;Hg or Cl,-NO-C;Hs
mixtures at total pressures of 735 Torr in air. Branch-
ing ratio determined from yields of n-C:H,ONO,
product together with consumption of C;Hs.

{(b) See Comments on Preferred Values.

Preferred Values

x 1072 cm® molecule ™! s~ at 298 K.

k =89
= 0.020 at 298 K and 1 bar pressure.

ko

Reliability
Alog k = *0.3 at 298 K.
A(ko/k) = =0.01 at 298 K (1 bar).

Comments on Preferred Values

This data sheet is largely reproduced from our previous
evaluation, CODATA, 1984, combined with the subse-

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

quent Comments.? We have assumed that the rate coeffi-
cient at room temperature for the overall reaction has the
same value as that of the reaction C;H;0; + NO - prod-
ucts. The preferred branching ratio is that determined by
Atkinson et al !

Carter and Atkinson® have recently described a revised
method of calculating the effects of temperature and
pressure upon the ratio k»/k;, based on the pressure fall-
off treatment of Troe (see Introduction).

References

IR. Atkinson, S, M. Aschmann, W. P, L. Carter, A. M. Winer, and I. N.
Pitts, Jr.. J. Phys. Chcm. 86, 4563 (1982).

2ITUPAC, Supplement 111, 1989 (see references in Introduction).

3CODATA, Supplement 11, 1984 (see references in Introduction).

*W. P. L. Carter and R. Atkinson, J. Atmos. Chem. 8, 165 (1989).
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i-CsH702 + NO -> 5-03H7o + N02 (1)
i-C;H;0. + NO + M — i-C;H,ONO., + M (2)

\H°(1) = ~40.5 kJ-mol ™!
\H(2) = —212.2 kJmol~!

Rate coefficient data (k = k; + k)

& fum® molecule =t ! Temp./K Reference Comments
isolute Rate Coefficients

(35 =03y x 1071 298 Adachi and Basco, 1982! (a)
Branching Ratios

ko/k = 0.042 = 0.003 (735 Torr air) 299 Atkinson et al., 19823 (b)

Carter and Atkinson, 19893

Reviews and Evaluations

89 x 107*2 298 IUPAC, 1989* (c)

kok = 0.043 298

Comments Comments on Preferred Values

(a) Flash photolysis of azoisopropane in the presence of
0;, NO and added He at total pressures of 55-401
Torr. i-C3H-0, radicals were monitored by absorp-
tion at 270 nm. The rate coefficient k was derived
from modeling of the i-CsH;O, time-concentration
profiles on the basis of a mechanism of 8 reactions
including secondary reactions of i-C;H;O radicals.

(b) Photolysis of CH;ONO-NO-C;H; or Cl,-NO-C3Hjy
mixtures at total pressures of 735 Torr of air. Branch-
ing ratio determined® from yields of i-C:H;ONO;
product together with consumption of C;Hs. Carter
and Atkinson® have recalculated the branching ratio,
listed above, from the original data® on the basis of
revised data for the rate coefficients of the HO +
alkane reactions.

(c) The value of k was assumed to be equal to that of the
reaction C:HsO; + NO — products and the branch-
ing ratio was taken from Atkinson ef al .2

Preferred Values

k = 89 x 107> cm® molecule ™ s~! at 298 K.
kyk = 0.042 at 298 K and 1 bar pressure.

Reliability
Alog k = =0.5 at 298 K.
A(ko/k) = +0.01 at 298 K (1 bar).

Tn keeping with the n-C;H>0, + NO reaction, we have
assumed that the rate coefficient at room temperature for
the overall reaction has the same value as that of the re-
action C;HsO, + NO —> products. Thus the preferred
value is considerably larger than that reported by Adachi
and Basco' (inadvertently omitted from previous IUPAC
evaluations). This latter value is subject to the same crit-
icism as for their data on the CHs0; and C,H;0; radical
reactions with NO (see data sheets for the CH;0; + NO
and C;HsO, + NO reactions). The preferred branching
ratio is that recalculated by Carter and Atkinson.}

Carter and Atkinson® have recently described a revised
method of calculating the effects of temperature and
pressure upon the ratio ky/k,, based on the pressure fall-
off treatment of Troe (see Introduction).

References

'H. Adachi and N. Basco, Int. J. Chem. Kinet. 14, 1243 (1982).
*R. Atkinson, S. M. Aschmann, W. P. L. Carter, A. M. Winer, and J. N.
Pitts, Jr., J. Phys. Chem. 86, 4563 (1982).

*W. P. L. Carter and R. Atkinson, J. Atmos. Chem. 8, 165 (1989).
‘TUPAC, Supplement 111, 1989 (see references in Introduction).
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CH3C03 4+ NO — CH; + COz + N°2

AH°® = —133 kJmol~!

Rate coefficient data

k/em® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients

(21 £05) x 107 304-321 Kirchner, Zabel and Becker, 1990 (a)

1.85 x 10~ 283-313 Tuazon, Carter and Atkinson, 19912 (b)
Reviews and Evaluations

1.4 x 10-1 298 TUPAC, 1989° ©

Comments

(a) Thermal decomposition of PAN (synthesized in situ)
in an environmental chamber in NO-NO;-air mix-
tures. The rate coefficient ratio k/k(CH;CO; +
NO;) was determined from the cffect of [NOJ[NO;]
on the rate of the thermal decomposition of PAN.
The cited value of k is the average calculated from
the measured values of k/k(CH:CO; + NO,) com-
bined with the corresponding value* of kK (CH;COs +
NO,) at total pressures of 22, 75, 225, and 750 Torr.

(b) Similar experimental approach as in comment (a) but
without in situ synthesis of PAN. A rate coefficient
ratio of k/k(CH3CO; + NO,) = 1.95 = 0.28 was de-
termined, independent of temperature, at a total
pressure of 740 Torr. The cited value of k is calcu-
lated taking k/k (CH;CO; + NO,) = 9.5 x 10”2 cm®
molecule ™' s7! at a total pressure of 740 Torr, inde-
pendent of temperature.*

(c) Calculated from the average value of the ratio
k/k(CH;CO; + NO;) of Refs. 5-7, together with
k(CH;COs + NOz) = 6 x 10~ cm® molecule™' s™*
(CODATA, 19828).

Preferred Values

k = 2.0 x 107" cm® molecule™' s™?, independent of
temperature over the range 280-325 K.

Reliability

Alogk = +0.2 over the temperature range 280-325 K.
A(E/R) = =600 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

The two recent studies'? of the rate coefficient ratio
k/k(CH;COs; + NO,) are in good agreement and, to-
gether with revised data for the rate coefficient
k(CH;COs + NQOy), enable the error limits which were
previously recommended?® to be considerably reduced.
Thus, the preferred value has been obtained from the
mean value of k/k(CHsCO; + NO;) = 21 = 03
obtained from the data of Kirchner efal.! and Tuazon
et al .2 at total pressures of 740 and 750 Torr of air. Over
the temperature range 283-321 K these two sets of data
indicate that this ratio is essentially temperature
independent, within the error limits of the measurements
(E/R = 646 = 564 K). The rate coefficient k was then
obtained by taking k(CH;CO; + NOz) = 9.3 x 107"
cm’® molecule™ s7! at 1 atm pressure (see data sheets
for the reaction CH:CO; + NO; + M — CH3;CO:;NO; +
M).

The experiments of Kirchner et al.! also show that the
rate coefficient k shows no pressure dependence over the
pressure range 22-750 Torr.
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CH302 + N02 + M- CHaOzNOz +M

AH® = —88 kJ-mol !

Low-pressure rate coefficients

Rate coefficient data

kyfem® molecule ™! s~! Temp./K Reference Comments
thsolute Rate Coefficients
(2.33 = 0.08) x 107 [N2] 298 Sander and Watson, 1980 (a)
2.2 x 1073°(T/298)~2% [N.] 253-353 Ravishankara, Eisele, and Wine, 19807 (b)
Reviews and Evaluations
2.3 x 107%(T/300)~*® [N] 200-300 CODATA, 1982* (c)
1.5 x 1073%(7/300) = [air]} 200-300 NASA, 1990* ) (d)
2.5 x 1073%(T/298)~55 [N:] 253-353 Destriau and Troe, 1990° (e)

Comments

(a) Flash photolysis system with UV absorption detec-
tion of CH3O; radicals. Pressure range was 50-700
Torr, with M = He, N> and SFs. A complete analysis
of the fallott curve was carried out with a theoretical
F. value of 0.39, in good agreement with the fitted
value of F. = 0.40 = 0.10.

(b) Laser flash photolysis system with long path absorp-
tion detection of CHsO; radicals. Pressure range =
76722 Torr, with the bath gas N,. Complete analysis
of the falloff curve for 253, 298, and 353 K was car-
ried out with F. = 0.4 independent of temperature.

(c) Based on the data from Refs. 1 and 2.

(d) Based on the data of Refs. 1 and 2, but using F. = 0.6
and k.. with a negative temperature exponent. Satis-
factory fit of data for atmospheric applications was
also obtained.

(e) Detailed theoretical analysis based on recombination
data from Refs. 1 and 2 and dissociation rate data
from Ref. 6. In order to extrapolate ko, a tempera-
ture-independent value of k. = 7.5 x 1072 cm®

molecule™! s™! and F. = 0.36 (at 300 K) were used.
The comparison of dissociation and recombination
experiments led to AH° = —88.5 kJ-mol ™.

Preferred Values

ko = 25 x 107*(T/300)73° [N;] cm® molecule™! 57!
over the temperature range 250-350 K.

Reliability
Alog ko = +0.3 at 300 K.
An = %1,

Comments on Preferred Values

The preferred values are based on the theoretical anal-
ysis of Ref. 5, which used the previous experimental de-
terminations. These values are based on a theoretically
determined value of F. = 0.36 at 300 K. The difference
between references 3 and 4 is due to the different values
of F. used, with the analysis of Ref. 4 being based on a
standard value of F. = 0.6.

High-pressure rate coefficients

Rate coefficient data

k/cm® molecule ! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(8.0 = 1.0) x 10~*2 298 Sander and Watson, 1980" (a)
7 x 107'}(T/298) 35 253-353 Ravishankara, Eiscle, and Wine, 1980° (b)
Reviews and Evaluations
8 x 10712 200-300 CODATA, 1982 ©
6.5 x 107(T/300)2 200-300 NASA, 1990° (d)
75 x 10712 253-353 Destriau and Troe, 1990° (e)

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) See comment (a) for ko.

{b) See comment (b) for ks. We consider the large nega-
tive temperature coefficient to be an artifact of the
interpretation. If a larger negative temperature expo-
nent for ko and a smaller F. value at higher tempera-
ture are used, the large negative temperature
exponent of k. will decrease considerably.

(c)—(e) See comments (c)—(e) for ko.

Preferred Values

k. = 7.5 x 1072 cm® molecule ! s}, independent of
temperature over the range 250-350 K.

Reliability
Alog k. = %03 at 298 K.
An = *05.

Comments on Preferred Values
See conmunents on Ao,

ATKINSON ET AL.

Intermediate Falloff Range

An experimental value of F. = 0.4 at 298 K appears
well established. A temperature dependence of F. must
be expected, probably similar to that for NO; + NO; —»
NO:s (see this evaluation). Less complete information on
the falloff range arises from the experiments by Cox and
Tyndall,” who measured k = 1.6 x 107" cm® molecule™!
s~!at 540 Torr of N; and 1.2 X 10~2 cm® molecule ™! s™!
at 50 Torr of Ar at 275 K. The apparent observation of a
pressure independent rate coefficient k over the range
50-580 Torr of Ar, reported by Adachi and Basco,” is not
confirmed by Refs. 1 and 2.
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CHgOzNOz + M hd CHgOz + N02 + M

AH° = 88 kJ-mol™!

Low-pressure rate coefficients

Rate coefficient data

kols™! Temp./K Reference Comments
Absolute Rate Coefficients
3.3 X 107* exp(—10140/T) [CH.] 256268 Bahta, Simonaitis, and Heicklen, 1982! (a)
5.5 x 107" [CH4] 298*
9.0 x 105 exp(—9694/T) [N,] 248-273 Reimer ef al., 1989° (b)
6.7 x 1071 [N;] 298*
Reviews and Evaluations
9 x 10~% exp(—9690/T) [N-] 250-300 IUPAC, 19803 (c)

Comments

(a) CH30:NO, generated by photolysis of Cl, in the pres-
ence of NO;, CH; and O,. The kinetics were moni-
tored in the presence of NO by UV absorption at 250
nm. At 350 Torr total pressure, k = 6 x 10
exp(—10620/T) s™*. The given values of ko and k.. are
derived with F. = 0.6. The data depend to some ex-
tent on the rate coefficient for the reaction CH;0; +
NO — CH;O0 + NO..

(b) Rate of decomposition of CH;O;NO, followed by
FTIR spectroscopy after generation in a reaction

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

chamber, with subsequent addition of NO to scav-

enge CH10; radicals. Falloff curves were fitted with

F. = 0.4 and F.-dependent broadening (see Ref. 4).
(c) Based on the data and analysis of Ref. 2.

Preferred Values
ko = 6.8 X 107" [N,;]s™! at 298 K.

ko = 9 x 107° exp(—9690/T) [N2] s~ over the temper-
ature range 250-300 K.
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Reliability
Alog ko = =0.3 at 298 K.
A(E/R) = =500 K.

(‘omments on Preferred Values
The preferred values correspond to the data and anal-
vsis of Ref. 2. A theoretical analysis of these data and

1283

those of the reverse reaction in Ref. 5 gives an internally
consistent picture (with AH® = 88.5 kJ-mol~'). Slightly
lower limiting rate coefficients are obtained in Ref. 1,
where a value of F. = 0.6 was used.

High-pressure rate coefficients

Rate coefficient data

k.fs™! Temp./K Reference Comments
thsolute Rate Coefficients )
2.1 X 10" exp(—10920/T) 256-268 Bahta, Simonaitis, and Heicklen, 1982 (a)
2.6 298* .
1.1 x 10" exp(—10560/T) 248-273 Reimer ez al., 1989% (b)
4.5 298*
Reviews and Evaluations
1.1 x 10'¢ exp(—10560/T) 250-300 TUPAC, 1989* (c)
4.5 298

Comments
(a)—(c) See comments (a)—(c) for k.
Preferred Values
ko = 1.1 X 10" exp(—10560/T) s~! aver the tempera-

ture range 250-300 K.
ko = 45 s " at 298 K.

Reliability
Alog k. = +0.3 at 298 K.
A(E/R) = %500 K.

Comments on Preferred Values
See comments on preferred values for k.
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C:Hs0, + NO, + M — C;Hs;0.NO,

AH® = —67.7 kJ-mol =}

Low-pressure rate coefficients

Rate coefficient data

kofem® molecule ! s™* Termp./K Reference Comments
Relative Rate Coefficients

48 x 107% [N;] 254 Elfers, Zabel and Becker, 1990 (a)
Reviews and Evaluations

7.9 x 10739(T/298)~%2 [N,] 200-300 Destrian and Troe, 19902 (h)

22 x 107% [N,] 254

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) Thermal decomposition of C;HsO,NO:; in a glass re-
action chamber in the presence of different initial
[NO:J[NO] ratios at total pressures of 10-1000
mbar. C;HsO:NO, was prepared in situ by the photol-
ysis of Cl-C;He~O~NO>-N; mixtures. C;HsO;NO,,
NO; and NO concentrations were monitored by long-
path IR absorption and rate coefficient ratios for the
reaction of C;HsO, with NO and NO; were obtained.
The reported rate coefficient for C;HsO, + NO, was
derived using a rate coefficient of 8.9 x 10712 cm®
molecule™ s~! for the reaction C;HsO, + NO —
C:HsO + NO,. Falloff curves were constructed
based on the theoretical analysis from Ref. 2.

(b) Ratc cocfficients for the C;H,O;NO; dissociation®
were converted, using modeled equilibrium con-
stants, to recombination rate coefficients at 253 K. A
theoretical analysis of the falloff curves using F. =
0.31 and k. = 7.5 X 1072 cm® molecule™! 57!

ATKINSON ET AL.

permitted extrapolation to the low-pressure rate co-
efficients. The slightly different ko value from that of
Ref. 1 is due to the use of a different data base and
the long and uncertain falloff extrapolation.

Preferred Values

ko = 1.3 x 107%(T/300)~%2 [N;] cm® molecule™! 57!
over the temperature range 200-300 K.

Reliability
Alog ko = *0.3 at 300 K.
An = =1.

Comments to Preferred Values

The preferred values are an average of the data from
Refs. 1 and 2. The temperature dependence is from the
theoretical analysis of Ref. 2. Falloff extrapolations were
made with F. = 0.31 at 250-300 K such as given from the
theoretical analysis of Ref. 2.

High-pressure rate coefficients

Rate coefficlent data

ko/cm® molecule ™! s™! Temp./K Reference Comments
Relative Rate Coefficients
1.0 x 10~1 254 Elfers, Zabel and Becker, 1990° (a)
Reviews and Evaluations
75 x 10712 200-300 Destriau and Troe, 19907 (b)
5 x 10712 200-300 CODATA, 1984* ©
Comments Reliability

(a) See comment (a) for ko.

(b) See comment (b) for ky. k. was estimated to be sim-
ilar to the values of k. for the recombination reac
tions CCl;0; + NO; and CCLFO; + NO; (see this
evaluation).

(c) Estimated to be similar to the values for the reactions
CH302 + NO, - CH;0O,NQO; and C3H702 + NOz d
C;H,0:NO..

Preferred Values

k. = 8.8 x 107" cm® molecule™! s7!, independent of
temperature over the range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Alog k. = =0.3 over the temperature range 200-
300 K.

Comments on Preferred Values
See comments on k.
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CszOzNOz + M -> CszOz + N°2 + M

AH® = 67.7 kJ-mol~!
Low-pressure rate coefficients

Rate coefficient data -

kofs™! Temp./K Reference Comments

Absolute Rate Coefficients
4.8 x 10~% exp(—9285/T) [N:] 245-273 Zabel et al., 1989 (a)

Comments Reliability
Alog ko = =0.5 at 300 K.
(a) The unimolecular decay of C;HsO,NO, was followed A(E/R) = =1000 K.
in situ by long-path FTIR spectroscopy at total pres-
sures ranging from 10 to 800 mbar. A falloff extrapo- ~ Comments on Preferred Values

lation using F. = 0.3 leads to the cited limiting rate The dissociation data are consistent with the experi-
coefficient. mental recombination data (see this evaluation) and with
a theoretical analysis of the dissociation/recombination

Preferred Values data from Ref. 2. Falloff curves are constructed with F, =

0.31 (over the range 250-300 K).
ko = 1.4 x 1077 [N;] s7" at 298 K. ‘

ko = 4.8 x 107* exp(—9285/T) [N2] s~ over the tem-
perature range 250-300 K.

High-pressure rate coefficients

Rate coefficlent data

kofs™! Temp./K Reference Comments
p

Absolute Rate Coefficients
8.8 x 10'° exp(—10440/T) 245-273 Zabel et al., 1990 (a)

Comments Comments on Preferred Values
’ -See comment on k.
(a) See comment (a) for ko.
References

Preferred Values
'F. Zabel, A. Reimer, K. H. Becker, and E. H. Fink, J. Phys. Chem. 93,

5500 (1989).

— - -1
ke = 5457 at 298 K. M. Destriau and J. Troe, Int. J. Chem. Kinet. 22, 915 (1990)

ke = 8.8 x 10" exp(—10440/T) s~* over the tempera-
ture range 250-300 K.

Reliability
Alog k. = =0.5 at 300 K.
A(E/R) = =1000 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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ATKINSON ET AL.

CH3C03 + N02 + M cd CH;CO;,NO; + M

AH° = —119 kJ-mol !

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule™! s~} Temp. /K Reference Comments
Absolute Rate Coefficients
5.1 x 107%[N,] 298 Basco and Parmar, 1987" (a)
(2.7 £ 1.5) x 107*(T/298) 7! [air] 248-393 Bridier et al., 19912 (b)
Reviews and Evaluations
2 x 1072 [N,] 298 IUPAC, 1989° ©
Comments Preferred Values

(a) Flash photolysis system with detection of CH;CO;
radicals by absorption at 250 nm. Mixtures of Cl;,
CH;CHO, O,, N;, and NO, were photolyzed at total
pressures of 76-612 Torr. Extrapolation of falloff
curves used a theoretically modeled value of F. =
0.19.

(b) Flash photolysis of Cl,-CH;CHO-NO-—air mixtures.
The decay of CH;COs radicals was monitored by UV
absorption. The falloff curves were fitted using F. =
0.30. The discrepancy with the data of Ref. 1 is at-
tributed to an oversimplified kinetic scheme used in
Ref. 1.

(c) Based on the preliminary rate data from Ref. 2.

ko = 2.7 x 107*(T/300) "™ [N2] cm’® molecule™ s™!
over the temperature range 250-300 K.

Reliability
Alog ky = =0.4 at 300 K.
An = x2.
Comment on Preferred Values
The extensive and internally consistent study of
CH3COsNO; (PAN) formation and dissociation in Ref. 2
is preferred. Falloff extrapolations were performed with
a modeled value of F. = 0.3.

High-pressure rate coefficients

Rate coefficient data

k=/cm® molecule™! s} Temp./K Reference Comments
Absvlute Rare Cuoefficients
6.1 x 10712 298 Basco and Parmar, 1987 (a)
(121 * 0.05) x 10-1(T/298)-"* 248-393 Bridier et al., 19912 (b)
Reviews und Evaluations
9.3 x 10~*2 (1 atm air) 298 Atkinson and Lloyd, 1984* (c)
8.4 x 1072 298 TUPAC, 1989° (d)
Comments Preferred Values
(a) See comment (a) for ko. k. = 1.2 x 107'T/300)~ cm® molecule~! s~ over
(b) See comment (b) for k. the temperature range 250-300 K.
(c) Evaluated from the rate coefficient ratio

k(CH;CO; + NO)/k(CH3CO; + NOy) = 15 at 1
atm, using a rate coefficient for the reaction
CH;CO; + NO — CH;CO; + NO;of 1.4 x 107!
cm® molecule ™! 713

(d) Based on the data of Refs. 1 and 5, using a falloff
correction from k(1 atm) to k. of a factor of 1.4.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Reliability
Alog k. = =0.2 at 300 K.
An = =1,

Comments on Preferred Values
See comments on k.
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CH;CO:NO; + M — CH3;CO; + NO, + M

AH® = 119 kJ-mol ™!

Low-pressure rate coefficients

Rate coefficient data

kof/s™! Temp./K Reference Comments
Absolute Rate Coefficients
(49 £ 03) x 10-3 x 300-330 Bridier et al ., 1991 (a)
exp(—12100/T’) [N:]
Reviews and Evaluations
6.3 x 10~2 exp(—12785/T) [N:] 300-320 IUPAC, 1989° (b)
1.5 x 1072 [N,] 298
Comments Reliability

(a) Rate of the thermal decomposition of PAN mea-
sured by FTIR absorption spectroscopy in the pres-
ence of an excess of NO to scavenge CH;COs
radicals. Pressure range = 7.5-600 Torr of N,
Falloff curves were analyzed with F. = 0.30.

(b) Based on the preliminary data of Ref. 1.

Preferred Values

ko = 1.1 x 102 [N] s~" at 298 K.
ko = 4.9 x 1072 exp(—12100/T) [N;] s~ ! over the tem-
perature range 300-330 K.

I

Alog ky = +0.4 at 300 K.
A(E/R) = %1000 K.

Comment on Preferred Values

The data base of Ref. 1 is large enough to allow for a
falloff extrapolation to k, in part because falloff curves
for PAN dissociation and recombination were measured
independently. Falloff extrapolations were made with a
modeled value of F. = 0.3.

High-pressure rate coefficients

Rate coefficient data

kofs™! Temp./K Refercnce Comments
Absolute Rate Coefficients
(33 + 02) x 10~* (700 Torr N) 297 Niki et al., 1985° - (@)
22 x 1074 (124 Torr NO) 298 Senum, Fajer, and Gaffney, 1986* ®)
2.52 x 10' exp(—13573/T) 283-313 Tuazon, Carter, and Atkinson, 1991° ()
42 x 10~* (740 Torr air or N2) 298
(4.0 = 0.8) x 10' exp(—13600/T) 300-330 Bridier et al., 1991* (d)
6.1 x 10~* 298
Reviews and Evaluations
1.95 x 10'¢ exp(—13543/T) 280-320 Atkinson and Lloyd, 1984¢ (e)
36 x 1074 298
2.2 x 10" exp(—13435/T) 300-320 1UPAC, 1989* f)
5.8 x 10~* 298

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Comments

(a) Decay of CH;CO;°NO; in the presence of “NO,
monitored by FTIR spectroscopy in a long-path cell
at a total pressure of 700 Torr of N,.

(b) Decay of CH;CO;NO; (2 Torr) in the presence of
NO (0.2-10.3 Torr) monitored by FTIR spectroscopy
in a 10 cm cell. Second reaction channel, leading to
CH;ONO; + CO;, was monitored by FTIR absorp-
tion in experiments with 2.4 to 27.5 Torr of pure PAN
and no added gases. The rate coefficient derived
[k (298 K) = 1.3 x 107%s~'] and the evidence for this
reaction channel need to be confirmed.

(c) Thermal decomposition of PAN was monitored in an
environmental chamber in the presence of 740 Torr
of synthetic air or Na. The concentrations of PAN,
NO, NO:; and other reactions products were moni-
tored by FTIR absorption spectroscopy.

(d) See comment (a) for k.

(¢) Based on the data from Ref. 7.

(f) See comment (b) for ko.

Preferred Values
ko = 6.1 x 107*s™! at 298 K.

ko = 4.0 X 10" exp(—13600/T) s~* over the tempera-
ture range 280-330 K.

ATKINSON ET AL.

Reliability
Alog k. = =0.2 at 300 K.
AE/R) = +200 K.

Comments on Preferred Values

See comment on ko The actual rate data at 1 bar of
Refs. 1 and 5 agree very well and are also consistent with
a series of earlier results included in the evaluation of
Ref. 2. The temperature dependence of F. = 0.3, which
was used’ over the range 300-330 K, needs further theo-
retical investigation.
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CH;0; + NO; — products

Rate coefficient data

k/cm® molecule ! ™! Temp./K Reference Comments
Absolute Rate Coefficients
(23 £ 0.7) x 10712 298 Crowley et al ., 1990' (a)

Comments
(a) Molecular modulation study involving the 253.7 nm
photolysis of HNOs-CH4~O, mixtures in a flow sys-
tem. The rate coefficient k was derived from a com-
puter fit of the NO; absorption profiles (623 nm)
based on a mechanism of 33 reactions.

Preferred Values

No recommendation.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

The only reported study of this reaction by Crowley
etal! involves a complex system of chemical reactions
and consequently leads to a very indirect determination
of the rate coefficient. Until more work is carried out on
this reaction, we make no recommendation.
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CH,;0, + CH;0, — CH;OH + HCHO + 0, (1)
— 2CH;0 + O, @
— CH;00CH; + O 3)

AH%(1) = —331.0 kJ-mol !
AH°(2) =14.4 kJ'mol™!
AH°(3) = —146.5 kJ-mol !

Rate coefficient data (k = k; + k2 + kj)

A fem® molecule = s~! Temp./K Reference Comments
Absolute Rate Coefficients

(3.6 £ 0.55) x 1071 300 Simon, Schneider and Moortgat, 1990 (a,b)

1.3 x 10713 exp(365/T) 248-573 Lightfoot, Lesclaux and Veyret, 19902 (a,c)

(41 £ 09) x 1013 300

46 x 1074 298 Jenkin and Cox, 19913 (a,d)
Branching Ratios

kofk = 0.29 388 Lightfoot, Lesclaux and Veyret, 1990° (c)

kyk = 0.49 423

kyk = 0.64 473

kofk = 0.79 523

kyk = 0.82 573

kok = {1+ 223-333 Horie, Crowley and (c)

[exp(1131 = 30)/TY(19 = 5)}

Reviews and Evaluations

Moortgat, 1990*

1.7 x 107" exp(220/T) 200-400 IUPAC, 1989° ®
2.2 x 10~*3 exp(220/T) 200-300 NASA, 1990 (8
Comments of temperature and pressure. At 298 K, k¢/o(230 nm)

(8) kis defined by —d[CH;0,})dt = 2k[CH;0;]* and has
been derived from the measured overall second-or-
der decay of CH;O:; (kg) by correcting for secondary
removal of CH;30..

(b) Molecular modulation study, with CH;O, being gen-
erated by photolysis of Cl; in the presence of CHs~O>
mixtures at pressures of ~240 Torr. CH;O; radicals
were monitored by absorption over the range 220~
270 nm. ky/o(250 nm) = 1.16 x 10° cm s~" and ¢(250
nm) = 4.14 x 107 cm® molecule ', leading to k¢ =
(4.8 = 0.5) x 107" cm® molecule™ s™'. The cited
value of k was obtained by taking ko/k = 1.35 to allow
for secondary removal of CH;0,.

(c) Flash photolysis of Cl; in the presence of CHs~0O>-N,
mixtures over the pressure range 200-700 Torr.
CH;0; radicals were monitored by UV absorption,
with ky/o(210-260 nm) = 1.17 x 10° cm s™! and
a(250 nm) = 4.8 x 10~ cm’® molecule ™', ky/k taken
to be 1.35. At temperatures >373 K, the second-or-
der decays of CH30, were affected by HO, reactions.
The branching ratio was obtained from the effect of
HO:; on the CH;0,; decays.

(d) Molecular modulation study, with CH;O, being gen-
erated by photolysis of CH:l in the presence of 10
Torr O, with added N, (total pressures 10-760 Torr).
CH;0: radicals were monitored by absorption over
the range 210-320 nm. System generated absorption
due to a second transient species, ascribed to
CH;00IL. ky/a(230 nm) was determined as a function

= 1.01 x 10° cm s™! over the pressure range 10-760
Torr. Over the temperature range 268-350 K,
ko/o(230 nm) = 4.85 x 10* exp[(220 = 72)/T]cms™!
at 760 Torr and k¢/o(230 nm) = 745 x 10*
exp[(92 + 53)/T] cm s~! at 10.8 Torr. The cited
value of k was obtained from the measured value of
ko/o(250 nm) = 1.17 x 10’ cm s™" with (250 nm) =
3.9 x 107* cm? molecule™.

(e) Study of the photooxidation of CH,, initiated by Cl

®

atoms generated from Cly, in a slow-flow system un-
der steady-state illumination. Analysis of HCHO,
CH;0H and HCOOH products by FTIR spec-
troscopy.

Calculated from the average value of ko/o(250 nm) =
1.24 x 10° cm s~! from the results of Parkes,’
Hochanadel etal.® Anastasi etal.’ Kan etal."
Adachi etal.' Sander and Watson,'? McAdam
etal.,” Kurylo etal.* and Jenkin etal.'s and the
value 0(250 nm) = 3.9 x 107" cm® molecule ™! (av-
erage of the results of McAdam et al.,”* Kurylo and
Wallington," Jenkin etal.,”” Kan etal.'" Cox and
Tyndall,'® Sander and Watson,”” Adachi etal.,!
Hochanadel er al.,® Parkes,” Anastasi et al.,” Moort-
gat et al."” and Pilling and Smith'®).

{g) Calculated from the average value of ko/c(250 nm)

from Cox and Tyndall,’® Jenkin et al.,”* Sander and
Watson,"? McAdam et al.,”* Kurylo and Wallington'
and Lightfoot er al.,” and the average value of (250

nm) = 3.7 x 107" ecm® molecule ™.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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Preferred Values

k = 3.7 x 107" cm® molecule ™! s7! at 298 K.

k = 1.1 x 107 exp(365/T) cm® molecule ! s~! over
the temperature range 200-400 K.

k» = 1.1 x 107" cm® molecule ! s™! at 298 K.

ky = 5.9 x 1078 exp(—509/T) cm® molecule ™! s™! over
the temperature range 220-330 K.

Reliability
Alog k = *=0.12 at 298 K.
A(E/R) = =200 K.
Alog k;» = *0.15 at 298 K.
A(EJ/R) = %300 K.

Comments on Preferred Values

The recent room temperature measurements' of ky/o
are in excellent agreement with our previously recom-
mended value of ko/o(250 nm) = 1.24 X 10° cm s7},
which is unaltered. In addition, the measurements of the
absorption cross-section by Simon efal.! are also in
agreement with our previous recommendation of o(250
nm) = 3.9 x 107 cm? molecule™! which is also unal-
tered. Thus, our recommended’ value of ko= 4.8 x 107"
cm® molecule™'s™! at 298 K is confirmed.

Taking the revised branching ratio of kvk = 0.30 at
298 K (see below) yields the slightly revised value of k at
298 K listed above.

The-temperature dependence of k reported by Light-
foot etal.? is in excellent agreement with the previous
studies of Sander and Watson'? and Kurylo and Walling-
ton."* Here we have recommended the E/R value of
Lightfoot et al .,> on the basis of their more extensive tem-
perature range. This is larger than our previously recom-
mended value of E/R, since the data have now been
treated in terms of a temperature dependent branching
ratio ko/k (see below). The recommended Arrhenius
equation follows from the recommended values of kyys
and E/R.

The two recent studies®® of the temperature depen-
dence of the branching ratio involve different tempera-
ture ranges. Here we have selected the results of Horie
etal.,* over the more atmospherically relevant tempera-
ture range 220-330 K, in calculating the recommended
value of k. This is derived from the above* tabulated tem-
perature dependent value of k»/k and our recommended
Arrhenius equation for k.

J. Phys. Chem. Ret. Data, Vol. 21, No. 6, 1992
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It should be noted that, from an analysis of their own
data* together with the results of Lightfoot et al.,” Anas-
tasi et al.,’ Kan et al.,"”” Parkes,” Niki et al.?* and Weaver
etal.” the equation kyk = 1/{1+[exp(1330/T))/33} was
obtained by Horie et al.* for the more extensive tempera-
ture range 223-573 K. This equation shows slight non-
Arrhenius behavior.

Lightfoot et al.? observed no pressure dependence of
the branching ratio, k2/k, over the range 210-760 Torr.
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CH;0; + CH;CO; — CH;0 + CH;CO, + 0, (1)
— CH;COH + HCHO + 0, (2)

\H°(1) = —28 ki-mol~!
AHC(2) = —379 kJmol~!

Rate coefficient data ( k = k; + kz)

A /em® molecule ! s~ Temp./K Reference Comments
thsolute Rate Coefficients
3 x 10~ 302 Addison et al., 1980 (a)
(14 = 03) x 1071 253-368 Moortgat, Veyret, and Lesclaux, 19882 (b)
k; = 1.8 x 107° exp[— (1800 = 1100)/T] 253-368 )
k= (5.5 = 3) x 10-12 298
ky = 4.1 x 107 exp[(2100 = 1200)/T]  253-368
k, = (5.5 = 2) x 10-12 208
Reviews and Evaluations
k; = 5.5 x 10712 298 IUPAC, 1989° (c)
k, = 5.5 » 1012 208
Comments Reliability
Alog ky = 0.5 at 298 K.
(a) Molecular modulation study involving UV absorption Alog k2 = =0.5 at 298 K.

of CH;CO; (210-280 nm) produced from the photol-
ysis of Cl; in the presence of CH;CHO-O, mixtures
at a total pressure of 710 Torr. The rate coefficient k
was obtained from a computer simulation of absorp-
tion curves, involving a mechanism of nine elemen-
tary reactions.

(b) Flash photolysis of Cl. in the presence of
CH3;CHO-O:. mixtures at a total pressure of 620
Torr. Rate coefficients were derived by fitting the ex-
perimental optical density traces at several wave-
lengths in the range 200-250 nm using a computer
simulation model of CH30; and CH;CO; reactions
together with the absorption cross-sections of the
radicals. Inclusion of channel (2) was necessary to ac-
count for the observed removal of CH:0: in the first
100 ps after the flash.

(c) See Comments on Preferred Values.

Preferred Values

ki = 5.5 x 107" cm® molecule™! s~! at 298 K.
k; = 5.5 x 1072 ¢m® molecule™! 57! at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.% The two reported studies of this re-
action are not in good agreement. The discrepancy arises
primarily from the different absorption cross-sections
used for the CH3;COs radical and the rate coefficient de-
termined for its self-reaction in these studies. We have
selected the more recent study of Moortgat ef al.* as the
basis for a recommendation, on the grounds that the
CH;CO; cross-section determination is more direct, and
the complex kinetic behavior of the radicals appears to be
better defined in the flash photolysis system. Further con-
firmation of the rate coefficient and the branching ratio
of this reaction are required.
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HOCH,0; + HOCH,0; — HCOOH + CH,(OH). + 0, (1)
— 2HOCH,0 + O, ()

Rate coefficient data (k = ki + k)

k/cm® molecule~! s~! Temp./K Reference Comments
Absalute Rate Caefficients

ky = 5.65 x 10~ exp[(750 = 400)/T] 275-323 Veyret et al ., 1989* (a,b)

ki = (70 £ 2.1) x 1078 295

ky = (56 = 2.8) x 107" 298 Burrows et al., 1989° (ac)
Relative Rate Coefficients '

kr = (5.5 = 1.1) x 10712 298 Burrows et al., 1989* (a,)

Comments Reliability

(a) k is defined by — d[HOCH,0,)/dt = 2klHOCH,O.}.

(b) Flash photolysis of Cl, in the presence of HCHO or
CH;0H and O,, with time-resolved absorption spec-
troscopy for the detection of HO: and HOCH;O:
radicals. The rate coefficient k; was obtained from a
computer fit of the absorption profiles of HOCH:O,
radicals at 250 nm. Channel (2) leads to the re-gener-
ation of HO; radicals and is thus not observable in
this system.

(c) Molecular modulation study of Cl.-HCHO-O, mix-
ture with diode laser infrared spectroscopy for the
detection of HO, and HOCH;O; radicals. The rate
coefficient k; was obtained from a computer simula-
tion of quantum yields for HCOOH formation.

Preferred Values

ki = 7.0 x 1078 cm® molecule ™! s™! at 298 K. )

ki = 5.7 X 10™* exp(750/T) cm® molecule™' s™* over
the temperature range 275-325 K.

k» = 55 x 107" cm® molecule ' s~ at 298 K.

J. Phys. Chem, Ref. Data, Vol. 21, No. 6, 1992

Alog ky = +0.3 at 298 K.
A(E/R) = 750 K.
Alog k2 = +0.3 at 298 K.

Comments on Preferred Values

The parallel studies of Veyret etal.! and Burrows
et al > confirm that the interaction of HOCHO; radicals
involves two channels. The two reports*? of the rate coef-
ficient k1 at room temperature are in good agreement,
and indicate that this channel is a factor of ~3—4 faster
than the interaction of CH;0O, radicals. The rate coeffi-
cient k; is even faster than k,, with a value of about 50
times that of the analogous reaction of CH;O; radicals.
Confirmation of the temperature coefficient of ki is
needed, as well as a determination of the temperature co-
efficient of k..
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CszOz + c:Hsoz il CszOH + CH3CHO + 03 (1)
i 2C2H50 + 02 (2)
— C,Hs00C:Hs + O (3)

AH°(1) = —343.2 kJ-mol-!
AH®(2) = 23.0 kl-mol~*

Rate coefficient data (k = k1 + k2 + k)

k /cm?® molecule~! s~! Temp./K Reference Comments
Absolute Rate Coefficients
6.1 x 10~ 298 Bauer, Crowley and Moortgat, 1992! (a,b)
Branching Ratios
kofky = 2.1 295 Wallington ef al., 1989* ()
kitk < 0.06 295
Reviews and Evaluations
1.2 x 1013 exp(—110/T) 250-450 TUPAC, 1989 (d)
1.6 X 107 '* exp(—300/T) 200-300 NASA, 1990* (€)
Comments A(E/R) = YW K.

(a) kis defined by — d[C;Hs0,)/dr = 2k[C,H;O.J and
has been derived from the measured overall second-
order decay of C;HsO: (ko) by correcting for sec-
ondary removal of C;H;O..

(b) Molecular modulation study. C;HsO, radicals were
generated from the photolysis of flowing mixtures of
Cl-C;Hs-O,-N; at a total pressure of 100 Torr and
monitored by absorption at 210 and 330 nm. Values
of k /s were determined at 220, 250 and 280 nm, lead-
ingtoky = 1.0 X 107" cm® molecule ™' s™*. The cited
value of k was calculated taking kyk = 0.65.

(c) C:HsO,; radicals were generated from the steady-
state photolysis of Cl.-C;Hs mixtures at 700 Torr
pressure of air. Products were monitored by FTIR
spectroscopy.

(d) kzss was the mean of the data of Adachi et al.,> Anas-
tasi et al.,* Cattell et al.” and Wallington eral ® E/R
was from Wallington ef al .® and the 4 -factor was ad-
justed to fit kas. ko/k at 298 K was the mean of the
data of Niki etal.’ and Anastasi et al .’

(e) The rate coefficient ks was derived from the studies
of Adachi et al.,’ Anastasi et al., Munk et al.," Cat-
tell ez al.,” Anastasi ef al." and Wallington ef al.* The
above Arrhenius equation was then obtained using
an E/R value derived from the data of Adachi et al.,’
Anastasi ef al .* and Wallington et al ®

Preferred Values

k = 6.8 x 107" cm® molecule™! s™! at 298 K.

k = 9.8 x 107 exp(—110/T) cm® molecule ' s™' over
the temperature range 250-450 K.

ko/k = 0.62 at 298 K.
Reliability

Alog k = =0.12 at 298 K.

A(ky/k) = +0.1 at 298 K.
Comments on Preferred Values

The preferred value of k2 has been calculated from
the mean value of ky = 1.1 x 10~ c¢m® molecule ™! 5!
obtained from the studies of Adachi etal.’ Anastasi
etal .’ Cattell et al.,” Wallington et al ® and Bauer et al.,!
all of which are in good agreement. This mean value of ko
was converted to the above preferred value of ks by use
of the preferred branching ratio of kz/k = 0.62 (see be-
low).

Our recommended value of E/R is from the study of
Wallington ez al.,” and the A -factor has been adjusted to
give the preferred value of kogs.

The recommended branching ratio has been calculated
from the mean value of ki/k; from the results of Niki
etal’ (ki/kz = 0.76 at 298 K), Anastasi et al.® (kik, =
0.59 at 298 K), and Wallington et al ? (kilks = 0.48 at
295 K). The temperature dependence of the branching
ratio reported by Anastasi et al.® requires confirmation.

The product study of Wallington et al * failed to reveal
any GHsOOC;H; product, and while their reported
branching ratio ks/k is based on their detection limits for
GHsO0G;Hs, it is recommended that channel (3) be dis-
counted under atmospheric conditions.
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CH;CO; + CH;CO; — 2CH3CO. + O:

AH®° = —71 kI-mol~!

Rate coefficient data

k/fcm? molecule ™! s~! Temp./K Reference Comments

Absolute Rate Coefficients
(25 135 x 1w~ 302 Addison et al ., 1980 (a,b)
(8.0 = 1.3) x 10~# 298 Basco and Parmar, 19852 (a,c)
2.8 X 10712 exp[(530 = 100)/T} 253-368 Moortgat, Veyret and Lesclaux, 1989° (a,d)
(1.6 = 0.3) x 10~ 298

Reviews and Evaluations
2.8 x 10712 exp(530/T) 250-370 IUPAC, 1989* ()

Comments Preferred Values
(a) k is defined by —d[CH;COs)/dt = 2k[CH;COs} and k = 1.6 x 107" cm® molecule™ s™! at 298 K.

has been derived from the measured overall second-
order decay of CH;CO; (ko) by correcting for sec-
ondary removal of CH3COs.

(b) Molecular modulation study involving UV absorption
(210-280 nm) of CH3COs radicals produced from the
photolysis of Cl; in the presence of CH;CHO and O;
at a total pressure of 710 Torr. A computer simula-
tion of the absorption curves, involving a mechanism
of nine elementary reactions with secondary removal
of CH;CO;, yielded the cited rate coefficient k from
the experimental value of ky = (6.5 = 3.0) x 107"
cm® molecule ™! s™!.

(c) Flash photolysis of Cl; in the presence of CH;CHO
and O; at a total pressure of 153 Torr. CH3;CO3 was
monitored by UV absorption (210~280 nm). The rate
coefficient k was derived from a computer simulation
of ahsorption profiles over the wavelength range
198-208 nm, where the contribution of CH;O; radi-
cals to the total absorbance was assumed to be negli-
gible. The reported rate coefficient, which is listed
above, is effectively k. .

(d) Flash photolysis of Cl; in the presence of
CH;CHO-O; mixtures at a total pressure of 620
Torr. CH;COj; radicals were monitored by absorption
over the range 190-280 nm and the absorption cross-
section was measured relative to o(HO;) = 5.3 X
107'® cm? molecule ™! at 210 nm. The rate coefficient
was derived from a computer simulation of the ab-
sorption traces at a range of wavelengths, from a
mechanism including secondary removal of CH;COs.

(e) See Comments on Preferred Values.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

k = 2.8 x 107" exp(530/T) cm® molecule™' s~! over
the temperature range 250-370 K.

Reliability
Alog k = *0.5 at 298 K.
AE/R = =500 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989." The agreement among the three
measurements' of this rate coefficient at room tempera-
ture is rather poor. We have selected the most recent
study of Moortgat et al.* as the basis for a recommenda-
tion, on the grounds that it is based upon 4 more com-
plete knowledge of the complicated chemistry involved
than was available for the earlier studies."? At the same
time, until more experimental data are available we have
assigned considerable error limits, particularly with re-
gard to the temperature coefficient.
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HOCH,CH.0, + HOCH.CH.O, - HOCH.CH.OH + HOCH.CHO + O, (1)

Rate coefficient data ( kK = ki + k2)

k/cm® molecule~! s—! Temp./K Reference Comments
Absolute Rate Coefficients
(1.36 = 0.21) x 10-*2 298 Jenkin and Cox, 1991 (a,b)
(7.7 £ 1.2) x 10712 298 Anastasi et al., 19912 (ac)
(22 £ 03) x 10722 296 Murreclls et al ., 19913 (a,d)
Branching Ratios
kJk = 0.18 = 0.02 298 Jenkin and Cox, 1991! (e)
kyk = 0.25 298 Anastasi ef al., 19912 (3]
kofk = 0.36 = 0.07 298 Murrells et al., 19912 (g)

Comments

(a) k is defined as —dHOCH,CH;O;}Jdt =
2k[HOCH;CH,0,F and has been derived from the
measured overall second-order decay of
HOCH,CH;O; (ko) by correcting for secondary re-
moval of HOCH,CH:O..

(b) Molecular modulation study, with radicals being gen-
erated from the photolysis of HOCH:CH.I in the
presence of O, and N; at a total pressure of 760 Torr
in a slow flow system. HOCH,CH.O, radicals were
monitored by absorption at 230 nm for which
o(HOCH,CH,0;) = 2.35 x 107 cm?® molecule™!.
The cited rate coefficient & was calculated from the
experimental value of ko/o2s0 = 6.8 x 10° cm s™! and
the estimated branching ratio, k»/k = 0.18. The value
kofose = 6.5 X 10° cm s™! was also obtained.

(c) Pulsed radiolysis study, with radicals being generated
from CzHA"Oz—HzO—SFf. and CH;CH.OH-O:-SF;
mixtures at a total pressure of 760 Torr.
HOCH,CH;O; radicals were monitored by absorp-
tion at 230 nm, with o = 3.5 x 107® cm?
molecule™!. The rate coefficient ks listed above is
the average from the studies of the two sources of the
radical, obtained by computer simulation of the ab-
sorption traces of the radical,

(d) Separate laser flash photolysis and molecular modu-
lation studies, with radicals being generated from the
photolysis of H.O; in the presence of C;H, and O; at
total pressures of 730 = 30 Torr (N,). HOCH,CH,0,
radicals were monitored by time-resolved UV ab-
sorption spectroscopy. Values of ko/ozso = 6.6 x 10°
and 6.8 X 10° cm s™! and o35 = 4.47 X 107 and
4.90 x 107" cm* molecule ™" were obtained from the
flash photolysis and modulation experiments, respec-
tively. The above value of k is that from the flash pho-
tolysis experiments, taking k»k = 0.36.

(e) Determined in same experiments as for comment (b)
from the measured yields of HCHO and the amount
of HOCH,CH;I reacted, assuming that photodis-
sociation of HOCH.CH.I yields exclusively
HOCH:CH-0:; radicals at 760 Torr.

(f) Derived from computer simulation of the absorption
profile of the HOCH;CH.O; radical at 225 nm.

(g) Re-evaluation of the data of Jenkin and Cox,' in light
of evidence that only ~50% of the HOCH.CH:I
photolyzed yields HOCH,CH:O..

Preferred Values

k =23 x 1072 cm® molecule ™! 57! at 298 K.
kio/k = 0.36 at 298 K.

Reliability
Alog k = *0.3 at 298 K.
A(kk) = +0.1 at 298 K.

Comments on Preferred Values

The preferred value of ka9 has been obtained from the
average value of ko/a2se = 6.6 X 10° cm s™! obtained from
the laser flash photolysis experiments® and the two molec-
ular modulation studies.'”® Taking the average value of
o = 4.7 x 107" cm? molecule™! from the two sets of
experiments of Murrells et al ? yields ky = 3.1 x 10712
cm’ molecule ™" s, which leads to the preferred value of
k2o from the re-assessed branching ratio kyk = 0.36.

‘T'he absorption spectrum of the HOCH,CH;0, radical
reported by Anastasi et al 2 from pulsed radiolysis exper-
iments shows several distinctly different features to that
reported by Murrells ez al > The valuc of ko = 3.3 %
10° cm s™! which can be calculated® from the results of
Anastasi ef al? is a factor of ~5 larger than the value
from the other work.'? These discrepancies are not easily
explained, but the weight of evidence appears to support
the consistent data from the flash photolysis® and molec-
ular modulation'? experiments.

The re-assessment of the data of Jenkin and Cox' by
Murrells etal? also leads to the higher value of the
branching ratio, which we have recommended here. The
approximate branching ratio reported by Anastasi et al.?
is consistent with this value, within the suggested error
limits.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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ATKINSON ET AL.

n-C;H;0; + n-C;H;0; — n-C;H;OH + C.H;CHO + O, (1)
— 2n-C;H;0 + O, (2)

Rate coefficient data ( k = ky + k)

k/em® molecule =1 s~! Temp./K Reference Comments
Absolute Rate Coefficients

(33 £03) x 107% 298 Adachi and Basco, 1982! (a,b)
Reviews and Evaluations

3 x 10-8 298 IUPAC, 1989° (c)

Comments

(a) kis defined by — d[n-C;H,0,] = 2k[n-CH;0,]" and
has been derived from the measured overall second-

order decay of n-CsH;0: (ko) by correcting for sec- -

ondary removal of n-C;H;0..

(b) TIlash photolysis of 1,1’-azopropane in the presence
of O, and added N, at total pressures up to 720 Torr.
n-C;H;0; radicals were monitored by absorption at
260 nm, for which ¢(260 nm) = 3.15 x 107" cm?
molecule™!. The rate coefficient k was calculated
from the experimental value of k; = (3.84 = 0.33) x
107" cm® molecule ~! s~! on the basis of a mechanism
of 12 elementary reactions, including secondary re-
moval of n-C;H,0O radicals.

(c) See Comments on Preferred Values.

Preferred Values
k=3 x 1072 cm?® molecule ™! s~! at 298 K.

Reliability
Alog k£ = %0.5 at 298 K.

J. Phys. Chem, Ref. Data, Vol. 21, No. 6, 1992

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, [IUPAC, 1989.2 The recommended rate coefficient,
which is the rounded-off value from the study of Adachi
and Basco,! requires substantiation along with a determi-
nation of the temperature coefficient.

The recommended value of kays is in linc with the ratc
coefficients of the analogous reactions of the CH;O; and
C;H;s0; radicals. On the other hand, the recommended
rate coefficient for the interaction of the i-C;:H;O; radical
is considerably lower (kzs = 1.0 x 107" cm® molecule™!
s~!) and that reported® for the ¢-C;HyO; radical is even
lower still (kys = 2.3 X 107" cm® molecule ™! s7'). This
trend is in keeping with that observed in the liquid phase
for the RO; interactions,” i.e., k (primary RO2) > k(sec-
ondary RO;) > k(tertiary RO,).
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i-C3H;0, + i-C3H;0, — i-C;H,0H + (CH;).CO + O, (1)
— 2i-C;H,0 + O, (2)

\°(1) = —351.9 k¥-mol™*
\H"(2) = 33.2 kI-mol ™!

Rate coefficient data ( k = ky + k3)

A /cm® molecule ™! 57! Temp./K Reference Comments
thsolute Rate Coefficients

143 x 1072 exp[ — (2243 = 69)/T] 300-373 Kirsch et al., 1978! (a,b)

8.10 x 10~ 300

(1.3 = 04) x 10°% 298 Adachi and Basco, 1989° (ax)

(5.3 = 0.5) x 1074 298 Munk ef al., 1986 (a,d)
Iranching Ratios

kofky = 1.39 = 0.04 302 Kirsch et al., 1979% (e)

kofky = 56.3 exp(—1130/T") 302-372 Cowley, Waddington, and Woolley, 1982° (f)
Reviews and Evaluations

1.6 X 10712 exp(—2200/T) 300-400 TUPAC, 1989° ®

Comments

(a) k is defined by —d[i-CsH,O:)/dr = 2k[i-CH;0,F
and has been derived from the measured overall sec-
ond-order decay of i-C;H-O: (ko) by correcting for
secondary removal of i-C3H-O..

(b) Molecular modulation study of the photolysis of 2,2’-
azopropane in the presence of O; and N; at total
pressures up to 710 Torr. i-CsH;O, radicals were
monitored by absorption at 265 nm. The rate coeffi-
cient k has been calculated from the experimental
value of ko = (2.37 = 0.17) x 10" 2 exp[— (2243 =
60)/T] cm® molecule ! s~ and the branching ratio k»/
ki = 1.39 at 302 K determined in the subsequent
study.*

(c) Flash photolysis of 2,2’-azopropane in the presence
of O; and added N; at total pressures up to 720 Torr.
i-CsH-0O> radicals were monitored by absorption at
240 nm, for which 0(240 nm) = 4.86 X 107! cm?
molecule ™. The rate coefficient k has been calcu-
lated from the experimental value of k) = (2.03 =
0.58) X 107" cm® molecule™ s™' at 298 K, on the
basis of a proposed mechanism of 12 elementary re-
actions including secondary consumption of i-
C3H702 radicals.

(d) Pulsed radiolysis of H, at 1 atm in the presence of
C:Hg. i-CsH7 was generated from the reaction of H
atoms with CiHs. The absorption spectrum of
i-C3H,0, was observed on the addition of O and the
decay of i-C;H;O, monitored by UV absorption at
253 nm, and found to obey second-order kinetics. It
is not clear if the reported value of the rate coeffi-
cient is ko or k.

(e) Steady-state photolysis of 2,2’-azopropane in the
presence of O; and added N; at total pressures up to
500 Torr. Ratio of rate coefficients based on analyses
of (CH3),CO and (CH;),CHOH by GC.

(f) Extension of the experiments by Kirsch et al.,* to ob-
tain ko/k, at 333 and 372 K. The Arrhenius equation
calculated from these data and a value of kxk; at
302 K was reported by Kirsch et al .*

(g) See Comments on Preferred Values.

Preferred Values

k = 1.0 x 107" cm® molecule™! s~! at 298 K.

k = 16 x 107" exp(—2200/T) cm® molecule™! s~!
over the temperature range 300400 K.

kik = 0.44 at 298 K.

ki/k = 3.7 x 107? exp(740/T) over the temperature
range 300-400 K.

ko/k = 0.56 at 298 K.

ka/k = 2.0 exp(—380/T) over the temperature range
300-400 K.

Reliability
Alog k = +0.3 at 298 K.
A(E/R) = =300 K.
Alkylk) = A(kofk) = +0.15 at 298 K.

Comments on Preferred Values

This data sheet is reproduced from our previous evalu-
ation, IUPAC, 1989.® The recommended rate coefficient
(k) at 298 K is the average of the rate coefficients from
the data of Kirsch ef al."* and Adachi and Basco,? which
are in reasonable agreement. We have not taken into ac-
count the rate coefficicnt reported by Munk et al.;’ for
which experimental details are lacking.

The recommended temperature dependence of k is
based on the results of Kirsch et al.,! which have been
rounded-off and adjusted to the recommended value of
kogs.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992
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The branching ratio and its temperature dependence®”
appear to be reliable and have been adopted here, but
require further confirmation.

The value of kags is considerably lower than that for the
analogous reaction of the n-C3;H;0, radical, which is in
keeping with the trend observed in studies of the interac-
tions of alkylperoxy radicals in solution,’ i.e.,

k(primary RO,) > k(secondary RO;) > k(tertiary RO;).

ATKINSON ET AL.
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CH,COCH.0; + CH,COCH.0; — CH,COCH.OH + CH,COCHO + O, (1)
— 2CH;COCH.0 + O; (2)

Rate coefficient data ( k = ky + k)

k/cm® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
<83 x 107*2 298 Cox et al., 1990 (a,b)
Comments Comments on Preferred Values

(a) k is defined by —d[CH;COCH,O,J/dt =
2 k[CH;COCH;0,}*
(b) Pulsed radiolysis experiments with CH;COCH;-0;
mixtures in 1 atm SFs. CH3COCH;0; radicals were
monitored by absorption at 310 nm and the rate coef-
ficient k was derived from the observed second-order
decays at high O, concentrations. The derived value
of ke = (83 = 1.6) x 107" cm® molecule™ s™! at
298 K is an upper limit, owing to the possibility of
secondary reactions producing an enhanced decay of
CH},COCHzOz radicals.

Preferred Values

k<1 x 107" cm® molecule™! s! at 298 K.

J. Phys. Chem. Ref. Data, Vol. 21, No. 6, 1992

We have recommended a rounded-off upper limit for
the rate coefficient at 298 K, as determined by Cox et al.!
The secondary chemistry in that system, along with the
absorption cross-section of the CH;COCH,O; radical, re-
quire further studies before the rate coefficient can be es-
tablished with greater certainty.
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RCHOO + O; — RCHO + 20,
RCHOO + H.O — products
RCHOO + CO — products

|
RCHOO + HCHO — RCHOOCH.0
RCHOO + C:H, — products

RCHOO + NO — RCHO + NO;
RCHOO + NO; — RCHO + NO;
RCHOO + SO, — products

(R=H or CHj)

1299

(1)
()
(3)
)
)
(6)
7
®)

Rate coefficient data

k/cm® molecule ~* 5! Temp./K Reference Comments
Relative Rate Coefficients

kotky = (6.1 = 0.3) x 107 295 Calvert et al ., 1978! (a)

kykskaksks = 2.5 x 107%1.8 296 Su, Calvert and (b)

x 107%2.5 x 107125 x 107%1.0 Shaw, 19802

kalke = (2.3 = 1) x 10~* 208 Suto, Manzanares and T ee, 10843 (c)

katky = (1.4 = 04) x 1072 298 Manzanares, Suto and Lee, 19874 (d)
Reviews and Evaluations

ko =2 x 10"%tol x 107 298 Herron, Martinez and Huie, 1982° (e)

ke =72 % 10"%t08 x 10~ 298 ®

kr=1x10""7t07 x 10-* 298 (©

ks = 3 x 107 to 1.7 x 10-1 298 . (h)

kykskikeksks = 298 Atkinson and Lloyd, 1984° (i)

5 x 10752 x 107%0.25:10%10:1

ky ~ 4 x 1071 298 G)

ke ~ 2 x 10-1 298 )

ke = 7 % 107%2 298 &)

ky ~ 7 x 10713 298 G)

ky ~ 7 x 10- 298 1)

ky = 4 x 1071 298 Kerr and Calvert, 19847 0

ks =13 x 107 298 o

ke = 2 x 1071 298 )

ke =7 x 10-12 298 1)

ks = 1.0 x 10°3 298 0)

ks =7 x 10°2 298 10

Comments (d) Similar study to that of comment (c), with the inclu-
sion of the effect of added NO, on the formation of

(a) Decrived from a reanalysis of the data of Cox and the H,SO4 aerosol.

(b)

©

Penkett® from a study of the aerosol formation from
SO, in the presence of Os—O;-cis-2-C,Hs mixtures at
atmospheric pressure. In this system the biradical in-
termediate involved is believed to be CH;CHOO.
FTIR study of the C;H,~O; reaction in the presence
of O~N: mixtures at a total pressure of 700 Torr and
with added CO, HCHO, or SO.. Relative rate coeffi-
cients derived from a computer simulation of reac-
tant consumption and product formation, based on a
mechanism of 20 elementary reactions.

Flow system involving C;Hs~03-SO,-H:O mixtures
in which H,SO, aerosol concentrations were moni-
tored by scattered UV light. Relative rate coeffi-
cients obtained from the dependencies of the aerosol
formation on the concentrations of Os, SO;, and
HO.

(e) Based on the ratio koks = 6 X 107%, as derived by

®

(8)

Calvert et al.! from the data of Cox and Penkett,® and
taking3 x 1075 « ky < 1.7 x 107" cm?® molecule™!
s~ [see comment (i)].

Based on a study of the ozonide formation in the sys-
tem Os-Orcis-2-CsHs~HCHO by Niki ez al.’ and on
thermochemical kinetic estimates of Nangia and
Benson." Details were not provided. It has been as-
sumed that the reactivities of the CH,O0 and
CH;CHOO biradicals are identical.

Derived from the ratio ks/k; = 14, which has been
estimated® from the data of Martinez et al." from a
study of the reduction in secondary ozonide form