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This paper updates and extends a previous critical evaluation of the kinetics and photo-
chemistry of gas phase chemical reactions of neutral species involved in middle atmosphere
chemistry (10-55 km aititude) {J. Phys. Chem. Ref. Data 9, 295 (1980)]. The work has been
carried out by the authors under the auspices of the CODATA Task Group on Chemical
Kinetics. Data sheets have been prepared for 228 thermal and photochemical 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 208 K is
given together with a temperature dependence where possible. The selection of the preferred
value is discussed, and estimates 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 chem-
istry. 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.
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1. Preface

This paper is the first supplement to the original set of
critically evaluated kinetic and photochemical rate parameters
for atmospheric chemistry, published by the CODATA Task
Group on Chemical Kinetics in 1980 [1]." At the present rate of
publication of experimental laboratory data on the rates of ele-
mentary atmospheric reactions, we estimate that Supplements
to the Evaluation are required at approximately two-year inter-
vals.

The approach to the present supplement has been to pre-
pare data sheets for reactions for which results have been pub-
lished since December 1978, i.e., new data since the original
evaluation. At the same time we have widened the scope of the
data basc by including two furthor typos of roaction, (i) reactions

'Figures in brackets indicate literature references.

a}{'{wwp,e Civein, Hanl, Dala, Vol 11, No. 2, 1982

5.4. Organic Compounds ....c.ccuereverevsnemresinecsnsanes 407

5.5. Sulfur Compounds ....c..cceververirusens w438
5.6. Fluorine Compounds ... 451
5.7. Chlorine Compounds ... 454
5.8. Bromine Compounds ... ... 480
5.9. lodine Compounds .....c.coeeeereereeesnserssssanssencens 484
Appendix 1. Enthalpy Data ..cceceeeecceeiceicninieiinienicns 493
Appendix I1. Conversion Tables .cecveereirecmmrieneriserecns 495

involving C, organic molecules and radicals and (ii) reactions of
iodine containing species. In addition we have included selected
information on the reactions of vibrationally excited species
such as HO*, O3* and vibrationally cxcited singlet O.
Itshould be emphasised that in preparing the updated data
sheets we have not listed all the previous data contained in the
original evaluation [1}. Consequently, to obtain the overall pic-
ture and background to the preferred rate parameters it is essen-
tial that the present supplement should be read in conjunction
with the original evaluation [1]. For photochemical data sheets,
in vases where no new data have been published since the pre-
vious evaluation, we have repeated here a summary of the rec-
ommended values of the cross sections and quantum yields.
The cut-off point for literature searching for this supple-
ment was December 1980. As in our previous evaluation, how-
ever, we also include data which, at the time of our final Task
Group Meeting (May 1981), was available to us in preprint form.
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2. Summary of Reactions and Preferred Rate Data

Page © kg Temp. dependence of Temp. A(EIR)
number Reaction em® molecule ™! 57! A log fygg k /em® mclecule ™! 57! range/K K
0, Reactions
349 0+0,+Mo0;+M 6.9%1074[0,] (k) +0.1 6.9X 107347 /300)~ "2 [0,] 220-370 An= 405
6.2 10~ [N,] (ko) +0.1 6.2X 1073%T /300) *°[N,] 220-370 An= +05
2.8x 1074 (k) +0.3 28X 19712 200-300 4n= +0.5
F, =085 AF. = +0.1 expl — 7'/1800) + exp{ — 7200/T) 200-300  AT* = +800
350 0:* + M0, + M See data sheets for O + 0, + M—0; + M
351 0 + D;—20, 8.4x10~" +0.1 1.8 10~ exp( — 2300/7) 220-400 + 200
351 0 +0,*—0+0, -
20, Lox107h 103
352 O('Di + 0,—0CH)
+ 01('2:;')
3
_’0(+ g)i(, 4,) 4.0x107" +0.05 3.2X10™" exp( +67/T) 200-350 + 100
—0(n)
+0,02 )
353 O('Di + 0,—0, + 20(°P}
—0CP) + 0,
—20,'4,)
=0T 1+ 241077 +0.05 2.4%10710 100-400 ~ + 100
02 )
—20,°3 <)
354 0,('4,) + M—0,°Z ")+ M <£1.4X107" M=N,)
2.2X107H M=0,) +03
5x1071% M=H,0) +03
< 8X107% (M =CO,)
355 0,(4,) + 0,—20,+ 0 3.8%x10™" +0.1 5.2X 137 exp( — 2840/7) 280-360 4 500
356 02('A“)* + M—r(]l('A“) +M See data sheets
356 0T )+ MG L2 )+ M 2.0xX10°% (M= Ny} +0.1
8.0x107" (M=0) +03
4.0x10°7 M=0, +03
401071 M=H,0) +03
357 0,2,V + 0,0 + 20, 1.5x10~" + 0.06
—0,'4 3
0.5 2’;)_;:? o, g 6.6X107" +0.06
358 O T, + 0,02 )+ 0, See data sheets
358 0y + hv—20 See data sheets
360 0, +v—0 + 0, See data sheets
HO, Reactions
v H+HO—H, + 0, 1.4%x107H + 04
—2HO 3.2x10~" +0.4
—H,0-0 €9.4X107"7 i

AYLSIWIHD DRIFHASOWLY 304 ViVa 1VIIWIHDOLOHd NV DILIANDI
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2. Summary of Reactions and Preferred Rate Data—Continued

Page ko8 Temp. dependence of Temp. A(E/RY
number Reaction em® molecule's ! 4 log kaoq k /em® molecule ™' 5! range/K K
» H + 0, + M—HO, + M 59x107%[0,] (k) +0.2 5.9%10~37 /300)~ 1 (0,) 200-400  dn= £0.5
£.9>¢10732[N,] (ko) + 0.2 5.9x10~"('/300) ' " [Ny] 200-400 dn= 0.5
25X 10710 (k) +0.5 2.5%x107"° 200-400  An= +05
F, =085 AF, = 0.1 exp( ~— T /1800) + exp( ~ 7200/7) 200-300  AT*= +800
362 H 4 0;—HO + 0, 2.8x107" + 0.2 14X 107" exp( — 480/T) 220-360 +100
363 H + 0,—HO* 4+ 0, See data sheets
364 04 H,oHO+ H 3.5X10™ "% +0.3 1.6X 107" exp( ~ 4570/7) 298-830 + 500
364 0+ HO—0, +H 3.3x10™" +0.15 23X 107 exp( + 110/T) 220-500 + 100
365 0 + HOp—HO + 0, 3.7x10~! +0.3
366 0 + H,0,—H0 + HO, 2.3X107"% +0.3 1.0X 107" exp( — 2500/7") 250-370 + 1000
367 o'+ H, »gg;)r IHH, ‘ L1x10-10 +0.15 L1x10-1 200-350 + 100
368 0('D) + H,0-2010
—H; +0, } 2.3%1071° 401 2.5%10™"° 200-350 + 100
—O0(P) A+ H,0
369 10 + Hy—H,0 + H 6.7X10™" +0.1 77X 107" exp( — 2100/T) 200-450 + 200
369 HO + HO-+H,0 4 O 1.8X107"? +0.15
HO -+ HO + M—H,0, + M 6.5X1073[0,] (ko) 403 6.5 107247 /300)~ "7 [0,] 200-400 4drn= +1.0
0.5X10 '[Ny (ko) +0.3 6.5X 107*4(7/300) " [N,] 200-400 dn= £1.0
3x10-" (k) £0.5 3x10~" 200-400  An= 1 0.5
AF, = +0.1 exp( — 7'/1300) -+ exp( — 5200/7) 200-400  AT* == 4500
370 HO + 110, 11,0 + O, +0.3
371 HO + H,0,—H,0 + HO, +0.1 2.9% 1072 exp( — 160/T) 240-460 +100
372 HO + 0;—HO, + 0, +0.15 1.9X 1072 exp( = 1000/7) 220-450 + 300
373 HO* + M—sproducts See data sheets
374 HO* 4 Oy—>praducts See data sheels
375 HO, -+ HOy( -+ M)}>H,0, 4
O+ M) 2.5x107"2 +03 4.5%X10"% exp( + 1200/7) 275-400 + 300
370 HU, 4 Uz—+HU 4 20, 2.0X107" +0.2 14X 10" ™ exp( — 600/T) 250-400 o
377 H,0 + hv—HO + H See data sheets
377 H,0, + hv—2HO See data sheets
NO, Reactions
378 N + HO—NO + H 49%x10"" +0.15 3.8X 10" exp( + 85/T) 250-500 + 100
379 N 4 NO—N, 4+ 0 3.1x10"" £0.15 3.1x10™" 200-400 + 100
380 N 4 NO,—N,0 + 0 1.4X107"12 +02
N+ 0;-+NO + O 8.9x10 7 +0.1 4.4%107'% exp( — 3220/7T) 280-333 + 350
381 N+ 0,('4)—+NO + O £1%10=16 < 1x10-6 200-300
N+ 0;—NO + 0, <1.0x10~"*
381 O+ NO + M-»NO, + M 86X1072[0,] (ko) +0.2 8.6X 10747 /300) “*[0,] 200-300  dn= + 0.5
1.2X107Y [Ny (ko) +0.1 1.2X 107347 7300) ™ M [N,] 200-300 dn= +035
3.0x107" (k) +02 3.0x 1077 /300)+** 300-1500 da= 05
F, =085 AF, = +0.1 exp( — T /1800) + exp( — 7200/T) 200300 AT = £ 800
* 0 - NO;—NO + 0, 9.3x10712 +0.06 9.3x10712 230-340 * 0

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

Page ey Temp. dependence of Temp. AE/RY

number Reaction cm® molecule™! 57! A log kygy k /em® molecule™' s~ range/K K

* 0+ NO, + M-+NO, -+ M 9X10722[0,] (ke +0.3 9% 10™(T /300) ~ 2" [0,] 200-400  dn= £1.0
IXI072[N,] (ko) +0.1 9X 107347 /300) = 2" [N,] 200-400  dn= £1.0
2.2x107" (ko) +0.1 2.2x10°" 200-400  An= 4 0.5
F =08 AF, = £ 01 evp{ — T/1200) . avp( — 5200/ T) 200400 AT* = & 500
* 0 + NOy—0, + NO, 1X107" +05
* 0 + NyOs—products & 3%x10™'% £ 3X10™" 220300
382 0O'D) + N;—0(P) + N, 2.6x10~" +0.1 18X 107" exp( +107/7) 200-350 + 100
383 O('D) + N,0—N, + 0, 4.4x10"" + 015 4.4x107" 200-350 + 100
—2NO 7.2%10™" +0.15 7.2x10"" 200-350 + 100
—00P) + N0 <0.1x10°"
384 NH; + HO—NH + H,0 No recommendation
—NH,; 4+ 0 No recommendation

385 NH; + HOp—products 3.4x10~" + 0.4

386 NH, + NO—»produets 1L7x10™ " +0.3 L7X 10 YT /208 10 210-500 An= +0.5

387 NH, + NOy—products 1.7x10™" +0.5 17X 10~ N7 /298) ~** 250-500  dn= +15

387 NH; + Oy—products < 3X107'®

388 NH; + Oy=>products 1.2X107 "7 +0.5 3.4%X10™"2 exp( - 1000/7) 250-380 + 500

389 NO + 0;—NOy + 0, 1.8x107" +0.08 3.6X 107 "2 exp( — 1560/7) 200-400 +150

. NO + NO,~~2NO, 2%107" +0.5 :

390 NO, + N0, + M—N,0, + M 3I%10 L0ty +0.3 37X L0™3T 7300) 1 [0, 220-300  dn= £ 1.0
RIYI0TONG k) 409 275 107307 7300) ~ 21 [N,] 290300 An= 08
1.6x10~" (k) +0.2 1.6X 107 "% /300)* 220-520  An= +0.5
Fo=0.34 . AF = 10.05 exp( — 7/250) + exp(~— 1050/T) 220-520 AT* = +20

391 N,0¢ 4+ M—NO, + NO, + M L6X10710,1  (ha/s™" +0.3 2.2% 1077 /3000~ ** exp

(= 11080/7) [0,]s"' 220-330 + 500
L6X107° [N, (ko/s™Y) +0.2 2.2X107%T'/300)~** exp
(~ 11080/T) [NyJs ™" 220-300 + 500
6.9%10 * ()] + 0.3 9.7X10'%(T'/300) ™' exp
(- 11080/7)s™" 220-300 =+ 500
F, =034 AF, = £0.05 exp( — 7'/250) + exp( — 1050/7') 220-300  AT*= +20
- NO; + 03— NO3 + 0, 8.2x107"7 + 0.00 1.2X10"" exp( — 2450/T) - 230-300 4+ 150
393 HO -+ NH;- +H,0 4 NH, 1.6x107'3 +0.15 3.3X 10712 exp(~ 900/7) 230450 + 200
. HO + NO + M~HONO -+ M 6.5X107 [0, (ko) +0.2 6.5X 107347 /300)~#*[0,] 220-440  An= +1.0
6.5X1073 [N)] (ko) +0.1 65X 107247 /300) ~2* [N,] 220-440  dn= +05
1.0x10™ " (*..) +0.2 1.0x10~" 220-400 An= +05
F, =08 AF, = +0.1 exp( — 7'/1300) 4 exp( — 5200/7') 200-400  AT* = + 500

304 HO + NO, + M—HONO, + M 1.8X10710,] (ko) +0.2 1.8X 1077 /300)~ %" [0,] 200-300 An= +1.0
2.6X107°[N)] (ko) +0.1 2.6X 10727 /300) = [N,) 200-300  An= +05
3.5x10~" *.) 402 3.5x10°" 200-300 An= 405
Fo=07 AF, = 401 expl — 7' /840) + exp( — 3360/T) 200~300  AT* = 4 500

495 HU + HUNUy+H,0 + NU, 1310~ +0.2 1.5X 10~ exp( + 650/T) 220-360 4300

396 HO + HO,NO,—sproducts 4.0%10 +03 4.0x 107" 246-324 + 400

397 HO, + NO—HO + NO, 8.3x10™"? + 0.1 3.7x10™" exp( +240/7) 230-500 4100

AYLSIWIHD DRITHISOWLY 304 V1VaA 1VIIWIHOOLOHd ANV JiLINDY

Lee



Z861 ‘Z "ON ‘L1 “IOA “e1EQ “j9y "wayQ "sAud T

2. Summary of Reactions and Preferred Rate Data—Continued

Tee

Page kaoy Temp. dependence of Temp. AEIRY
number Reaction om® molecule™ ' s~ A log kyeg k /em® molecule™ ! s range/K X
398 HO, + NO, + M—HO,NO, + M L5X1072[0,) (ko) +03 15X 107 (T /300) =59 [0,] 200-300  dn= +2.0
2IX1073 [Ny (ko) +03 21107247 /300) 50 [N,] 200-300 An= +2.0
G107 (R ) + 0.4 5X107' 200-300 An= $05
F.=04 4F, = 4 0.1 exp( — T/320) + exp( — 1280/7') 200-300 AT* = 450
399 HO,NO, + M—HO, + NO, + M 9.3X10°2[0,]  (ko/s™Y +0.3 3.6 1076 exp( — 10000/7)[05] s ! 260-300 4 500
13X10720[N;]  (ko/s™Y) +0.3 5% 10 "€ exp( — 10000/T) [N,] 5" 260-300 + 500
0.23 (ko /™Y £0.6 3.4 10" exp( — 10420/7) s~ * 250-300  + 500
F.=04 4F, = 01 exp( — T'/320) + exp( — 1280/7) 200-300 Al'* = £ 50
400 NO 4 hv—sproducts See data sheets
400 NO; + Av—sproducts See data sheets
401 NO, + hv—>products Sec data sheets
403 N,0 + hv—produets See data sheets
404 N,05 + Av—+products See data sheets
404 HONOQ + Av—products See data sheets
405 HONQ, + hv->products See data sheets
406 HO,NO; + Av—products See data sheets
Organic Reactions g
407 0 + CHy—H + HCHO 1.3 2010 +0.2 Laxto 200-300 + 200 [~
408 o('D) + CH~HO + CH, 1.4%10~"° +0.1 1.4X1071 200-300 + 100 o
—HCHO + H, L5x10-" 1.5x107" 200-300 + 100 X
409 HO + CH,~H,0 -+ CH, 8.0X107'% +0.1 9 4310712 oxp( - 1710/7) 200300 + 200 b}
410 HU + CyHy( -+ M)—>products 7.3%10™1 (1 atm) +02 6.5%10™"% exp( — 650/T) (Latm) 220410  + 200 »
411 HO + CoHy( + M)—C,H OH( + M) 8.0x10™"? (1 atm) +02 2.2 10~ 2 exp( + 400/T) (latm)  250-500 = 200 -
413 HO + CyHg—H,0 + CoH g 29x10™" +0.1 1.9% 207" exp( - 1230/7) 290-500 + 150
* HO + CO—H + CO, 1.5%x10""? (<100 Torr) 4 0.05 1.5x 10713 200-300
. HO + CO-+products 2.8x1071 (1 atm air) +0.10
414 HO 4 HCHO——:]:I;{(;JO-&«_FH;AL o i LIX10-" +0.10 L1x10~" 200 125 1180
415 HO + CH,0H—H,0 -- CH,0H -1
—+H;0 + CHy0 % 1.0x10 £0.10
416 HO + CH,CHO—H,0 + CH,CO 1L6x10-" +0.1 6.9X 1012 exp( + 260/T) 298-450 + 300
417 HO + CH,C0O,NO;~+products < 2x107"
AT HO, -+ CH;0,~0, + CH,00H 6.5%10~" (1 atm) +0.7 7.7X 107" exp( -+ 1300/T) 275-338 =+ 700
418 CH, + 0,—~HCHO + HO < 5%x107"7
. CHy 4 0 + M-»CH,0, + M 26X107300,] (k) 40.3 2.6X107*1T'/300) = *° [0,] 260-340 An= 4 1.0
2.6X10 (N;] (ko) +0.3 2.6 10T /300) “*9 [N, 260-300  dn= + 1.0
2x107"% (k) +0.3 2x 10" 200400 An= 405
F. =045 +01 oxp( T /860) -t cap( — 1440/7") 200-400 4r-= 4 100
419 HCO + 0,~CO + HO, 5.1%x10"" +0.1
419 HCO + 0, + M—HCO; + M <5.1x107" (1 atm)
419 CH;0 + NO( + M)—CH,ONO( + M) 2x 10~ +0.5 2x10~" 200-400
420 CH;0 + 0,~»HCHO-HO, 1.5x107% +1.0 1.3X 107" exp( — 1350/7) 298-450 * 1o
421 CH,OH + 0,~HCHO + HO, 2x10712 +0.5
421 CH;0, + NO—CH,0 + NO, 7.4X10™"% +0.1 7.4x107" 200--300 + 250
422 CH,0, + NO, + M—CH,0,NO; -+ M 23X107°[0,] (ko) 402 23X 1073%T /300)~ ** [0,) 200-300 An= 42.0
23X107°[N,] (ko) +0.1 2.3X 10737 /300)~ “° [N,] 200-300 dn= 420
8x10™" (k) +0.2 8x10 '* 200-400 dn= 405
F =04 an1 et W imnm PR, — -
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2. Summary of Reactions and Preferred Rate Data—Continued

Tvemin

Page kaon Temp. dependence of AEIRY
number Reaction em® molecule™" s ™" 4 log kzog k /em® molecule™" s range/K K
423 CH,0,NO, + M—CH,0, + NO,
+M No recommendation
424 CH,0, + 0;—CH,0 + 20, < 2x107"
425 CH,0, + CH,0,~CH,0H + HCHO
+0, 2.2x107" + 0.1
—2CH;0 4 0, 15X10™" +015
~»CH,00CH, + 0, < 3x107" +0.3
426 CyHs + O + M)}—C,H,0,
(+M) 6.9%10~'2 (k..) +0.5
427 C,H;0 + 0,—CH,CHO + HO, No recommendation
427 C,H,0, + NO—C,H;0 + NO, 7.4%10~ "2 +£0.5
428 CyHs0; + NOS{ + M)—C,H;0,N0,
(+M 5.0%x10~"% (1 atm) +0.7
128 C;H50,NO, + M—sC,l150, + NO,
+M No recommendation
429 CH3C0; + NO—CH; + CO; + NO, L4ax1 " +0.7
429 CH,CO, + NO, + M—CH,CO,N0, + M 6X10™"? (1 atm) +05
430 CH,CO,NO, + M—CH,CO, + NO, 4.2X107%s™" (1 atm) +0.1 1.12X 10%exp( ~ 13330/7) 295-330 + 1000
+M
431 HCHO + Av-+products See data sheets
433 CH,00H -+ Av—+products See data sheets
434 CH,00NO, + hv—products See data sheets
430 CH3CHO + Av 4- products See data sheets
437 CH,CO4NO, + Av—sproducts See data sheets
80, Réactiona
438 0 + H,S—HO + HS 2.2%1074 " 403 1.4X107"! exp( ~ 1920/T) 290-500 + 750
0+ C3-+CO+ 8 2.1x107" +01 27X 107" exp( — 760/T) 150--300 + 250
439 0 + CH;SCH,—CH,S0CH;—products 4.8x107" +0.15 1.3X 10" exp( + 390/T) 270-500 + 100
440 0 + CS,+50 + €S 3.0x10™" +0.2 18X 107" exp( — 530/7) 200~500 + 100
—CO +5, 5.8X107* +0.2
008 - 8 2,310 13 1035 1.8X10~ 2 eap( — 530/ T) 200-500 =+ 100
441 0 4 CH;8SCH ;—products 2.1x1071 +0.3 2.1x107'° 270-330
M 0O + 0C5—80 + CO 1.4x107H +0.2 2.6X 107" exp( — 2250/T) 220~600 + 150
. 0 + 50, + M-+80, + M 14X1072[0,] (k) +0.3 4.0 1073 exp( ~ 1000/7) (0,4} 200-400 +200
LAX10™¥IN, (k) +0.3 4,010 *2 exp( ~ 1000/T) [N,] 200-400 *a0e
441 S 40,50 +0 2.3%10™"2 +0.2 2.3% 10~ 230-400 + 200
* S+ 0,~280 + 0, 12x107" +0.3
442 HO + H,5—H,0 + HS 5.3%x107"? +0.1 LIX 10~ exp( — 225/T) 250--400 + 225
442 HO + CH,SCH;—>products 9.1x10™" +01 5.5X 10~ exp( -+ 150/7') 200-500 200
443 HO -+ C8y—rproducts <1.5%10""
444 HO + CH,SSCH —prodnets 29n10710 +0.3
444 HO + 0CS—products < 9x10-"

AB1SIWIHD DIMIHISOWLY HO4 V1Va TVIIWIHIOLOHd NV DILINDE
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2, Summary of Reactions and Preferred Rate Data-—Continued

Temp.

Page ko Temp. dependence of A(EIR)
number Reaction em® molecule ™! 57! A log kagy k Jom® molecule "' s™! range/K K
445 HO -+ $0, + M—HOS0, + M 3.0X1077[0,] (ko) +0.3 3.0 107247 /800) - 2°[0,] 200-400  An= +1

3.0X107 [N,] (ko) +0.3 3.0X 107347 /300)~ % [N,] 200-400  An= +1
2.5%10~1? (*,) +0.3 2.5%107 12 200-400  An= +05
F, =055 AF, = +0.15 exnl — T'/500) + exp( — 2000/7) 200400 AT* = L 200
446 HO, + SO,—sproducts < 1x10™"8
447 CH,0; + SO,-+CH,0 + S0, T
T CH.0,50, < 5x10
* HS + 0,--HO + 50 No recommendation
(see data sheets)
" CS + 0,~C0 + S0 »0CS + 0 No recommendation
(see data shects)

- 50 + 0,550, + O 9x10~"® +0.5 6X 1071 exp( — 3300/T) 300-1000 4500
447 50 + 0;—S$0, + 0, 7.9X10"" +02 3.2X107" exp( — 1100/T) 220-300 + 400
448 B0 + NU,~+5U, ~+ NO 14x107" + 0.

* 505 + H,0 -»products No recommendation

(sce data sheets)
448 CS, + hv—products See data sheets
449 CH,85CH; + Av—sproducts See data sheets
450 QCS + hv—>products See data sheets
FO, Reactions

* 0 + FO-0, + F 5x107" +05

M OI+FOW—*FO.,;FOF sx10=" ®07

* O('D) + HF—HO + F -10

—OPP) + HF% 1x10 +05
451 F 4 HpHF + H 2.8x10" +0.1 19X 107" exp( — 570/7) 190-770 + 150
452 F 40, +M-F0, + M L6X1072(0,] (ko) +0.3 1.6X 10747 /300)~*%[0,) 223-360 dn= 410
L6X10 2[N,] (ko) +0.3 16X 1073T /300) “5[N,] 223360 An= + L0
3x10~" () +05 3x10~" 200-400  Arn= £05
F, —0.85 AF, = +0.1 exp( — 1/ 1800) + exp( — 7200/7) 200-300 AT* = 4800

* F + 0,—F0 + 0, L3x10~" +03 2.8X10"" exp( — 226/7) 250365 4 200

* F + H,0-»HF 4+ HO Lixio " +0.5 2.2X107" exp( — 200/7T) 240-360 + 200

* F + CHHF + CH, 8x10™" +0.2 3.0X107' exp( — 400/7) 250-450 + 150

* FO + 0,—F + 20, No recommendation

—FO0, + 0,%
453 FO + NO—F + NO, 2.6%1071 +0.3
* FO 4+ NO, + M—FONO, + M 16X10731[0,) (ko) +07 1.6X1073(7'/300)~**[0,] 200-400  An= +1.0
L6XI0™ [Ny] (ko) +0.7 1,610 (T /300)™** [N,] 200-400  An= +1.0
2%10"" (k.) +05 210~ 200-400  dn= + 0.5
F, =05 AF, = + 0.1 expl — 1 /430) -+ exp( — 1720/1) 200400 AT* = +100
B
—F0, + F 15X 10" +0.3

FO + FO—2I + 0, %

=k, + 0,

1V 13 HO1nve
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2. Summary of Reactions and Preferred Rate Data—Continued

uTem]L

Page Ko Temp. dependence of A(E/R)/
number Reaction em® molecule™' s™! A log ke k /om® molecule ™" s™! range/K K
453 HF + hv—products See data sheets
453 COTF, + hv—rproducts See data sheets
454 FONQ, + hv-»products See data sheets
€10, Reactions
O + HCI—HO + CI 1L4x10 ¢ +0.3 1.1X10 ' exp{—3370/T) 293-T18 + 830
454 0 + HOCI—HO + CI0 6X 101 +1.0 1X 107! exp( — 2200/7) 200-300 + 1000
* 0 -4 Cl0—0, + 1 5.0x10°" +0.1 7.5X10 " exp(— 120/7) 220-425 +120
* 0 + CIONO,—CIO + NO,
—0CI0 + NO, f 1.9%10-" +0.1 3.0X 107" exp( — 808/T) 213-295 + 200
—0; + CIONO
455 0" D} + CF,ClL—ClO + CF,Cl
~0CP) + CF,Cl, 1.4X107"0 +0.1
—COF, +Cl,
—COFC! + FCI
456 0('D) + CFCl,—CIO + CFC,
—0CP) + CFClY —w
—COFCI + Cly 23%X10 +0.1
~>COCl, + FCI
457 0O('D) + CClL—CIO + CCl,
~0('P) + CCl, 3.3x107° 401
—COCl, + Cl,
“ €+ =Gl + 1 18107 +0.2 47X 10" exp( — 2040/7) 210-1070 L 200
158 Cl + HO,-»HCL + O, 4.8x10-" rod 48x10™" 274-338 4200
. Ch+ H,0,—HCl + HO, 43107 +0.2 11X 107" exp( — 980/7) 265-424 + 500
* Ol 0pea 1O 4 0O, 1oy 10— 4 0.06 2.7 107 gup( - 257/T) 905..908 4 100
459 Ct + CH,—HCl + CH, 1.0x107" +0.1 9.6X10™ "2 exp( — 1350/T) 200--300 + 250
. Cl+ CUl—HCl + C,H; 5.7% 10" + 0.06 7.7%107") exp(— 90/T) 220-350 + 100
460 Cl 4+ HCHO~+HCl + HCO 7.3%107" + 0.06 7.9X10~ " exp( — 34/T) 200-500 4100
. Cl + HONO,—HC!l + NO, < Tx10° ¥ by
- Cl 4 CH;Cl—HCl + CH,CI 4.9%10°" +0.1 3.4 10" exp( — 1260/7T) 233-350 + 200
- Cl + CIONO, »Cl, + NO, z 2.2x10~" 403 1.7X10™ % exp( — 610/T) 224-273 + 400
—CIONO + ClO
. HO + HCl-H,0 + €1 6.6X 107" + 0.06 3.0X 1072 exp( ~ 425/T) 210-460 + 100
161 HO -+ HOCI—H,0 + Cl0 1.8x10~12 +1.0 3X 107" exp(— 150/T) 200-300 ]
461 HO + ClO-+HO, + Cl
+HCl + 0, 91102 4 0.3
—HOCI0
‘ HO 4 CIONO,—HOC! + NO,
>HO, 4 CIONO 39%10~" +02 1.2 1072 exp( — 330/T) 246-387 + 200
—+HNO, + CIO
462 HO 4+ CH e HL,0 -+ CH,CI 4.2X10™% +0.1 L9X 10~ 2 exp( ~ 1120/7) 247-350 + 200
163 O« CHAGE=-1150 4 CHTCl 4401014 + 0.1 2,6X107" cap( — 1210/7) £45-350 1. 100

AULSIWIHD DIRIFHASOWLY 404 VIVA TVIIWIHOOLOHd GNV DILINIA
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2. Summary of Reactions and Preferred Rate Data—Continued

9€e

Page

number

464
405
466
466

467

468
469
470

471
472
472
473
474
476
478

—BiCl + 0,

Fagy Temp. dependence of Temp. AE IR
Reaction cm® molecule ™' s~ A log kygn k /em® molecule ' s~ range/K K
HO + CHF,Cl11,0 4 CF,01 4.7%107% +0.1 11X 107" exp( — 1620/T) 250-360 + 100
HO ++ GHE Gl H,0 + CFGL, 3.0%10 " +0.1 LAX 107 "% exp( = 1070/7) 240-350 + 100
HO + (,HCl,—produsts 2.2x10-" +£0.1 5.0%10=" exp( + 445/T) 234-420 1445
HO + C,Cly-—»products 1.7%107 "% +0.1 9.4%10 ' exp(~ 1200/T) 297420 + 200
HO | CH,C0LwHL,0 4 CHLCC, 1.2310 14 £ 015 5.1 10712 oup( — 1800/7) 260460 & 200
10 + HO,-»HOC + 0,
~>HCl 4+ 0y 5.0x107" +0.15 4.6X 107" exp(+ 710/T) 235-298 A
ClO + HO, -+ (M)=HOOCIO + (M)
CIO + H,CO-praducts <107
CI0 + NO—Cl + NO, 1.7x 107" +0.1 6.2X 107 "2 exp( + 294/T) 202-415 + 100
CIO 4 NO, + M—CIONO, + M 1.6X1072[0y) (k) +0.2 1.6X 107(T /300) ~**[0,] 250-420  An= + 1.0
16X1073 [N (k) +0.1 1.6X107*NT /300) ~* [N,) 250-420 An= 110
2x10~" *a) +0.3 2x10~ " 200-400 dn= +0.5
F =05 AF, = £0.1 exp( — 7'/430) + exp( — 1720/7) 200-400 AT* = 4100
HOCH + Av—products See data sheets
COFCl + hv—products See data sheets
CIONO, + hv—sproducts Sce data sheets ®
COCl, -+ hv—sproducts See data sheets »
CF,Cl, + A ->produets See data sheets €
CFCly + hv—products See data shects g
CCly + Av—products See data sheets m
2
Br0, Reactions ':E
0 4 HBr—HO + Br 3.9x10 M 4:0.2 7.0% 107" exp( — 1560/7) 250-400 + 300
0 + BrO—0, + Br 3x10~" +0.5
Br + HOy—HBr + 0, No recommendation
(see data sheets)
Br + H,0.—HBr + HO, < 2x107"
Br + 11,CO—HBr + HCO L1x10™" +0.2 1.4 X107 exp( — 750/T) 223-480 + 250
Br + 05—Br0 + 0, L1x10~"? +0.1 14X 10~ exp( — 760/7) 220-360 4 200
HO + HBr—H,0 + Br 85%10™ "7 +0.3 8.5%10™"2 249-416 250
1O -+ CH;Br—+H,0 + CH,Br asx1o + 0.1 T.OX 10" exp(— 890/T) 244330 - 200
Br) + HO,—HOBr + 0, -2
—HBe +0, % 5%10 +0.5
Rr() + NO—Br -+ NO, 2.1x10~" +0.1 8.7%107 "% exp( + 260/T) 224425
Br(O + NOy -+ M—BrONO, + M 501072 [0, (ko +0.3 50X 1073(T /300)~ > [N,] 200-400
5.0X1073 [N,] (ko) +0.3 5.0 10734(T /300) ~*° [N} 200400
2x10™" (k) +0.3 2)x 107" 200-400
F,=04 AF, = $0.1 exp( — T/320) + exp( — 1280/T) 200-400
BrO + 04—Br + 20, < 5x10~" g
B50 + CI0—Br + OCI0 6.7x10°" £03
—Br+Cl+ 02§ 6110~ 7 +0.3
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2, Summary of Reactions and Preferred Rate Data—Continued

‘Femp. dependence of

k /em® molecule™' s~

18X 1037 /300)~ M [0,}
1.8X 107347 /300) = [N,]

exp( — T'/1040) + exp( ~ 4160/T)

2.9% 1077 /300)~ 10 [0,]
2,9% 1071 /300)~ 9 [N,]

exp( — T/650) + exp( — 2600/7)

5.0% 10737 /300) 7 [0,]
5.0% 1027 /300) " [N,]

exp( — T'/320) + exp( — 1280/7)

8.4X10™"" exp( — 2620/T)
29X 10" exp( — 2600/T)

Page firon
number Reaction em® molecule™! s™! A log kyge
Br0 + BrO j;irrztr(())zz & 2.8x10™" +0.1 2.8%1071
483 BrO + hv—products See data sheets
483 HOBr -+ hv—+products See data sheets
484, BrONQ, + hv-products See data sheets
10, Reartions
484 O +10—0,+1 5% 107" +0.5
485 HO 4 HI-sH0 +1 L3x10=" +05
485 11 HO, HI | O Nu recummendativn
486 I+ 0,=10+0, 1.0x10~" +1.0
486 [ 4+ NO 4 M—INO + M L8X107(0,] (k) +0.2
L8X10"[N,) (ko) +01
1.7x10~" k) 17x1071
F, =075
487 I+ NO; 4 M—INO, + M 29%107% 0,1 (ke +03
20%10 2 [N,] (ko) 403
6.6%x10" (k.) +0.3 6.6X10"
F, =0.63 4F, = +0.1
480 10 + HOy-sprodusts No recommendation
488 10 + NO—I + NO, 1.7x10 " +03
489 10 + NO, + M—IONO, + M 50X107M[0,] (k) +05
50X107Y [Ny (ko) 405
2%10™" (k..) +05 210~ !
F. =04 AF. = £ 01
480 10 41021 0, t 20v N2 +10
—I,+0,
489 INO + INO-—>1, + 2NO L3x10™" + 0.4
490 INO, + INOy—I, + 2NO, 4.7x10"% +05
490 10 + hv—sproducts See data shects
491 HOI 4 Av—sproducts See data sheets
491 INO + Av—+products See data sheets
492 INO yeaproducts Sec data sheets
492 TONQ, + hv—sproducts See data sheets

t

*Data sheet for this reaction appears in earlier evaluation, J. Phys. Chem. Ref. Data 9. 205 (1080)

Temp.
range/K

220-440

200-400
200-400
200-400
200-400
208-450
208-450
300-400
200-400

200-400
200-400
200-400
200-400

298-450

. 298-400

AE/R)

4 500

A= 405

Adn= £05
An= £05
AT* = 3500
An= +0.5
An= 405
An= 405
AT* = 4200

dn= +1
An= +1
An= 405
AT" = + 100

+ 600
+ 1000

AULISIWAHD DINIHISOWLY 404 V1VA TvDIWIHIOL0Hd GNV DLIANDL
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3. Guide fo the Data Sheets

The data sheets are of two types, {i) those for the thermal
reactions and (ii) those for the photochemical reactions.

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, cal-
culated from the enthalpies, of formation summarized in appen-
dix I.

The available kinetic data on the reactions are summarized
under three headings, (i} Absolute Rate Coefficients, (ii) Rela-
tive Rate Coefficients and (iii) Reviews and Evaluations. Under
headings (i) and (ii) we list here only data which have been
published since the previous CODATA evaluation [1] and under
heading (jii) are listed the preferred rate data from the most
recent NASA evaluations [2,3], from our own CODATA evalua-
tion [1] and from any new review or evaluation sources. Under
all three of the headings above the data are presented as abso-
lute 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 normal
Arrheniusform,k = 4 exp(— C /T )whereC = £ /R.Forafew
bimolecular reactions we have listed temperature dependences
in the alternative form, £ = 4 'T ~ ", where the original authors
have found this to give a better fit to their data. For pressure-
dependent combintion and dissociation reactions the non-Arr-
henius temperature dependence is used. This is discussed more
fully in subsequent section of the introduction.

Single temperature data are presented as such and wherev-
er possible the rate coefficient at 298 K is quoted directly as
measured by the original authors. This means that the listed rate
coefficient at 298 K may differ slightly from that calculated
from the Arrhenius parameters determined by the same auth-
ors. Rate coefficients at 298 K marked with an asterisk indicate
that the value was calculated by extrapolation of a measured
temperature range which did not include 298 K.

The tables of data are supplemented by a series of com-
ments summarizing the experimental details. For measurements
of relative rate coefficients, the comments contain the actual
measured ratio of rate coefficients together with the rate coeffi-
cient 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 different choice of rate coeffi-
cient of the reference reaction. Whenever possible the reference
rate data is that preferred in the present evaluation.

The preferred rate coefficients are presented, (i) at a tem-
perature 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 & at
298 K and the error limits either in (£ /R ) or in n, for the mean
temperature in the range. Some comments on the assignment of
errors are given later in this introduction.

The “Comments” on the preferred values describe how the
selection was made and given any other relevant information.

The extent of the comments depends upon the present state of

o knowledpe of the particular reaction in question.

L Phya Chem Flel Data, Vol. 11, No. 2, 1882

The data sheets are concluded with a list of the relevant
references.

3.2. Conventions Concerning Rate Coefficients

All of the reactions in the tables are elementary processes.
Thus the rate expression is derived from a statement of the
reaction, e.g.

A+A-B4C
— O)d[A)/dt = d[B)/d: = d[C}/ds = k [AP-

Note that the stoichiometric coefficient for A, i.e., 2, appears 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 reac-
tions

A+B+4+M=AB+ M,

depend on the temperature 7, the nature and the concentration
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 reactions. The combination reac-
tions are described by a pseudo second-order rate law

d[AB
4[ABl _, ta118]
ds
in which the second-order rate constant depends vn [M]. The low
pressure third-order limit is characterized by o,

ko = limk ([M])

{M]—~0
which is proportional to {M]. The high-pressure second-order
limit is characterized by & ,

k., = limk (IM])

M=o

which is independent of [M]. For a combination reaction in the
low pressure range, the summary table gives a second-order rate
constant expressed as the product of a third-order rate constant
and the third body concentration. The transition between the
third-order and the second-order range is represented by a re-
duced fall-off expression of £ /&, as a function of Zy/%,
= [M}/[M], where the “center of the fall-off curve” [M], indi-
cates the third body concentration for which the extrapolated %,
would be equal to % . This is illustrated in figure 1. The depen-
dence of & on [M] in general is complicated and has to be ana-
Iyzed by unimolecular rate theory. For moderately complex mol-
ecules at not too high temperatures, however, a simple
approximate relationship holds:

k

k= _;'k;“_ F=k 0( N ) F

kot ik, 1+ [M]/[M],
B ( IM)/[M), )F

“\ 1+ [M]/[M],
where the first factors at the r.h.s. represent the Lindemann-
Hinshelwood expression, and the additional broadening factor F
is approximately given by

_ log £,
T 1+ [log ([M1/[M],)]?

log F
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Ko ([M])
W Koo >
K/ka| \
k ([M1)
01 |-
0.01 l 1 1

Qat 10

1
M1/ M1,

Ficure 1. Reduced fall-off curve of & /£, as a function of (M]/[M]...

In this way the three quantities %, %, , and F, with

ko
~ ko/IM]
characterize the fall-off curve for the present application. Alter-
natively the three quantities k _, [M], and F (or ko, [M], and
F.) can be used. The temperature dependence of F,, which is
sometimes significant, can be estimated by the procedure of
Troe [4). The results can usually be represented approximately
by an experimental equation F, =exp(—T/T*)+
exp(— I'**/T). If F, values are available for one temperature
only, we have derived data at other temperatures from the
expression £, ozexp( — I /T*) + exp{ — AT */T), where T'* is
chosen to reproduce the onc available valuc of F,. This approach
was developed for the NO, + NO;—N,0; reaction (see this
evaluation). In the absence of better data the above treatment
serves as a first approximation.

The dependence of ko and £, on the temperature T is
represented in a T-exponent n

kT "

(except for the cases with an established energy barrier in the
potential). We have used this form of temperature dependence
because it gives a better fit to the data over a wider range of
temperature than does the Arrhenius expression. The depen-
dence of £ on the nature of the third body M generally is repre-
sented by the relative efficiencies of M, and M,

ko(M,)/[M,] : £o(My)/[M,].

The few thermal dissociation reactions of interest in the present
application are treated analogously to the corbination reactions
with pseudo first-order rate constants k ((M]). The rate constants
expressed in units of second ! are denoted in the tables by the
symbols (ko/s~ ") and (& /s™?).

(M1,

3.4. Photochemical Reactions

The data sheets begin with a list of feasible primary photo-
chemical transitions for wavelengths usually down to 170 nm,
along with the corresponding enthalpy changes at 0 K caleulated
from the data in appendix L. Calculated threshold wavelengths

corresponding to these enthalpy changes are also listed.

This is followed by tables summarizing the available ex-
perimental data vu (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 section
data and the preferred quantum yields at wavelength intervals
of 5 nm where possible. The preferred data are often amplified
by diagrams of absorption cross sections versus wavelength and,
where appropriate, by diagrams of quantum yield versus wave-
length.

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

For photochemical reactions where no new data have been

- published since 1978, we have listed summaries of preferred

cross sections and quantum yields from our previous evaluation

(11

3.5. Convention Concerning Absorption Cross Sections

‘I'hese are presented in the data sheets as “absorprion cross
sections per molecule, base e.” They are defined according to
the equations

P71y — exp(— ofNR)
o = (V/{[N}¥)n{ly/1)

where /,, and / are the incident and transmitted light intensities,
7 is the absorption cross section per molecule (expressed in this
paper in units of cm?), [N] is the number concentration of ab-
sorber (expressed in cm™>), and [ in the path length {expressed
in em). Other definitions and units are frequently quoted. The
closely related quantities “absorption coefficient” and *“extinc-
tton coefficient” 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 loga-
rithm {base ¢ or base 10) corresponding to the definition. To
convert an absorption cross section to the equivalent Naperian
{base ¢) absorption coefficient of a gas at a pressure of 1 standard
atmosphere and temperature of 273 K (expressed in cm™Y),
multiply the value of o in em® by 2.69 X 10*°. For other conver-
ston factors see appendix 11

3.6, Assignment of Errors

Under the heading “reliability,” estimates have been made
ol the absolute aceuracies of the preferred valucs of & at 208 K
and of the preferred values of £ /R over the quoted temperature
range. The accuracy of the preferred rate coefficient at 208 K is
quoted as the term 4 log &, where 4 log & = D and D is defined
by the equation, log;ok = C + D . This is equivalent to the state-
ment that £ is uncertain to a factor of ¥ where D = log,f". The
accuracy of the preferred value of £ /R is quoted as the term
A IR Y, whese d (£ /R ) — G and G is defined by the cquation
FIR=H+G.

The assignment of these absolute error limits ink and £/ /R
is a subjective assessment of the evaluators. Experience shows
that for rate measurements of atomic and free radical reactions
in the gas phase, the precision of the measurements, i.e., the
reproducibility, is osually good. Thus, for single studies of a
particular reaction involving one technique, standard devia-

tions, or even 90 pereent confidence limits, of + 10 percent or

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982



340 BAULCH ET AlL.

less are frequently reported in the literature. Unfortunately,
when evaluators come to compare data for the same reaction
studied by more than one group of investigators and involving
different techniques, the rate coefficients often differ by a factor
of two or even more. This can only mean that one or more of the
studies has involved large systematic errors which are difficult
to detect. This is hardly surprising since, unlike molecular reac-
tions, it is not possible to study atomic and free radical reactions
in isolation, and consequently mechanistic and other difficulties
frequently 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 different 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 single investigation using one particular
technique and is unconfirmed by independent work, we suggest
that minimum error limits of a factor of two are appropriate.

We do not feel justified now in assigning error limits to the
parameters reported for the photochemical reactions.

4. Atmospheric Chemistry

4.1, Introduction

During the past decade considerable attention has been
directed towards research in atmospheric chemistry with em-
phasis on the gas phase reactions of ozone and important hydro-
gen, nitrogen, carbon, halogen, and sulfur species. The critical
evaluation of kinetic and photochemical data of key atmospheric
processes has been an integral part of this research effort. In-
deed the present CODATA Task Group on Chemical Kinetics
was reconstituted in 1977 to prepare comprehensive critical
evaluations of kinetic and photochemical data for atmospheric
chemistry.

The composition of the natural atmosphere is to a consider-
able degree determined by biological and microbiological pro-
cesses in soils, vegetation and waters. A typical life cycle of an
element consists of release at the earth’s surface in the form of a
reduced gas (eften bonded to hydrogen), photochemical oxida-
tion in the atmosphere, and removal from the atmosphere by
precipitation scavenging (for water soluble compounds) and/or
by direct uptake at ground and water surfaces and vegetation.
Important examples of reduced gases of biological origin in-
clude CHy, CsHj (isoprene), C,pH ¢ (terpenes), CO, NH;, H,S,
CH,SH and (CH,),S. These gases are photochemically oxidized
in the atmosphere to compounds such as aldehydes, peroxides,
alcohols, CO, CO,, and SO,, and possibly NO, (i.e., NO and
NO,) but all the details of the oxidation mechanisms are not
known.

The increased interest in atmospheric chemistry over the
past decade has been stimulated by a recognition that man’s
activities could lead to significant changes in the chemical com-
position of the atmosphere on a significant changes in the chemi-
cal composition of the atmosphere on global scale. Such a dan-
ger has been recognized for the stratosphere (the 17-50 km
altitude region in the tropics, 10-15 km in the middle and high
latitudes) due to the input of NO, and halogen containing com-
pounds, but global effects on the troposphere (the lowest 10-17

.1 Phyn CCham. Ret Data, Vn! 11, Nn. 2, 1982

km of the atmosphere) due to man’s activities can likewise be
identified.

Increasing amounts of oxidized gases are being directly
emitted into the atmosphere through man’s activities. The total
global sources of NO, and SO, to the atmosphere due to man’s
activities are now comparable to or larger than the natural atmo-
spheric sources of these gases. Although these emissions occur
mainly in highly industrialized regions photochemical pollution
has been observed over distances of a few thousand kilometers
adjacent to industrial centers. Because of the vastly increased
sources of pollutants and other reaction products to the atmos-
phere, there is much concern about the effects not only on hu-
mans, but also on large scale ecological systems. In particular,
attention has been directed to the effects of the increased acidity
of precipitation from H,50, and HNO,.

In the following we present a review of the most important
reactions in the atmosphere (troposphere and stratosphere) em-
phasizing their role in the cycling of oxygen, hydrogen, nitro-
gen, carbon, halogen, and sulfur compounds. Particular atten-
tion is given to those chemical processes which control the
atmospheric distribution of ozone. In this discussion we treat
stratospheric and tropospheric chemistry separately. Although
there are meteorological and chemical connections between
these regions they have the following quite distinct properties:

(a) Temperature decreases with altitude in the troposphere
and increases with aliitude in the stratosphere, resulting in
much more rapid vertical mixing in the troposphere than 1n the
stratosphere.

(b) There are marked differences in the chemical composi-
tion of these regions. For instance the stratosphere contains
much larger concentrations of ozone, but much less water va-
pour than the troposphere. The large differences in water va-
pour concentrations mean that clouds form only rarely in the
stratosphere but more commonly in the troposphere. This in-
fluences the residence time and distribution of many water solu-
ble chemical compounds in the troposphere.

(c) Only solar radiation at wavelengths longer than about
300 nm penetrates into the troposphere because O, and O ab-
sorb shorter wavelength radiation in the stratosphere. Photo-
chemical dissociation of many molecules therefore does not oc-
cur in the troposphere, e.g., N,O, and the fluorocarbons. As a
consequence those molecules which do not react with HO radi-
cals and are not removed by heterogeneous processes are trans-
ported into the stratosphere.

4.2. The Stratosphere

Until the 1960’s most studies of stratospheric ozone only
considered the Chapman [5] reactions in order to explain its
distribution. The Chapman mechanism can be written:

0,+hv—0+0 (A<242mm) (1)

0+ 0, +M—0,+M @
0, -+ hv—0 + 0, 3)
0 4+ 0,520, (4)

In this set of reactions the production and loss of odd oxygen (O
and 05) is controlied by reactions (1) and (4), respectively, while
reactions {2) and (3) partition the odd oxygen species between O
and O,. It was subsequently recognized that other ozone destruc-
tion mechanisms had to be introduced in order to explain the
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observations of stratospherie ozone. Since the early 1960’s it
has been suggested that HO, [6], NO, [7], ClO, [8], and BrO,
[9]species can all, with varying degrees of efficiency, control the
ozone abundance and distribution in the stratosphere. The na-
tural sources of inorganic HO_, NO,, Cl0,, and BrO, radicals in
the stratosphere result from reactions of H,0 and N,O with
electronically excited oxygen atoms (0'D):

H,0 + O('D)—2HO
N,0 + O('D}—2NO
and from reactions of CH;Cl and CH,Br with hydroxyl radicals:
CH,Cl + HO-—CH,Cl + H,0
CH,Br + HO—CH,Br + H,0
The CH,Cl and CH,Br radicals undergo subsequent reactions to
yield Cl and Cl0, and Br, and BrO, respectively. The excited

oxygen atom O('D) is produced by photolysis of ozone by ultra-
violet solar radiation at wavelengths shorter than 320 nm:,

0, + iv—0('D) + 0,.

Interest in the fate of NO, increased when it was suggested
[7] that a substantial reduction in the stratospheric ozone con-
tent might occur due to the direct injection of nitric oxide into
the stratosphere from the exhaust gases of supersonic aircraft.

In addition, it has been suggested that man’s agricultural prac-.

tices may lead to enhanced levels of N,O [10). Similarly the
potential for significant destructivn of vgone by ClO, radicals
was recognized when it was suggested [11] that an important
anthropogenic source of Cl and ClO would result from the photo-
lysis of CFCl; (CFC-11) and CF,Cl, (CFC-12) in the strato-
sphere. CFC-11 and CFC-12 are only known to have man-made
sources (used as aerosol propellents, refrigerants, etc,). It has
recently been noted that other industrially used chlorine con-
taining chemicals, e.g., CCl;, CH3CCl;, CHF,Cl (CFC-22) and
C,F3Cly (CFC-113) add significantly to the stratospheric chlo-
rine content. It should be noted that fully halogenaied species,
e.g., CFCl; and CF,(l, have no identified loss mechanisms in
the troposphere, whereas those species which contain H atoms
(e.g., CH,Cl, CH,CCl;) or C=C linkages (e.g., C,HCl,) react
with HO radicals in the troposphere to limit the fraction of them
which can be transported into the stratosphere where their deg-
radation products then participate in ozone destruction cycles.

The chemistry of the upper and lower regions of the strato-
sphere are distinctly different. The chemisiry of the upper
stratosphere, i.e., 30-35 km, is reasonably well defined. In this
region the chemical composition is predominantly photochemi-
cally controlled, particularly in summer, and the lifetime of pre-
dicted temoporary reservoir species such as HOCI, HO,NO,,
CIONO,, N,0s, and H,0, are short and hence they play only a
minor role. Thus the important processes above 30 km predo-
minantly involve atoms and small molecules. In contrast the
chemistry of the lower stratosphere, 15-30 km, is quite complex
with significant coupling between the HO,, NO, , and ClO, fam-
ilies. It is within this region of the atmosphere where both dyna-
mics and photochemistry play key roles in controlling the trace
gas distributions. It is also within this region of the stratosphere
that the question of pressure and temperature dependences of
the rate coefficients is most critical arising from the low tem-
peratures (210-225 K) and the high total-pressure (30-200
Torr). The question of the pressure and temperature depen-

dences of HO and HO, reactions is highly pertinent considering
the unexpected pressure dependences observed in certain reac-
tions {e.g., HO + CO, HO, + HO,) and the unusual tempera-
ture dependences observed in other reactions, (e.g.,
HO, + HO,, HO + HNO,;, HO, + 0,3, HO, + CIO).

Ozone is photochemically controlled by HO_, NO,, ClO,,
and BrO, through the following simple catalytic cycle:

X+ 0;-X0+0,
X0+ 0-X +0,
net: O + 0520,

where X = HO, NO, C, or Br. The catalyst X is constantly re-
generated in this simple cycle. In the case of ClO, two other

(D

- catalytic cycles have also been considered:

Cl + 0;—ClO + 0,
HO + 0,~HO0, + 0, (ID)
ClO + HO,—~HOCI + 0,
HOCI 4 Av—-HO + Cl
net; 20,—30,

Cl+ 0,—Cl0 + 0,
NO + 0;—NO, + 0,
Cl0 + NO, + M—CIONO, + M (I1)
CIONQ, + hv—>Cl + NO,
NO, + kv~>NO + 0,
net: 20,30,

The latter two cycles, which have been recognized to be poten-
tially important in the lower stratosphere, illustrate the highly
coupled nature of the HO,, NO, , and C10,, families, and involve
species normally thought of as temporary reservoirs, i.e., HOCl
and CIONOQ,. Recent photochemical modelling calenlations
which use these CODATA evaluated rate coefficients for key
HO, reactions (discussed latter) have shown that these two cy-
cles are relatively unimportant due to the low predicted values of
ClO below 30 km (in fair agreement with observations).

In each chemical family there is normally one species
which participates in the rate limiting step of the catalytic cycles.
These are HO,, NO,, and ClO for the HO,, NO,, and CIO,
families, respectively. Consequently the efficiency of HO,,
NO,, and CIO, to catalytically destroy stratospheric odd oxygen
(0 + 05) is dependent upon how these families are partitioned
between their active (radical) and inactive (reservoir/sink) con-
stituents, e.g., ClO, = HCl + CIONO, + HOCI + ClQ - €},
where HCl is a reservoir, HOCI and CIONO, are temporary re-
servoirs, and Cl and ClO are active radicals. Reservoir species
do not directly participate in odd oxygen destruction catalytic
cycles in contrast to the radical species. Temporary species, ..,
HOCI, can either inhibit or enhanee the eatalytic destruction of
ozone depending upon how they reduce the active radieal con-
centration, c.g., ClO.

The efficiency of NO, and Cl0, in destroying odd oxygen
is highly dependent upon the concentration of HO in the strato-
sphere. High levels of HO radicals enhance the catalytic effi-
ciency of ClO, and decrease the catalytic efficiency of NO, in
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destroying odd oxygen because HO converts HClio Cland NO,
10 HNO;:

HO -+ HCI—H,0 + ¢l
HO + NO, + M—HNO, + M

The odd hydrogen budget is controlled by the following termina-
tion reactions:

(inactive—active)

(active—inactive)

HO + HO,—H,0 + 0,
HO 4+ HNO;—H,0 + NO,
HO + HO,NO,—H,0 + NO, + O,

HO + H,0,—H,0 + HO,

110, + HO,—H,0, + 0,
The HO + HNO,, HO 4+ HO,NO, and HO + HO, reactions all
contribute significantly to the termination of HO, radicals be-
low 30 km, but the HO 4- HO, reaction dominates the termina

tion of HO, radicals above 30 km. The partitioning between HO
and HO, is controlled by:

HO + 0,—HO; + 0,
HO, + 0;--HO + 20,
HO, + NO—HO + NO,
in the lower and mid-stratosphere, and by
HO, + 0—HO + 0O,
HO + 0—H + 0,
H + HO,—2HO

in the upper stratosphere and mesosphere. Also in the upper
stratosphere and mesosphere an additional termination reaction
for HO, radicals becomes important:

H + HO,—H, + 0,

As stated earlier, processes which directly convert radical spe-
cies into reservoir/sink species inhibit the catalytic efficiency of
that cycle, e.g.,

Cl 4+ CH,—HCl + CH,
Cl + HO,—»HCl + 0,

In addition there are reactions which modify the partitioning
between radical and reservoir species indirectly, e.g.,

NO + ClO—NO, + C
NO + HO,—NO, + HO
In each of these cases the normal catalytic cycles (I) have to
compete with
X+ 0,—X0+0,

HO + NO—X + NO,
{1v)

NO, + sv—NO + 0
0 + 05+ M—0s + M

no net chemical change
where X = HO or Cl. The X0 + NO reactions effectively modi-
fy the radical to reservoir ratios thus limiting the catalytic etfi-
ciencies of these families,
It was stated earlier that BrO, has been postulated to cata-
Iytically destroy oxygen [0]. While Rr0)_ can desteny ndd axygen
through cycles analogous to those of ClO, the cycle of most
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probable importance involving B0, {for low BrO, mixing ra-
tios, i.e., 20 pptv) is one where there is synergism between ClO,
and BrO, via the following reaction scquence:

Cl+ 0,-Cl0 + 0,
Br + 0,—Br0 + 0,
Cl0 4+ BrO—Cl + Br + 0,
net: 20,30,

The importance of this cycle is not only dependent upon the
atmospheric mixing ratio of BrO, but also upon the concentra-
tion of ClO in the lower stratosphere. :

Fluorine is not thought to catalytically destroy odd oxygen
in a manner analogous 1o chlorine, as all of the inorganic flu-
orine is tied up in the inactive form of HF. Atomic fluorine
rapidly reacts with all hydrogen containing species, i.e., H,0,
CH,, H.,, etc., to form HF, but is only slowly regenerated owing
to the unreactivity of HF towards HO radicals and O(P) atoms,
thus leaving only reaction with O('D) atoms and photolysis at
wavelengths below 165 nm as regeneration processes.

As shown earlier methane plays an impurtant role in sira-
tospheric photochemistry because it limits the efficiency of CIO,
in destroying odd oxygen by converting Cl to HCL. Methane is of
further importance as its oxidation leads to the production of
water vapour.

The complex interactions between the many species in-
volved in stratospheric photochemistry have been summarized
in figure 2. Our view of the imponance of these interactions
changes as our knowledge of the rate coefficients, absorption
cross-sections, etc., improves. As our understanding of stratos-
pheric chemistry has evolved, the ozone depletion predictions
due to increases in stratospheric NO, and ClO, have changed
significantly. A brief historical overview of this is presented in
figure 3.

The lower stratosphere contains a small number of aerosol
particles which form the Junge layer. Around 20 km altitude,
there is about one particle per cubic centimetre which is larger

T
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FicuRe 3. Predictions of ozone depletion in steady state resulting from nitrogen
oxides (NO,) and from chlorofluorocarbons (CFC’s); changes since
1974 based on improved understanding of stratospheric chemistry.

than 0.3 #zm. These particles are believed to consist of sulphuric
acid, ammonium sulphate and related species. Laboratory ex-
periments suggest that reactions on the surface of such particles
would be too slow 1o provide a significant sink or source of the
trace species important in ozone chemistry although more stu-
dies are needed. However, because of backscattering of incom-
ing solar radiation, this layer has climatic significance. The par-
ticulate loading of the stratosphere is clearly influenced by
volcanic activity. As stated, the main chemical component of
this aerosol is sulfuric acid, the formation of which occurs al-
most certainly through the oxidation of voleanic SO, which is
initiated by the reaction:

- HO + S0, + M—HSO0; + M
However, during extended periods without significant volcanic

activity, this sulfate layer persists. Under these circumstances it
is likely that the production of SO, occurs through the photoly-
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sis of COS
COS 4+ hv—CO + S

and further oxidation of S to 8O,. Carbonyl sulfide is sufficient-
ly photochemically stable in the troposphere so that it can be
transported into the stratosphere. The processes at the earth’s
surface which produce COS are unknown, and it may be that this
gas has been affected by human activities.

Altitude profiles, of the concentrations of some important
stratospheric (and tropospheric) gaseous species, calculated us-
ing a one-dimensional photochemical model, are presented in
figures 4a~4g. It is beyond the scope of this short review to
describe the comparison of experimental observations with
theoretical predictions. It should be noted that there have been
numerous field measurements of source and sink molecules
(e.g., CFC’s, N,0, H,0, HCl, HNO,, HF, etc.), more limited
field data on radicals (e.g., OP), Cl, NO, NO,, HO, HO,, etc.)
and almost no field data on temporary reservoirs (e.g., HOCl,
CIONO,, H,0,, HO,NO,, and N,05).

4.3. The Troposphere

Although only about 10% of all atmospheric ozone is locat-
ed in the troposphere, this small fraction is nevertheless of fun-
damental importance for the composition of the earth’s atmos-
phere. The reason for this is the production of the hydroxyl
radical by the two reactions:

0, + iv—0('D) + 0,
0('D) + H,0—~2HO

It is attack by HO that initiates the oxidation of many gases in
the atmosphere [12, 13, 14] including hydrocarbons (e.g., CH,,
CsHg, CyoHye), halogen-containing organics {e.g., CH;Cl,
CH,CCL;, C,Cl,, CHCl;, CH;Br), sulfur-containing organics
(¢.., CH;5CIl;, CI1,SII) and many inorganic gases such as CO,
NO,, H,S, SO,. In this way HO acts as a scavenging agent,
preventing the build up of these “pollutant™ gases in the atmos-
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FiGURE 4a. Altitude profiles of mixing ratio of some important stratospheric and tropospheric gaseous species.
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phere. In the unpolluted troposphere about 70% of the HO radi-
cals react with carbon monoxide and 30% with methane:

HO + CO—H + €O,
HO + CH,—H,0 -+ CH,

The subsequent reactions of H and CH; can either regenerate
HO, e.g., by the reactions:

The resultant steady state concentration of hydroxyl depends on
the relative importance of the chain carrying reactions involving
NO and the radical termination reactions. The important role of
NO in tropospheric chemistry is therefore apparent.

Oxidation of CH,0, via the reaction with NO subsequently
leads to formaldehyde formation:

CH,0, + NO—CH,0 + NO,
H+ 0;+ M—110, +M CH,0 + U,—HCHO + HO,
HO, + NO—HO + NO, Photodissociation of HCHO can lead to further production of
or lead to removal of radicals, e.g., radicals from CH, oxidation:
CH, + 0, + M—CH,0, + M HCHO + hv—CHO +H (5350 nm)
CH,0, + HO,—CH,00H + 0, H+0,+M—HO, + M
HO, + HO,—H,0, + 0, HCO + 0,—HO, + CO
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FIGURE 4¢. Altitude profiles of number density of some important oxygen species.
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The other two possible reaction paths:

HCHO + Av—CO 4+ H, (& 350 nm)

and

HO + HCHO—H,0 + CHO
CHO + 0,~CO + HO,

do not lead to any net gain of HO, (HO or HO,) radicals in the
methane oxidation chain.

The RO, + NO reactions, in which NO is oxidized to NO,,
are additionally important in that they provide a net source of
ozone [15] through NO, photodissociation:

RO, + NO—RO + NO,
NO, + Av—0 + NO
0+ 0; +M—0,+ M

Net production of Oy from this route occurs at all altitudes below
~15 km but is particularly important in the lower troposphere
where, in polluted air, it leads to photochemical smog formation.

The oxidation of carbon monoxide, methane and other hy-
drocarbons does not always lead to ozone production. For exam-
ple, if HO, reacts with ozone, i.e., when insufficient NO is pre-
sent, ozone is then lost via the reaction sequence:

HO + CO—H 4+ CO,
H + 0, + M—HO, + M

HO, + 0,—HO + 20,
net: CO + 0,—CO, + 0,

Applying the available kinetic information, one may roughly
determine that nitric oxide volume mixing ratios larger than
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about 107! are required for the atmospheric oxidation chains
to follow those reactions involving NO. This condition may not
be reached in extensive regions of the troposphere because of

the very short residence times of NO and NO, through the reac-
tions

NO + 0,—-NO, + 0,
HO + NO, + M->HNO, + M

followed by rain-out of HNO,. Recent measurements [16] have
shown that NO volume mixing ratios may indeed be very low in
the marine boundary layer, less than 10 ppt (10X 10~ %) in the
tropical Pacific. These are, unfortunately, wo few observations
of NO available now to derive a typical tropospheric distribution

of this gas, so that at present it is not possible to make good
estimates of the photochemical production of tropospheric
ozone. As indicated above, the role of methane oxidation reac-
tions in controlling the HO, {HO and HO,) concentrations in the
background atmosplere is likewise dependent on the global NO
distribution.

In the absence of NO the fate of CH;00H and H,0, must
be considered. These molecules may be removed by photolysis,
e.g.

CH;00H + Av—CH,0 + HO

or by reaction with HO. Furthermore, since CH;00H and H,0,
are water soluble, they are readily removed by precipitation
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FIGURE 4g. Altitude profiles of mixing ratio of some important sulfur species.
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scavenging, which has an average time constant of 1 week and
which is competitive with the gas phase removal routes.

The total turnover of carbon in the atmospheric CH, cycle
is augmented by other hydrocarbons from both natural and
man-made sources. Of particular importance are emissions from
vegetation of terpenes which are oxidized to CO by analogous
reactions to those outlined above for CH,. A summary of the
atmospheric budgets of the species involved in the tropospheric
carbon cycle is given in table 1.

The atmospheric cycles of many trace gases are determined
by the HO distribution. For instance, the removal of the natural
sulfur compounds H,S, (CH3),S, and CH,SH takes place by HO
attack. It is commonly assumed that the subsequent reactions
lead rapidly to the formation of SO,, although the detailed oxi-
dation mechanisms are not well known [17]. A fraction of the
S0, in the atmosphere is converted to H,S0, by gas phase oxi-
dation, the first step again being accomplished by reaction with
HO. Oxidation of SO, in atmospheric raindrops is also impor-
tant [18].

NO, molecules are mainly removed from the troposphere
by reactions with hydraxyl leading to the formation of nitric acid
which is very soluble in water. The photochemical lifetime of
HNO; in the troposphere is more than a month, i.e., much long-
er than the average precipitation time constant of about one
week. Nitric acid 1s, therefore, mainly removed by precipitation
in the troposphere. In this way the transport of NO, from the
troposphere to the stratosphere is inhibited.

Ammonia plays an important role in tropospheric chemis-
try since it can combine with acid species such as HNO,, H,SO,,
and HCl to form ammonium salts, which are a major constituent
of the atmosphere aerosol. NH; also reacts with HO and subse-

quent reactions of the NH, radical may lead to NO, production-
in the troposphere by reactions such as

NH, + HO—NH, + H,0
NH, + 0,—NH,0 + 0,
NH,0 + 0,—HNO + HO,

HNO + hv—H + NO

However, competing reactions of NH, can lead to destruction of
NO,

NHZ + NOX—‘)Nzox_ 1 -+ H20
Furthermore, NH, reacts rapidly with HO,
NHZ + HOT‘-"NH:; + 02

to yield ammonia again. Since NHj; is removed by precipitation
with a characteristic time scale of about one week while the time
constant for attack by HO is of the order of a few months, the
production and destruction of NO, through NH; oxidation is
probably of minor importance.

A summary of atmospheric budgets of some nitrogen spe-
cies is given in table 2.

Chlorine chemistry in the troposphere is largely governed
by HO attack followed by conversion of the Cl constituent of the
resultant radical to HCl or COCl,, which are removed mainly by
precipitation. The detailed mechanisms of the photo-oxidation
of chloro-organics is not well known, however. The tropospheric
chemistry of bromine and iodine is even less well understood.
Since HBr and HI are more reactive than HCl with HO and are
also less readily formed from atomic Br and ], it seems probable
that the chemical behaviour of iodine and bromine differs from
that of chlorine species.

Tasik 1. Budgets of carbon species

Direct source/ year
Gas Source identification

Secondary source/year
Source identification

Transport
distances®

Az, 4y, Az (km)

Removal Atmospheric
by lifetimes®

w 4-16X 10" g GV
biomass burning
6.4 10" g CO
industry

6% 10" g GO

methane oxidation
4-13X10" g CO
CsHg, CioH (6 oxidation

CH, 0.7-1.2X 10" g CH,
rice paddy fields
0.3-2.2X 10" g CH,
natural wetlands
0.6 10" g CH,
ruminants
0.3-1.1X 10" g CH,
biomass burning
0.5x10" g CH,
gas leakage

CsHg 83Xx10M™gC
C,OH,S trees

HO Z months 4000,2500,10

HO 7 years complete

HO ) 10 hours 400.200.1

* Atmospheric lifetimes in hours, months or years.

® Diffusion distances in E-W, S-N and vertical directions {in km) over which concentrations are reduced to 30% by chemical reactions; enlculated with [HHO] = 7 % }0*

molecule em ™3,
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TasLE 2. Budgets of nitrogen species

. Transport
Direct source/year Secondary source/year Removal Atmospheric distances”
Gas Source identification Source identification by lifetimes® 4z, Ay, Az (km)

NO, 8.2-185X102g N 0.5-1.5X102g N HO 1.5 days 1500,400,1.0
(NO + NO,) industry oxidation of N,0

10-4019"2 g N

biomass burning

3-4X10"%¢gN

lightning

0-15X10"2%g N

soils

0.25X10"% g N

jet aircraft

HNO, 22-T7X10% g N rain 3 days 3000,600,1.5
HO + NO,

N0 1.8x10%gN
fossil fuel burning
1-2X10% g N
biomass burning
4-10X10%gN
aceans
2-6X10'2g N
loss organic matter
<3X10'%gN
fertilized tields

Stratospheric 100 years global
photolysis

NH, 10-20X10% g N rain <9 days «9000,1000,3
domestic animals
2-6X102 N
wild animals
<3X10"%gN
fertilized fields
<30X10%gN
natural fields
4-12X10% g N
coal burning
<60X102gN
biomass burning

“ Atmospheric lifetimes in hours, months or years.

® Diffusion distances in E-W, S.N and vertical directions (in km) over which concentrations are reduced to 30% by chemical reactions; calculated with [HO] = 7X 10°

molecnle em™3.
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5. Data Sheets
5.1. Oxygen Compounds

04+02+M—-03+ M

AH®= —106.5kJ mol™!

Low pressure rate coefficients

Rate coefficient data,

ko/ em® molecule ~'s ™! Temp./K References Comments
Absolute Rate Coefficients
(6.75 + 0.43) X 107 exp((635 4+ 18)/T) [0,] 262-319 Arnold and Comes, 1979 [1} (a)
5.69X 107 10,) 298
(182 - 0.28) X 10~ exp((995 4 37)/T) [N,} 262-309
5.13X10734N,] 298
(6.24 + 1.58 X 10 exp((525 + 70)/T) {Ar] 263-298
26310734 [Ax] 208
591X 107*[N,] 298 Lin and Leu, 1980 [2] (b)
3.75X 107> [Ar] 298
3.48X 107> [He] 298
(6.9 & 1.0)X 10734 /300) ~ 13592 [Q,] 219-368 Klais, Anderson, and Kurylo, 1980 (3] ©
215X 10~ exp(345/7) [0,]
(6.2 + 0.9)X 10734T /300) ~ 2005 [N, ] 219-368
8.82X 10~ exp(575/T) [Ny)
(3.9 £ 0.5) X 10™3%(T /300) ~ =03 [Ar] 219-368
6.33X 103 exp(635/T) [Ax]
Reviews and Evaluations
6.2 X 10737 1300) ~*° [N,] 220-300 NASA, 1979 [4]; NASA, 1981 6] {d)
5.6XC107347/300) 238 [N,] 218-298 CODATA, 1980 [5] (c)
3.6 X 107347 7300) ~ ¢ {Ar) 200-346

Comments

(a) O; flash photolysis-O resonance absorption. Correc-
tions for the reactions O 4+ 0;—20, and O + 0, + 0,20,
are necessary.

(b) Preliminary data from O, flash photolysis-O resonance
fluorescence.

{¢) O, flash photolysis-0 resonance fluorescence tech-
nique. Most extensive available data in agreement with the ear-
lier results from [5]. Smaller temperature coefficient for
M=0, compared to M=N, or Ar attributed to
03 + 0,->0; + O; exchange cnergy transfer.

(d) Based on data of ref. [3].

(¢} Based on results from ref. [7] essentially in agreement
with the present preferred values.

Preferred Values

kg = 6.9X 107*%(T /300) ~ %5 [0,] cm® molecule ™' s~
over range 219-368 K.

ko= 6.2X1073%T/300) "2 [N,] cm?® molecule™!s~!
over range 219-368 K.

ko= 3.9X10734T /300) ~'® [Ar] em® molecule s~
over range 219-368 K.

Reliability

4 log ky == -+ 0.1 over range 200-370 K.
An = + 0.5 over range 200-370 K.

Comments on Preferred Values.

Good agreement between various studies in the overlap-
ping ranges of conditions. Preferred values based on ref. [3].
Differing temperature coefficients in other studies are partly
due to too narrow temperature ranges. No new data on high
pressure rate coefficients and intermediate fall-off range, for

older data see CODATA, 1980 [5].
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Vibrational Deactivation of OF formed by combination O + 0,0}

Rate coefficient data

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

6.6X 10713 0, 298 Hochanadel, Ghormley, and Boyle, 1968 [8] (a)

1.0x 104 0, . 298 Bevan and Johnson, 1973 [9] (a,b)
7x10™1 0, 298 Bevan and Johnson, 1973 [9] (a,c)
2.0x10™4 N,, 0, 298 von Rosenberg, and Trainor, 1974 [10] {d)
2.3x10"M 0, 298 Kleindienst, Burkholder, and Bair, 1980 [12] (e)
Reviews and Evaluations

3x10™1? . 0, 300 Troe, 1979 [13] {)

Comments

(a) Pulse radiolysis of O,; time resolved observation of
changes in the O; uv absorption spectrum during the
0 + 0,0, recombination reaction.

(b) Rate coefficient corresponding to low energy levels of
03,

{c} Rate coefficient corresponding to high energy levels of
0%.

(d} Flash photolysis of Oy; time resolved IR emission mea-
surements of the OF (101) mode during the O -+ 0)—»0; recom-
bination reaction. Rate coefficient corresponding probably to
low excitation of OF because of good agreement with deactiva-
tion of laser excited 0¥ (101) molecules, see Rosen and Cool,
1973 [11].

(e) Flash photolysis of O,; time resolved observation of O,
uv absorption spectrum during O 4 0,—0; recombination.
Rate coefficient probably corresponding to slowest step, i.e.,
deactivation of low energy levels of 0.

() Analysis of callision efficiencies of steady state rate con-
stants for recombination of O + 0,~»0;. This rate coefficient is
estimated from an average energy of 1 k] mol ™! transferred per
collision of highly excited OF formed during the initial associ-
ation O + 0,—0%.

Preferred Vaiues

E**=3%X10"" cm® molecule™'s™! at 298 K for
M = 0,, N, (0% energies near 100 kJ mol ™).

E*=2%10"" cm® molecule™'s™! at 298 K for
M = 0,, N, (0¥ energies near 20 kJ mol ™).

Reliability

4 log k. ** = 4. 0.5.
Aloghk*= +0.3.

J. Phys, Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Values

The deexcitation of OF during the recombination
0 + 0,—0; presents a complex time dependence involving ele-
mentary steps of quite different rates. Presumably the effective
relaxation rate slows down with decreasing energy as indicated
by the preferred rate coefficients. Preferred values of £ ** are
taken from ref. [13], values of £ * from refs [10] and [12].
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O + 0320,
AH®= — 391.9 kJ mol ™’ -
Rate coefficient data
k& /em® molecule ™ s™! Temp./K Reference Comments
Absolule Rate Coefficients
(8.3 +0.6)x10" % 298 West, Weston, and Flynn, 1978 [1] {n)
(2.12 £ 0.18) X 10~ exp( — (2337 -+ 26)/T) 262335 Arnold and Comes, 1980 [2] {b)
(8.33 £ 0.18) X107 298
Reviews and Evaluations
1.5X 107! exp( — 2218/T) 200-300 NASA, 1979 [3] (c)
20X 107" exp(— 2280/T) 220-1000 CODATA, 1980 [4] (d)
1.5 10~ Mexp( — 2218/7) 200300 NASA, 1081 [5) (o)

Comments

(a) O photolysis in dye laser pulses at 600 nm, O, vibra-
tional excitation produced in CO, laser pulses, O detection by
resonance fluorescence.

(b) O;-flash photolysis-O resvnance absorption technique.

(¢) Value based on the data by Davis, Wong, and Lephardt
[6], which agreed within error limits with the slightly lower val-
ue by McCrumb and Kaufman [7].

(d) Value based on ref. [6], in agreement also with earlier
high temperature data.

Preferred Yalves

k=8.4x10"" cm® molecule ™' s~ at 298 K.
k= 1.8xX10"" exp(— 2300/T) em® molecule™! s
over range 220-400 K.

-1

Reliability

dloghk= £0.1at298K.
AE/R)= +200K.

Comments on Preferred Values

The preferred value: is an averaged value of the data from
refs. [1], [2], [6], and [7].

References

[1] West, G. A., Weston, Jr., R. E., and Flynn, G. W., Chem. Phys. Lett. 56, 429
(1979).
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Malina, M. J., Watean, R. T, JPL. Publ. 81.-3 (1981).
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0+0i->0+0; (1)
—20, )
Rate coefficient data (k = &, + ;)
k /em® molecule™" 5! Temp./K Reference Comment

Absolute Rate Coefficients
15101 298 West, Weston, and Flynn, 1976 [1] (a)
Branching ratios
ko /k <02 208 West, Waston, and Flynn, 1978 [2] {b)

Comments

(a) Discharge flow system, O, vibrationally excited by CO,
laser pulses. OF (vibrational excitation mainly O¥ (100),
0% (001)) monitored by IR fluorescence, O monitored by
0 + NO, titration.

(b) O photolysis with dye laser pulses, O vibrational exci-

tation in CQ, laser pulses, O detection by resonance fluores.
cence.

Preferred Value
k=1.5X10"" ¢m® molecule™ ' s " at 298 K.,
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Reliability

Alogk= +0.5at298K.
Comments on Preferred Value

More measurements with other selectively excited O, mol-
ecules are needed. This preferred value applies to OF (100) and

O('D) + 0,—~>O0(3P) + 02(2.F)

AH(1)= —32.8kImol™!
AH°@2) = —95.4 k] mol™!
AG°(3) = — 189.7 k] mol !

BAULCH ET AL.

0¥ (001) molecules.

References
[1) West, G. A., Weston, R. E., Jr., and Flynn, G. W., Chem. Phys. Lett. 42, 488
(1976).

[2] West, G. A., Weston, R. E., Jr., and Flynn, G. W., Chem. Phys. Lett. 56, 429
(1978).

4)]
@
(3)

—O(3P) + 0(4,)
—O(3P) + 0,(33;")

Rate coefficient data (k = k| + &, + &3)

k /em® molecule™ ! s~} Temp./K Reference Comments
Absolute Rate Coefficients
4.2 +0.2)x 107" 295 Amimoto et al., 1979 [1] (a)
4.0+ 0.6)x10™" 298 Brock and Watson, 1981 [Z] (b)
Branching Ratios
k/k=0774£0.2 300 Lee and Slanger, 1978 (3] {c)
k,/k<0.05 300 Gauthier and Snelling, 1971 [4] (d)
Reviews and Evaluations
2.9%10™Y expl67/T) 200-300 NASA, 1979 (5] )
37X 107" expl67/T) 200-350 CODATA, 1980 [6] 0}
3.2X107 " exp(67/7) 200-~300 NASA, 1981 [7} (4]
Comments k/k=038

(a) O('D) production by laser flash photolysis of O; at 248 k2/£<0.05.
nm, 0(31:‘) detection by resonance abeorption at 130 nm.

(b) O(*D) production by laser flash photolysis of O; at 266 Lo

Reliability

nm. OCP) detection by resonance fluorescence at 130 nm.
{c) O(* D) detection from O('D)—O(*P) emission at 630 nm.
0,('2 &) monitored from the 0,('% =04 ¢ ) (1-1) and

(0-0) band emission. 0,('3 ; )isonly formed inthev = OQand 1

levels with &£ (1)/k (0) = 0.7.

{d) O('D) production by photolysis of O5.

(e) Based on O('D) emission measurements only (ref. [8]).

(f) Average from O(*D) measurements by 630 nm emission
and 115 nm absorption and O(°P) measurements by 130 nm
absorption and fluorescence.

(g) Based on ref. [1} and earlier references excluding o('D)
absorption measurements.

Preferred Values

k=4.0X10""" cm® molecule ™' s~ ! at 208 K.
k=32X10""exp(67/T) cm® molecule™' s~ over
range 200-350 K.

J. Phyn. Chem. Ref. Data, Vol. 11, No. 2, 1982

Aloghk= 40.05at298 K.
A(E/R)= + 100K,
Alog (k/k)= 1+ 0.1

Comments on Preferred Values

The earlier controversy between measurements using
O(*D) emission at 630 nm and absorption at 115 nm appears to
be resolved now, since O(P) detection by absorption at 130 nm
and fluorescence support the O('D) emission results. Apparent-
ly the y-value 1n the Lambert-Beer law used in the O('D) absorp-
tion results was too small. The preferred value for £ averages the
results from refs. [1], [2], [3], and [8] which all agree very well.
The temperature coefficients are accepted from ref. [8], the
branching ratios from refs. [3] and [4].
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o('D) + 030, + 20(°P) m
—O(3P) + O3 (2)
—20,('4,) 3)
—0(121) +0(327) (4)
—20,(33;) (5)
AH(1) == - 83.2 k] mol~!
AHQ) = — 189.7 k] mol™!
AH(3) = — 393.0 k] mol ™!
AHY4) = — 424.7 kJ mol™"'
AH(5) = — 581.6 kJ mol ™!
Rate coefficient data (k =k, + &k, + ky + ky + £5)
k /em® molecule™' s ™! Temp./K Reference Comments
Absolute Rate Coefficients
2.7 + 0.2)x10™"° 300 Heidner, Husain, and Wiesenfeld, 1973 [1] (a)
2.4 + 0.5)X1071° 103-393 Streit et al., 1976 [2] (b)
(241 4 0.11)x1071° 300 Amimoto, Force, and Wiesenfeld, 1978 [3] (©)
(2.5 4- 0.5)X 1070 300 Amimoto et al., 1980 [5] ©
(2.26 4+ 0.28)x 10" 298 Ravishankara and Wine, 1981 [G] ()
Branching ratios
ky/k<0.15 300 Klais, Laufer, and Kurylo, 1980 [7] (e)
kst hoeky k0.5 300 Davenport, Schiff, and Welge, 1974 [9] [1}]
kol k] 300 Amimoto, Force, and Wiesenfeld, 1978 {3] (2
Reviews and Evaluations
by oeks=~0.5 k= 1.2X 10~ 200-300 NASA, 1979 [10] (h)
Fyocky~0.5k = 1.2X10~"° 200-300 NASA, 1981 {11] 1)

Comments

(a) O('D) production by flash photalysis of O in a flow
system. O('D) detection by resonance absorption at 115 nm.
This value is not influenced by the error in the Lambert-Beer -
value present in other O('D) reactions of this work, see discus-
sion in ref. [4].

(by O('D) production by laser flash photolysis of O, at 266
nm in a flow system. O('D) followed by O(' D)—O{P) emission
at 630 nm.

(c) O('D) production by laser flash photolysis of 0, at 248
nm in a flow system. O(P) detection by resonance absorption at
130 nm, see also discussion of these results in ref. {4].

(d) O('D) production by laser flash photolysis of O, at 266
nm. OCP) detection by resonance fluorescence at 130 nm.

(e) Flash photolysis of O with O(*P) detection; analysis of
the early part of the O(*P) profile taking into account Slanger
and Black’s results on the rate of the reaction 0, .5

+ 04(i8])-

(f) Resonance fluorescence detection of O atoms. One OCP)
formed per O('D) consumed. This can either be explained by
kplkiix=l or by As/ky=1.,

(g) Observation of one O(*P) formed per O('D} consumed.
These authors favour k,/k=<1 instead of k/k =<1 to explain
their results, on the basis of the postulated existence of a stable
O, species at energies above the dissociation energy of 0. As
long as there is no unambiguous experimental confirmation, we
prefer the interpretation of these data by ks/k =1,

(h) Branching ratio from ref, [9], absolute value from refs.

(1}-{5]).
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Preferred Values
k=2.4%10"" cm® molecule ™! s~
400 K.
ky/koeks/k20.5.,

! over range 100-

Reliability

A log k = 4 0.05 over range 100-400 K.
Alog kb /k = A log ky/k — + 0.1.

Comments on Preferred Values

The accuracy ot the overall rate constant £ apparently is
quite good. The given value is based on the data from refs. [2],
[3], [5], and [6]. The observation of the appearance of one O(*P)
per O D) consnmed also appears well established. The interpre-
tation of this observation by assuming % ~<ks appears most
probable, although the alternative £,/ke~1 cannot be ruled out
at present.
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E)

-

0,('4,) + M—0,(32) + M

AH’= —94.3 k] mol™!

Rate coefficient data

k /em® molecule ™" s~ M Temp./K Reference Comments
Absolute Rate Coefficients
1.4%10™" N, 300 Collins, Husain, and Donovan, 1973 [1] (a)
2.22X 10~ %7 /300)°" 0, 285-322 Findlay and Snelling, 1971 {2] (b)
(5.6 + 0.36)xX 10~ 1® H,0 298 Findlay and Snelling, 1971 [2] (b)
@+ 1)x10718 H,0 298 Becker, Groth, and Schurath, 1971 [3] (c)
<1.5X10"% CO, 298 Findlay and Snelling, 1971 2] {b)
<8x10~%° CO0, 298 Becker, Groth, and Schurath, 1971 {3] (c)
Reviews and Evaluations
2.2X 10~ 1¥(T /300)°® 0, 285-322 Hampson et al., 1973 [4] @
<2X107% N; 300

Comments Preferred Values

(a) VUV absorption measurements of OZ(IAS) decay. As
discussed by the authors this is the most direct study of 02(148)
quenching by N,.

(b) 0,('4,) formed by photolysis of 0,-C¢Hg mixtures by
energy transfer from a benzene triplet state. 0,('4,) monitored
by 1.27 y emission.

(¢) Measurements in reaction cell of 220 m® volume.
0,('4,) detection by emission from the energy pooling reaction
202(143)——;02('2 ;‘) -+ ()2(;‘2I g—&)

(d) Revew of literature up to 1971. Preferred room tem-
perature value for M = 0, is a consensus value from several
studies; the temperature coefficient is from Findlay and Snell-
ing [2]. Upper limits of £ for M = N, vary between 1.1 X 10~ *°
and 3X10™2,

J. Phys. Chem. Ref. Data, V.ol. 11, No. 2, 1882

k=22X10""% cm’® molecule™!s™! for M=0, at
298 K.,

£<1.4X 107" cm® molecule ™! s ! for M = N, at 208 K.

E=5%10"" cm®molecule™'s™! for M=H,0 at
298 K.

k<8 1072 ¢m® molecule ™ s for M = CO, at 298 K.

Reliability

Alogk = + 0.3 for M = 0,, and for M = H,0.
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Comments on Preferred Values

Whereas the values for M = 0, and H,0 appear to be reli-

able, the smaller values for M = N, and CO, need further con-

firmation. The temperature coefficient appears to be small, how-
ever, more extensive data are needed before safe conclusions on
k at stratospheric temperatures can be given.
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145 (1973).
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0:('4,) + 0;—20,+ 0

AH® = +12.2 kI mol™!

Rate coefficient data

k /em® molecule™ s~} Temp./K Reference Comments

Absolute Rate Coefficients
16.6X107 'sexp( — 1560/T) 195-439 Clark, Jones, and Wayne, 1970 {1] (a)
85+ 1.3)x10-1 208

45310~ pyp( — (2830 & 1RO)/T) 283291 Findlay and Snelling, 1071 [2] S
3.4x10-" 298

6.0 107" exp( — 2850/7) 206-360 Becker, Groth, and Schurath, 1972 [3} (c)
4.2X107" 298

(4.4 + 1.3)x 1071 300 Collins, Husain, and Donovan, 1973 [4] (d)
L5X107" (o1} 208 Klais, Laufer, and Kurylo, 1980 [5] 1G]
Reviews and Evaluations

4.5x10~" exp(— 2830/T) 283-321 Schofield, 1972 [6] )
1.2X 107" exp{ — 2400/T) 200-350 Hampson, 1980 [7] {g)

Comments Reliability

(a) Microwave discharge flow system for the generation of
OZ(IAg), 0, added downstream. Detection of 0,('4 o) Via selec-
tive photoionization by argon resonance radiation at 106.7 and
104.8 nm.

(b) 05('4,) produced by O, photolysis by Hg resonance
radiation; Oz(lAg) soncentrations monitored via 1.27 g cmis-
sion.

(c) Static reactor of 220 m* volume. O,('4,) formation by
microwave discharge in O,. 0,('4,) detection by 1.27 y emis-
sion. Preexponential factor can be 50% lower if 0,('X o) yield
from the OCP) + O, reaction is interpreted differently.

(d) 0,('4 &) produced by uv flash photolysis of O5; O,('4 &)
detected by time resolved absorption spectroscopy near 144 nm.

(e) Flash photolysis of Os, detection of 0('4,), - 2,5 near
144 nm in absorption.

(f) Preferred values from ref. [2].

(g) Room temperature average value combined with aver-
age activation energy. '

Preferred Values

k=3.8X10"" cm® molecule ™' s~ ! at 298 K.
k=5.2X10"" exp( — 2840/T) over range 280-360 K.

Alogh= 40.1at298 K.
A(E/R)= 500 K.

Comments on Preferred Values

Whereas there is good agreement on the room temperature
value, the temperature coefficient appears less certain. In view
of the coincidence of the results from refs. [2] and [3], which
were obtained by two completely different techniques, we fa-
vour their temperature coefficient over that from ref. [1].
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1435 (1973).

{5]Klais, Q., Laufer, A. H., and Kurylo, M. 1., J. Chewm. Phys. 73, 2696 (1980}.

[{6] Schofield, K., Int. ). Chem. Kin. 4, 255 (1972).

[7] Hampson, R. F., “Chemical Kinetic and Photochemical Data Sheets for
Atmospheric Reactions,” FAA Report EF-80-17 (1980).
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02('4,) 50 +M—0("4.),_o + M

Rate coefficient data

k /em® molecule ™' 57! M Temp./K Reference Comments
Absolute Rate Coefficients
(8.4 £+ 3.0) X107 ™ N, 298 Klais, Laufer, and Kurylo, 1980 {1} (a)
(3.4 = 2.0)x107" Ar 298
4.7 + 2.00% 1012 0, 298

Comments

(a) 0,('4,),, formed by flash photolysis of O, at 240-257
nm. The photolysis channel O; 4 hv—0,('4,) 4 OC’P) pro-
duces Oz(lAg)v - and OZ(IAS)U — o with yields of 0.6 + 0.2 and
0.4+ 0.15, respectively.

Preferred Value
k= 8X10""% ¢cm® molecule ™! s ™! for M == N, at 298 K.

Reliability
Alogk= +0.5at298 K.

Comments on Preferred Value

This is a single determination and more data are desirable.
In particular the rate coefficient for M = O, should be mea-
sured.

References
(1] Klais, 0., Laufer, A, H., and Kurylo, M. J., J. Chem. Phys. 73, 2696 (1980).

0:('2 )+ M—0(337 ) + M

AH" = —156.9kJ mol '
Rate coefficient data

k /em® molecule ™ 5! M Temp./K Reference Comments
Absolute Rate Coefficients
4.6+ 1)x10™" 0, 294 Thomas and Thrush, 1975 [1] (@)
4.0+ 0.4x107" 0, 208 Martin, Cohen, and Schatz, 1976 {2] (b)
(3.8 £0.3)x10~" 0, 300 Lawton et al., 1977 [3] (h)
(2.5 + 0.2)x 10~ "7 0, 298 Chatha et al., 1979 [4] {©
(2.2 £ 0.1)x 10~ N, 208 Martin, Cohen, and Schatz, 1976 [2] (b)
(L7 £0.1)xX10™% N, 208 Chatha et al., 1979 j4] (c)
46X 107" H,0 294 Thomas and Thrush, 1975 [1] {a)
(8.0 + 2.0)x 10~ 0 300 Slanger and Black, 1979 [5] )
Reviews and Evaluations
1.5x107'¢ 0, 300 Hampson et al., 1973 [6]
2.0X107% N, 300
4.0x10" H,0 300

Comments

(a) Microwave discharge system; 0,2 ;’) detection by
1.91 y radiation. Data also for M = H,.

{b) Optical excitation of 0,('S o Ju=1, fast relaxation of
v == 1 to v = 0 before electronic quenching,.

{c) 0,('T[) formed by energy pooling 202('Ag)
O, S+ 0,82 o )in a discharge flow system. Data also
for M = He.

{d) O,('Z ") produced by the O('D)-+ O, reaction,

0,0'2 ) monitored by 761.8 nm emission.

W Phye, Chem. Ref. Datn, Vol. 11, No. 2, 1982

Preferred Values

k=24.0%10"" cm® molecule™' s™! for M=0, at
298 K.

£=2.0X10"" cm® molecule™'s™! for M=N, at
298 K.

k=8.0X10""
298 K.

k=4.0X10""2 em®molecule™" s™! for M =H,0 at
298 K.

' for M=0 at

cm” molecule™"' s~
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Reliability

Alogk == +0.3 for M=0,, O, and H,0, +0.1 for
M=N,. ‘ ‘

Comments on Prteﬁzﬁed Values

More recent values of £ for M == O, are systematically low-
er than earlier values, whereas data for M = N, appear-well
established. Temperature coefficients as well as information on
‘the reaction 0,(*F o)+ 0CP—0,('4 o)+ O(*P) are urgently
required because of their possible importance for the overall

357

"@énching rates of 0,("2 ;*) in the atmosphere, see discussion
in ref. [5].
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(a) Flash photolysis of O in the presence of 0,. 0,('3 &)
formed by the reaction O('D)+ 0,—O0(P)+ 0,('Z &)
0.’ g+) detected by emission at 761.8 nm.

(b} Flash photolysis of 0;, 0,('Z ;*) formation by O('D)
quenching by 0,

(¢c) Flash photolysis: of O, in a discharge flow system,
0,('Z ;") formation by quenching of O('D) by 0,. 0('Z ;")
detected by emission ar 761.8 nm.

(d) O, laser flash photolysis at 248 nm. OCP) detection by
resonance absorption at 130 nm.

(e) Derived from the product 0.48 4 0.04 = (&, /k)X (k| /
k') where k ' corresponds to the reaction O('D) + O,—>products
and k] to the reaction O('D)+ 0;—0+ 05('Z ).
k{/k'=0.77 from Lee and Slanger [5) is used. The authors
erroneously give £,/k = 0.67 + 0.22.

(f) Based on the branching ratio £ { /&' = 0.77 from Lee
and Slanger [5] for the reactions O('D) + 0,—0 + 0,('F o)
and O('D) + 0,—products, and on an O('D) quantum yield of
¢ = 0.9 for O photolysis.

02('2,7) + 0;—~0 + 20, m

—0,('4,)+0; (2)

—0,(527)+ 05 (3)
AH°(1) = — 50.4 k] mol™!
"AH°@2)= — 62.6 k] mol ™!
AH*3)= —156.9 kJ mol ™!

Rate coefficient data (k = &, + 'k, + k3)
k /em® molecule ™' s~ Temp./K Reference Comments
Absolute Rate Coefficients
2.5 £ 0.5)x 10" 295 Gilpin, Schiff, and Welge, 1971 [1] (a)
23 £ 0.5x 11071 295 Snelling, 1974 [2] (b
2.2 +0.2)x 10~ 295 Slanger and Black, 1979 [3} (c)
(1.8 +£0.2)x10° " 295 Amimoto and Wiesenfeld, 1980 [4] (d)
Branchiug Rativs
k1 /kee0.62 4 0.22 298 Slanger and Black, 1979 (3] (c, €)
kylk =039 +0.08 295 Amimoto end Wiesenfeld, 1980 [4] @ 1
Comments Preferred Values

k=22%10"" cm? molecule"lvshlv at 298 K.
ky /% =0.7 at 298 K.

Reliabilisy

Alogk= £ 0.06 at 298 K.
Ak, /k)= +0.1a298 K.

Comments on Preferred Values

The preferred values are simple averages of the given data.
Information on the temperature dependences is required. The
temperature dependence is likely to be small.

References
[1] Gilpin, R., Schiff, H. 1., and Welge, K. H., J. Chem. Phys. 55, 1087 (1971).
[2] Snelling, D. R., Can. J. Chem. 52, 257 (1974).
[3] Slanger, T. G., and Black, G., J. Chem. Phys. 70, 3434 (1979).
[4] Amimoto, S. T, and Wiesenfeld, R., J. Chem. Phys. 72, 3899 (1980).
[5] Lee, L. C., and Slanger, T. G., J. Chem. Phys. 69, 4053 (1978).
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0202 )1 +02—02(%; )y o + Oz

Rate coefficient data
k /em® molecule ™' s ™! Temp./K Reference Comments
Absolute Rate Coefficients
kywmy =1.5x107" 300 Gauthier and Snelling, 1974 [1] (a)
ko =22%X107H 300 Lee and Slanger, 1978 [2] {b)
kywz =@+ 1)x10™" 300 Schurath, 1975 [3] {c)
Comments Reliability
a) 0,03 ). roduced b the reaction
@ OLZ; o P Y Alogk,_, = +0.3at208 K.

o('D) + 02(32 ¢ ) and measured by emission at 760-785 nm;
in this reaction 25% of the 0,('S o )ormedisinthe ¢ = I state,
the remainder in the v = O state. Measurements under steady
state conditions.

b 0,2 ; )o=1 produced by the reaction
O('D) + 0,03 o ) 022 ), detected by time resolved emis-
sion in the range 760-785 nm.

{0) 0,('3 S‘L )o=z formed as predominant product of the
energy pooling reaction 20,('4, >0, 7) + 0,('Z }).

Preferred Values

k,—; =19%10"" cm® molecule ™! s~ ! at 208 K.
b, =9X10"" ¢m® molecule ™! s~ at 298 K.

Alogk,_, = +0.5at298 K.

Comments on Preferred Values

More information on temperature coefficients and “nor-
mal” relaxation in collisions with other colliders is required.

References
[1] Gauthier, M. J. E., and Snelling, D. R., Can. J. Chem. 52, 4007 (1974).
[2] Lee, L. C., and Slanger, T. G.,J. Chem. Phys. 69, 4053 (1978).
[3] Schurath, U., J. Photochem. 4, 215 (1975).

O; -+ hv—products
Primary photochemical transitions
Reaction AHy kI mol™! Y —5
0, + kv—0(P) + OCP) o) 493.56 2424
—0CP) + 0('D) @ 683.38 175.0
—0('D) + 0('D) &) 873.20 137.0
—0CP) + 0('S) @ 897.80 132.2
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Preferred Values
Absorption cross sections and quantum yields for O, photolysis at 208 K

A/nm 100/ cm? é, A /om 100/ ¢m? &2
140.8-142.8 140 1 158.7-161.3 49.7 1
142.8-144.9 148 1 161.3-163.9 34.5 1
144.9-147.0 141 1 163.9~166.7 20.8 1
147.0-149.2 129 1 166.7-169.5 12.3 1
149.2-151.5 115 1 169.5-172.4 7.22 1
151.5-153.8 99.1 1 172.4-173.9 4.58 1
153 8.156.2 824 1 173.0-175.4 2,74 1
156.2-158.7 65.8 1 176 -200 (see below) 0

A /om 10%{o) (300 K)/cm? 10%{o} (200 K)/cm® 10%{o) (160 K)/cm?
175.4-177.0 12800 15000 15700
178.6 11800 11900 11800
180.2 7370 6470 6060
181.8 4770 5050 5210
183.5 3160 3020 2940
185.2 1610 1400 1330
186.9 874 787 795
188.7 419 348 340
190.5 190 144. - 137
192.3 94.8 60.4 48.4
194.2 62.4 57.2 57.2
196.1 215 18.7 18.7
198.0 7.56 5.4 5.42
200.0 3.06 1.83 1.77
202.0 1.94 1.54 149
A/um 10%¢/em? A /om 10%%0/em?
200 12.0 225 5.3
205 10.2 230 4.0
210 9.3 235 2.8
215 79 240 1.0
220 6.5 243 0.5
Comments on Preferred Values References
The absorptmn cross sections for A <175 nm and [1] Ackermann, M., Aeronomica Acta 77, (1970), also published in “Mesos-
200 <4 <245 nm are from Ackermann 1}, average Cross sec- pheric Models and Related Experiments” (ed. Fiocco, G., D. Reidel
tions over the Schumann-Runge bands for 175 <A <200 nm Publ., 1971) and in *“Chemical Kinetics Data Survey VI” (ed. Hampson,
are from Kockarts [2]; there is considerable scatter of data at R.F., Nat. Bur. Stand. (U.S.), Int. Rep. 73-207 (1973).
. N [2} Kockarts, G., in “Mesospheric Models and Related Experiments” {ed.
A>200 nm with an uncertainty of 4 20% for 200-230 nm. The Fiocco, G., D. Reidel Publ., (1971).
onset of the O('D) production near 175 nm is given by a smooth, [3] Lee, L. C., Slanger, T. G., Black, G., and Sharpless, R. L., J. Chem. Phys, 67,
probably temperature dependent function, see ref. [3]. For 5602 (1977).

175 <A <200 um we prefer ¢, 2<1. The preferred values are [4] CODATA Task Group on Chemical Kinetics, Bauleh, D. L., Cox, R. A.,
< P # P Hampson, R. F., Jr., Kerr, J. A., Troe. J.. and Watson. R. T.. J. Phys.

unchanged from' those given in the previous  evaluation, Chem. Ref. Data, 9, 295 (1980).
CODATA, 1980 [4], where more detailed information can be
found.
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O3 + hv—products
Reaction AH G/ kI mol™! —

05 + v—0CP) + 0,03 ) ) 101.4 1180

—OCP) + 0y '4,) @ 195.7 611

—0CP) + 0,6 '= &) (3) 258.3 463

—0('D) + 0,62 ) @ 291.2 411

—0('D) + O,z *4,) 5) 385.5 310

—0('D)+ 0,6 '2 ") (6) 448.1 267

Quantum yield data and evaluations

Quantum yields Wavelength/nm Reference Comments
s = 0.99 + 0.01 248 Amimoto, Force, and Wiesenfeld, 1978 [1] (8)
és = 1.00 3 0.05 230-280 Kajimoto and Cvetanovic, 1979 [2] (b)
¢, =0.1 274 Fairchild, Stone, and Lawrence, 1978 [3] (c}
81(0): @s(v) 270-300
1) 600
¢, =0.1 266 Sparks et al., 1980 [4]) {d)
dsl0 =0-3) 266
&, =0.15 + 0.02 248 Amimoto et al., 1980 [5] {c}
& fall-off 297.5-325 Brock and Watson, 1980 [6] ®
¢, =0.12 + 0.02 266 Brock and Watson, 1980 (7] (g)

Comments

(a) Laser flash photolysis of O; at 248 nm, OCP) resonance
absorption detection at 130 nm. Work superseded by ref. [5]
(better time resolution).

(b) Quantum yield determined by the use of the isotope
exchange reaction C'°0, -+ *0('D).

(c) Photofragment spectroscopy of ozone at 270~310 nm
and 600 nm. At 274 nm, O(*P) atoms together with 0,35 ~)are
formed with a quantum yield of about 0.1, whereas O('D} is
formed together with 02('Ag); 0,(2 ¢ ) is formed in all vibra-
tional states v = 0-10, 0,('4,) is formed 26, and 10%, respec-
tively.

{d) High rcsolution photofragment spectroscopy of vzone at
266 nm giving ¢,~0.1. Relative yields for vibrational states of

J. Phya, Chem. Re{. Data, Vol. 11, No. 2, 1982

0x('4,)in v = 0, 1, 2, and 3 arc 57, 24, 12, 7%.

(e) Laser flash photolysis of O at 248 nm, OCP) resonance
absorption detection at 130 nm. Improved time resolution, su-
persedes ref. [1].

() Laser flash photolysis of 05, O('D) detection by O('D)
+ N,0--+2NO, NO + 0;—NO¥ + 0, chemiluminescence
technique. This work supersedes earlier work by Philen, Wat-
son, and Davis [8). Results confirm ¢ data preferred in ref. [9]
for the range 297.5~311 nm; however, they give a considerably
larger long wavelength tail of @5 in the range 311-325 nm. The

normalization of relative quantum yields @5 in the range 260~
300 nm is still controversial, a decrease from ¢5 = 0.96 at 300
nm to ¢5 == 0.88 at 266 nm being possible. However, ¢s = 0.88
for the whole range 266304 nm cannot be ruled out.

() Laser flash photolysis of O3 at 266 nm. O(*P) detection
by resonance fluorescence.
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Preferred Values

Absorption cross sections. at 298 K

361

A/om 100/ cm? A /nm 10¥%a/em A Jom 10'%/cm?
119.8-120.5 184 198.0-200.0 . 3.30 277.8-281.7 399 .
129.9-130.7 124 208.3-210.5 484 289.9-294.1 14
139.9-140.8 71.7 219:8-222.2 19.7 298.5-303.0 3.69
149.2-151.5 '36.9 '229.9-232.6 48.3 310 " see below
158.7-161.3. 12.0 238.1-241.0 79.7 - 320.. see below
169.5-172.4 817 246.9-250.0 111 . 330 0.0778
178.5-180.2 1.86 ' 259.7-263.2 103 340 0.0171
188.7-190.5 1531 266.7-270.3 82.3 350 0.00266

360 0.00055
‘A /om 10%0/em® A /nm 10%0/ ¢m?
410 291 580 455
420 3.99 600 489
440 12.5° 620 390
460 - 35.7 640 274
480 711 - 660 207
500 122 680 137
520 178 700 913
- 540. 288 720 64.0
1 560 388 730 514
A fom 100/ em? A/nm 1070/ em?
304 2.32 314 0.617
306" 1.77 316 .0.456
308 1.28 318 0.340
310 0.990 320 0.315
312 0.757
Temperature coefficient of abserption cross sections
A/nm 01214 K)/0(300 K) A /nm o214 K)/o(300 K)
250 0.98 300 091
266 0.98 310 0.68
270 0.97 320 0.73
280 0.96 330 0.86
290 0.94 340 0.86
Quantum yields for O, photolysis
 Wavelength/nm Quantum yield Temp./K
*.248-266 $s =088, 4, =0.12 200-300
250-300 B+ s =1, $s»0.88 200-300
304 ¢s=0.99 235
306 0.90 235
307 0.80 238
308 0.55 235
309 0.35 235 -
310 0.25 235
311 0.18 235
312 0.10 235
313 0.07 235
314 0.04 235
315 0.02 235
316 0 235
304 1.00 235
306 0.96 208
308 0.83 208
310 0.56 208
312 0.31 201
314 0.15 208
316 0.06 208
318 0.03 298
320 0.00

298
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Comments on Preferred Values

Absorption cross sections are unchanged from CODATA, 1980
[9] except for the new details in the range 304-320 nm which
are from ref. [10). The quantum yields for 235 K in the range
304~316 nm are unchanged from CODATA, 1980 [9]. For 298
K, ¢5 = 0.88 + 0.03 appears to be well established for wave-
lengths 248--266 nm. However, it remains to be confirmed that
@5 increases with increasing wavelengths to values near unity at
A =300 nm. The preferred values given refer to a normaliza-
tivu of ¢s = 1 at A = 300 nm. The given values of @5 in the
range 304~312 nm are averages of the results from refs. [6],
[11], and [12], the values at 314320 are averages from refs.
[111 and {12]. The tail of the @, curve ahserved in ref. [6] for
A>312 nm needs further substantiation.and is not included in
the preferred values.

There have been several recent investigations (see, e.g.,
refs. [13]-[15)) of absorption spectra in the range 250-350 nm
due to nascent O¥ formed during the recombination reaction
0 + 0,—0%. These spectra are considerably broader than the
Hartley continuum; at 250 nm, o ie much below the normal Oy
value. These spectra have been shown to be due to vibrationally
excited OF and not to electronically excited O; (e.g., ref. [15]).
High temperature spectra of O, show a similar broadening of the
Hartley continuum, see ref. [16]. With the known rates of vibra-
tional deexcitation one estimates only negligible contributions

BAULCH ET AL.

of such spectra to the O photolysis under atmospheric condi-
tions.
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5

5.2. Hydrogen Compounds

H+03—>HO + 05, (1)

AH(1) = — 321.7 kJ mol ™!
AH*2)= — 101.0 k] mol™!

—HO,+0 (2

Rate coefficient data (k == &, 4+ k)

k /em® molecule ™' s Temp./K Reference Comments
Branching Ratio
ky/k=10.2-0.3 299 Finlayson-Pitts and Kleindienst, 1979 [1] (a)
k,/k<0.03 ~298 Howard and Finlayson-Pitts, 1980 [2] (b)
ky/k=0.4 295 Force and Wiesenfeld, 1981 {3] {c)
ky/k<0.02 298 Finlayson-Pitts et al., 1981 [4] (d)
Reviews and Evaluations
1.4X10™'% exp( — 470/T) 200-300 NASA, 1979 [5]
1.4X 107 ' exp( — 480/7) 220--360 CODATA, 1980 [6]
14X 107" exp( — 470/T) 200300

NASA, 1981 (7]

Comments

(a) Discharge-flow system; [O(*P)] monitored by resonance
fluorescence; [HO] measured indirectly from known [H] and
[0].

(b) Discharge-flow system; [HO] and [HO,) monitored by
laser magnetic resonance.

(¢) Pulsed laser photolysis of 05 at 248 nm; H generated by
') 4 H,»H0 + H; [H] and [0] monitored by time-resolved
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resonance absorption spectroscopy.
(d) Similar experimental technique to comment (a) but with
[HO] monitored by resonance fluorescence.

Preferred Values
k=2.8X10""" cm® molecule ™' s 7! at 298 K.
k=14X10""°exp( —480/T) = cm’® molecule™'s
over range 220-360 K.

—1
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Reliabilizy

Aloghk= +02a298K.
A(E/R)— +100K.

Comments on Preferred Values

The preferred values are unaltered ‘from the CODATA,

* 1980, evaluation [6]. The high values of the branching ratio,
ky/k = 0.2-0.3, urigivally reported by, Finlayson-Pitts and
Kleindienst [1] on the basis of the yields.of OCP) atoms, were

" subsequently shown:to be erroneously intérpreted, by the ex-
periments of Howard and Finlayson-Pitts [2], which attempted
‘to directly monitor the yields of HO,. This latter study produced

an upper limit of k,/%<0.03. A more recent report by Force and -

Wiesenfeld [3] suggests that the branching ratio, &,/, could be
as high as 0.4. This latter study, however, takes no account of
the high level of vibrational excitation in the HO radicals gener-
ated in the system, which can lead to the formation of OCP)

363

- atoms via reactions with H and O, [4]. We have accepted the
ﬁndmgs of Howard and Finlayson-Pitts et al. [2,4], whlch essen-
tially confirm that reaction (2) can be neglected. -
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H -+ °3-—>H°*(V =n) 4+ 0,

Rate coeff cient data ( = £, =3 9)

. k/cm® molecule ™ s~ Temp./K ,. " "Reference Comments
Branching Ratios .
k5l 20.07 ‘ ~298 " Charters, Macdonald, and-Polanyi, 1971 {1] @).-
koo i1k 20.09 ~298 : -
koo 57k =0.10 298
bo_o/k <0.11 ~298
ko lke011 ~208
ko_alk =023 " ~298
o7k =0.28 208"

Comments

(a) Flow system; HO* monitored by Fourier transform in-
frared spectroscopy.

Preferred Values

ks =2.0x10""2 e’ 3 molecule ™" s”' at 298 K.
k,_ 4 =2.5X107" cm® molecule™! s~ ! at 298 K.
k,_g=2:8x10"12 ow® mole:cule‘1 - at 298 K.
kyo <3.1%10712 omd molccnlc 1512t 208 K.

k7 =3.1X107"2 cm® molecule ~! s~ ' at 2908 K.
k, g = 6.4X 1072 cm® molecule™! s~ at 298 K.
ky—9 =7.8X107"2 cm® molecule ™" s~ ! at 208 K.

Reliability

Alogk= 4+ 0.3at298K.

Comments on Preferred Values

The preferred rate constants for the formation of HO* in
vibrational levels up to ¢ =9 have been derived from the
branching ratios listed above and the total rate constant of the

‘reaction H + 0;—HO* 4 0, at 298 K, i.e., £ = 2.8Xx 107"
em® molecule ™! s~ ! (CODATA Evaluation). The branching ra-
tios were calculated from the relative rate constants for the for-
mation of HO* in the different levels o, i.e., k (v = 8)==0.26,
'k (v'=4)~0.33, k(v = 5)=~0.36, k(v =6)<0.4, kiv=T)
0.4, kv = 8)==0.8, and k (¢ = 9) = 1.00, as measured by
Charters, Macdonald, and Polanyi [1]. We have assumed negli-
gible formation of HO* in levels o — 0 ta 2,
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O + H,»HO +H

AH° =78k mol™!

Rate coefficient data

k /em® molecule ™" s~ Temp./K Reference Comments
Absolute Rate Coefficients o -
(0.88 + 0.50)X 107! exp(( — 4200 - 240)/T)  347-742 Dubinsky and McKenney, 1975 [1) (@
6.7x10718 208*
(0.83 + 0.38)X 107 "!(( — 4336 + 240)/T) 495832 Dubinsky and McKenney, 1975 [1) (b)
4.1x107'8 2908*
(5.2 + 0.8)X 10~ " exp(( ~ 4950 -+ 300)/T) 363-490 Campbell and Handy, 1975 [2] ©
3.2X1071# 298* .
Reviews and kvaluations
3.0X 107 T exp( — 4480/7) 400-2000 Baulch et al., 1972 [3]
1.6X 10~ exp( — 4570/T) 350-830 Dubinsky and McKenney, 1975 [1] (d)
Comments Reliability
(@) Dischargeflow system; O generated from Alogk= +0.3at298K.

N 4+ NO—N, + O and [O] monitored by air afterflow tech-
nique; kinetic analysis involves additional reactions
0 + HO0—0, + H ard HO + H,—H,0 + H.

(b) Same system as in comment () but with [0] monitored
by atomic resonance fluorescence.

{c) Discharge-flow stirred-reaction system; O generated
from N + NO—+N, + O aud [O] moniwred by air afierglow
technique.

(d) Evaluation of literature data over temperature range
347-832 K, but not including data of Campbell and Handy,
1975 [2]; data obtained from a weighted least-mean-squares
analysis of literature rate coefficients.

Preferred Values

£ =3.5%X107"% cm® molecule ™! s 7' a1 298 K.
k=1.6Xx10""" exp( — 4570/T) over range 298-830 K.

A(E/R)= +500K.

Comments on Preferred Values

This reaction is very slow and consequently there have
been few measurements of the rate coefficient at temperatures
below 350 K. The analysis of the considerable literature data
over the range 350-830 K by Dubinsky and McKenney [1] is
selected as the basis of our preferred values. We have recom-
mended the use of the Arrhenius expression derived by Du-
binsky and McKenney down to temperatures of 250 K, with the
inclusion of reasonably wide error limits.
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(o QN H°—>°z+ H

AH®= —70.2 kJ mol™!

Rate coefficient data

k /cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(3.8 +0.9)x10™ 12 298 Howard and Smith, 1980 [1] {a)
{2.01 £ 0.18)} 10~ exp((112 + 29)/T) 221-499 Lewis and Watson, 1980 [2] {b)
(8.1 +08)x10~! 298
(6.65 £ 0.23)X 1010 F(—050£0.12) 250-500 Howard and Smith, 1981 [3] (a), (c)
(3.53 + 0.31)x 10~ " 300
Reviews and Evaluations
401071 200-300 NASA, 1979 [4]
3.8x107 " 208 CODATA, 1980 [5]

200-300 NASA, 1981 [6]

2.3X 107" exp(110/7)
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Comments

(a) Discharge-flow system; generation of O from N 4 NO;
combined with flash photolysis of H,0 and resonance fluores-
cence measurement of [HOJ.

(b) Low-pressure discharge-flow system; generation of O
from O, discharge an HO from H + NO,; resonance fluores-
cence measurement of [HOJ; alternative rate expression given
by  authors: k= (237 FLE)x 10710 T ~©#62£0072)
em® molecule ™ s,

{c) The rate coefficient at 300 K includes the previous data
of ref. [1].

Preferred Values

k=3.3%10"" ¢m® molecule ™' s~ at 298 K.
k=23%10"" exp(+ 110/7) em® molecule ™! s~
over range 220-500 K.

1

Reliability

Alogk= +0.15at 208 K.
A(E/R)= + 100K.

345

Comments on Preferred Values

There is good agreement between the data of Howard and
Smith [1} and of Lewis and Watson [2). The preferred values
have been derived from a rounded-off least-mean-squares treat-
ment of the rate coefficients of these two most recent studies.
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O -+ HO,—~HO + O,

AH® = —220.7k] mol™!

Rate coefficient data

k 7em® molecule ™! 5" Temp./K Reference Comments
Absolute Rate Coefficients
(4.2 +1.2)x10~H 298 Hack et al., 1979 [1] {a)
(7 +2)x10™" 298 Lii, Sauer, and Gordon, 1980 [Z] (b)
Relative Rate Coefficients
(2.8 4+ 1.4)X10~ 1 298 Hack et al., 1979 [1] ©
Reviews and Evaluations
3.5x107" 200-300 NASA, 1979 [3]
3.1x10-" 298 CODATA, 1980 [4]
4.0x10""! 200-300 NASA, 1981 [5]

Comments Preferred Value

(a) Discharge-flow system; O from microwave discharge of
0,; [0} monitored by ESR; HO, from H+ 0, + M or from
F + H.0.: [HO,] and [HO] monitored hy LMR; rate coefficient
is the average from two systems: ({(a) [O]>[HO,],
k=(4.2 4+ 1)}107"" cm> molecule ™" s~ (corrected to allow
for more recent data on the HO 4 H,0, reaction) and (b)
10J<€IHO, ], £ = (4.1 4+ 1.5) X 107" ¢m® molecule ™' s™ ",

(b) HO, generated by electron pulse radiolysis of H, in
presence of O,; [HO,] monitored by absorption at 265 nm; rate
coefficient derived from kinetic model involving ten reactions.

{c} Same experimental system as described in comment (a);
ratiok /k (O + HO) = 0.86 4 0.4 determined by measuring the
stationary [HO], and rate coefficient calculated taking
E(O + HO)=33x%10""" ¢m® molecule™ s™! at 298 K.
(CODATA Evaluation).

k=3.7%10"" cm® molecule ™! 57! at 208 K.

Reliability

Alogk= +03at298 K.

Comments on Preferred Value

The preferrml rate coellieient al 298 Ko the averagee Irem
the three determinations ol Haek vtal | | i | Tl previans datn ol
Burrow ¢t il]., {(vl are o ]un;(m teenaliy consistent, (:\\‘in'}“ T

the 1‘|HIII;,LI' in the }n«'lx-lrwl valne Tor the rate coethcient of the
referesce reaction HO [ THO L Phe cecent dataof Las eval {2}

ave limited o vess andireet,
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O + H202—-HO + HO;

AH°= — 63.4 k]I mol™!

Rate ccefficient data

1.1

k /em® molecule™' s Temp./K Reference Comments
Absolute Rate Coefficients
(2.75 + 0.41) X 10~ exp( — (2125 + 261)/T)  283-368 Davis, Wong, and Schiff, 1974.[1] (a)
22%1071 298
Reviews and Evaluations
2.8% 107" exp( — 2125/T) 200-300 NASA, 1979 2]
2.7X 1072 exp( — 2100/T) 283-368 CODATA, 1980 [3]
2.8X10 '*exp(— 2125/T1) 200-300 NASA, 1981 [4]

Comments

(a) O from laser flash photolysis of O at 600 nm; [O] moni-
tored by resonance fluorescence spectroscopy.

Preferred Valuves
k=2.3%10"" cm® molecule ™! s~ at 2908 K.
A= 1.0x107 " exp(~ 2500/7) cm® molecule™'s
over range 250-370 K.

—1

Reliability

4 logk=10.3 at 298 K.
A4(E/R)= 4 1000 K.

Comments on Preferred Values

There have been no new data reported on this reaction and
the preferred values are still based on the work of Davis, Wong,
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and Schiff [1]. Since, however, the experimentally determined
A-factor [1] is low in relation to those of other atom-molecule
reactions we have obtained the preferred temperature coeffi-
cient from an estimated 4-factor and the experimental rate coef-
ficient at 298 K. In the absence of evidence to the contrary, we
have disregarded any contribution from the possible second
channel O + H,0,~>0, -+ H,0.
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O('D) + H;—»HO+H (1)
—O0CP)+H: (2
AH°(1)= —181.4kJ mol™!
AF°2) = — 189.2kJ mol ™}
Rate cuelficient daia (8 = &, -+ A2)
k /em® molecule™! 571 Temp./K Reference Comments
Absolute Rate Coefficients . :
(11.8 £ 1.2)x10™" 297 Wine and Ravishankara, 1981 {1] (a)
'Revie.ws and Evaluations
9.9X10™" 200-300 NASA, 1979 [2]
2.0%x107% 200-350 CODATA, 1980 [3]
9.9%x10~ 1 200-300 NASA, 1981 [4]

Comments

(a) Laser flash photolysis of O, at 266 nﬁx; rate of formation
of O(P) monitored by laser resonance fluorescence.

Preferred Value

£=1.1X10"" em® molecule™!s™! over range 200~
350K.

‘Reliability
Alogk= £ 0.15at298 K.
a4 (E-/R)f + 106 K-.
Comments on Preferred Value

Whereas the previous CODATA evaluation [3] was based
onan average of the data of the Cambridge Laboratory [5,6] and
the NOAA Laboratories [7], the recent studies on the reactions
of O('D) with-atmospheric gases [1,8,9] have supported the find-
ings of the NOAA Laboratories [7]: The préferred value is a

rounded-off average of the results of Davidson et al. [7] and of
Wine and Ravishankara [11.
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o('D) + H,0—2HO

AH(1)= —118.7 kI mol™!
AH®2) = — 196.59 kJ mol ™!
AH(3) = — 189.2 k] mol ™'

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

BAULCH ET AlL.

k /cm® molecule ™t s ™! Temp./K

Absolute Rate Coefficients

(1.95 £ 0.3)x 1010 205
(2.6 + 0.5)x 1071 300
(1.95 +0.2) 107 '° 298

Branching Ratios

ky/k=0.14 4 0.04 205
k/hk=0 295
kylky =001 250 298

Reviews and Evaluations

2.3%x107"° 200300
2.8x107'° 200-350
2.2%1071° 200-300

(M
-»Hz + O3 @
—OCP) +HO0 (3)
Reference Comments
Aminioto et al., 1979 [1] {a}
Lee and Slanger, 1979 {2} {b)
Wine and Ravishankara, 1981 [3] {c)
Amimoto et al., 1979 [1] (a)
Amimoto et al., 1980 [4] (a), (d)
Zellner, Wagner, and Himme, 1980 {5] (e)

NASA, 1979 [6]
CODATA, 1980 [7]
NASA. 1981 [8]

Comments

(a) Pulsed laser photolysis of O3 at 248 nm; O(*P) moni-
tored by time-resolved atomic resonance absorption spectrosco-

(b} Pulsed laser photolysis of O, at 160 nm; O('D) moni-
tored directly by absorption at 630 nm and indirectly by
0,('Z ;F—*2 ) emission at 720 nm.

(¢) Laser flash photolysis of O, at 266 nm; rate of formation
of OFP) monitored by resonance fluorescence.

(d) Repeat of experiments of ref. [1] with improved high-
speed detection electronics; previous data were derived on the
assumption that ¢, = 1.0 for O; 4+ 248 nm—O('D) + O,,
whereas ¢, is < unity (¢,~0.85 at 248 nm).

(e) Flash photolysis of 03/H,0/He mixtures; rate coeffi-
cient ratio determined by direct measurement of yields of H,
and HO (resonance absorption).

Preferred Valve

£=2.3%X10"" ¢cm® molecule ™' s~ over range 200-
350 K.

Reliability

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

J. Phyn. Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Value

The preferred rate coefficient at 298 K is an average of the
data of Amimoto et al. [1], Lee and Slanger [2], Wine and Ravi-
shankara [3] and of Streit et al. [9], which arc all in rcasonable
agreement. The earlier data of Heidner et al. [10] are now reject-
ed. The temperature dependence observed by Streit et al. [9] is
accepted here.
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AH® = —62.8 k] mol™!

Rate coefficient data

k& /cm® molecule ™! 57!

Temp./K Reference Comments
Absolute Rate Coefficients
4.12X 107" 7% exp( — 1281/7) 298-992 Tully and Ravishankara, 1980 [1] (a)
(6.08 + 0.837)x 107" 298
(4.9 + 0.5)X 1072 exp(( — 1990 + 340)/T) 250-400 Ravishankara et al., 1981 [2] (a)
(5.04 -+ 0.60)x 10~ "¢ 295
Reviews and Evaluations
1.83X 1075 712 exp( — 1835/7) 250-3000 Cohen and Westherg, 1979 [3]
1.2x10~"" exp( — 2200/7") 200-300 NASA, 1979 [4]
1.8X 107" exp{ — 2330/7) 210-300 CODATA, 1980 [5]

200-300 NASA, 1981 [6]

1.2X 107! exp{ — 2200/7)

Comments

{a) Flash photolysis of H,0 with resonance fluorescence

monitoring of [HO]J.

Preferred Valves

kE=6.7x10"" cm>® molecule ™" s ™" at 298 K.
k=7.7X10"" exp(— 2100/T) em’ molecule™ s
over range 200-450 K.

-1

Reliability

Aloghk= 4-0.12at298 K.
AE/R)= +200K.

Comments on Preferred Values

The recent measurements of Ravishankara and co-workers
[1,2] are in good agreement with previous data for this reaction.
The preferred rate coefficient at 208 K is the mean of these new
data[1,2] arid of the data of Stuhl and Niki [7], Westenberg and
de Haas [8], Smith and Zellner {9], and Overend et al. [10], and
Atkinson et al. [11]. Since the measured rate coefficients are not
published in reference [9] it is not possible to carry out a least-
mean-squares treatment of all the data to obtain the temperature

coefficient. The preferred value of £ /R is the mean of the data of

Smith and Zellner [9], Atkinson et al. [11] and Ravishankara et
al. [2). The preferred A-factor is calculated from the preferred
rate coefficient at 298 K and the preferred value of £ /R.
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HO + HO—H,0 + O

AH" = — 70.6 k] mol ™'

Rate coefficient data

k Jem® molecuie™! 5! Temp./K
Absolute Rate Coefficients
(1.740.2)X107" 298
Reviews and Evaluations
1X 10~ " exp( — 500/T) 200-300
1.8x10~" 298
4.5x 10~ "% exp( — 275/T) 200-300

Refercnve Sagunneyte,

Farquharson aneld Sminh, 198011 fal

NASA 19792 (i
CODATA, Tonn |5y (v)
NARA a1 («ly
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Comments
(a) Discharge-flow system; HO generated by H + NO, and
monitored by resonance fluorescence.
{b) Based on a re-evaluation of data of refs. [5-8].
{c) Mean of results from refs. [5-13].
{d) Based on average of data from refs. [5~7] and [13] with
T dependence from ref. [13].

Preferred Value
k= 1.8%10"" ¢m® molecule ™' s~ at 208 K.

Reliability
Alogk = -+0.15at 208 K.

Comments on Preferred Value

The recent measurements of Farquharson and Smith [1]
are in excellent agreement with the previous CODATA evalua-
tion [3] of the preferred rate coefficient at 298 K, which is ac-
cepted here. The temperature coefficient of this reaction stitl
needs to be measured.

BAULCH ET AL.
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HO + HOZ—-—>H2° + Og

AH® = —291.3 k] mol™!

Rate coefficient data

k /cm® molecule™* s ™! Temp./K Reference Comments
Absolute Rate Coefficients
0.9+ 0.12)x107" 308 Lii et al., 1980 [1] {a)
(11.6 = 2.5)x 10" 298 Hochanadel, Sworski, and Ogren, 1980 [2] (b)
B2 :3)'}( 10—t 208-348 Duxiuws, Coa, and Deiwent, 1981 [3] {v)
(6.4 + L5)x10~" 299 Keyser, 1981 [4] (d)
Reviews and Evaluations
40101 200-300 NASA, 1979 [5]
3.5x 107 208 CODATA, 1980 [6]
4.0x10~" 200-300 NASA, 1981 [7]

Comments

(a) HO, generated by electron pulse radiolysis of H; in
presence of O,; [HO,] and [HO} monitored by absorption at 230
and 308.7 nm, respectively; rate coefficient derived from com-
puter madeling of mechanism consisting of 14 elementary reac-
tions.

(b) HO, generated by flash photolysis of H,O in an atm of
CO containing 2% O,; [HO,] monitored by abserption at 220
nm; rate coefficient obtained from computer fit of proposed
mechanism.

(c) Pulsed photolysis of O, H,0, O,, N, (He) mixtures at 1
atm; [HO] and [HO,] monitored by molecular modulation ultra-
violet absorption spectrometry at 308.2 and 210 nm, respective-
ly; rate coefficient obtained by computer simulation of data.

(d) Discharge-flow system at 1 Torr total pressure; reso-
nance fluorescence monitoring of [HO] under pseudo first-order

J, Phya, Chem. Ref. Data, Vol. 11, No. 2, 1982

conditions; [HO,]»[HOJ; HO generated from F + H,0 (and
other sources); HO, generated from F + H,0, and measured by
conversion to HO; secondary reactions of O and H atoms were
shown to be unimportant.

Preferred Value
k=8X10"" ¢m® molecule ™! s~ ! at 298 K.

Reliability
Alogk= +0.3at 298 K.

Comments on Preferred Value

Despite several recent attempts to study this reaction there
have been no really definitive measurements of the rate coeffi-
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cient owing to the considerable difficulties in devising experi-’

ments to produce and monitor HO and H02 radicals ina “clean”
system.

The ‘previous relative. rate coefficient measurements of
Burrows etal.{8], which yleldedk /E(HO -4 H,05) = 63.6, now
give k= 1.1 X107 % cm® molecule™ ' s 2t 298 K, in the light
of .the new recommendation  (HO + H,0,) =1.7X10™"

" em® molecule™" s~ at 298 K. This revised rate coefficient of
the reaction, HO + H,0,—H,0 +'HO,, also affects -the abso-
lute rate dam of Hack ct al.'[9] althcugh to an extent which ie
difficult to,assess from the data given by these authors.

, Lookmg back at the data which are listed in the previous
CODATA evaluation [6], the measurements of’ DeMore. and
Téchuikow-Roux, [10], Glanzer and‘Troé, [11] and DeMore,

:[12], all yielded approximate. rate coefficients. The :system of
Hochanadel et al. [13] is very indirect. The system of Chang and
‘Kaufman [14], recently re-investigated by Keyser [4], is also
complex. This latter study, however, brings the rate coefficient
measured in the “low-pressure” region more in line with the

“high-pressure” studies [1,2,3,10,13). The recent measure-
ments of Lii et al. [1], Hochanadel et al. [2] and Burrowsetal. {3] -

* are all derived indirectly from fairly complex systems.
All the reported values of the rate coefficient which appear
to bc reasonable, within the cxperimental limitations of the var
ious systems, lie within the range 6 to 12107 ¢m® mole-

n

cule™! s, A median value of 8 X 107! em® molecule™ 57!
with an uncertainty of a factor of 2 is therefore recommended.
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o

HO + H,0,—H,0 + HO;

AH° = — 1340k mol™!

Rate coefficient data

-1 -1

" k/cm® molecule™' s Temp./K Reference ‘Comments
_Absolute Rate Coefficients
(2:51 +0.6) X 10~ 2 exp({ — 126 +76)/T) - 245-423° Keyser, 1980 {1] (2)
(1.64 +0.32)X 1012 . 298 . . .
(2.96 +0.50) X 10-12 exp(( — 164+ aZ)/T) 250459 Sridharan, Reimann, and Kaufmen, 1980 [2] - (b}
1 69+ 0.26)X10712° 298
Relanve Rate Cnefﬁcnents
1.65x10~ 2 293 Hack et al.; 1981 [3] (c)
Reviews and Evaluations )
1:.0X 10~ " exp(~ 750/T) 2(50—300‘ NASA, 1979 [4]
76X 107 *2 exp( — 670/T) 200-700 CODATA, 1980 [5]
2.7%X10™ 2 exp(~ 145/T)

200-300

NASA, 1981 6]

Commenfs

(a) Discharge-flow system; [HOJ monitored by resonance
fluorescence; [H,0,] determined photometrically at 199.5 nm.

(b) Discharge-flow system; [HO] monitored by laser-in-
duced fluorescence; [H202] determmed photometncally at
213.9 nm.

(c) Discharge-flow system with LMR detection. of HO, in
study of reaction HO,; + NO—HO -+ NO,; 110, gencrated from
F 4+ 'H,0,; ratio k-/k (HO; + NO) = 0.2 at 293 K derived from

computer simulation of proposed mechanism: & enleulated from
£ (HO, + NO) =84X10""* em® moleente™ ' s~ * a1 203 K
(CODATA Evaluation), :

Preterred Values
ko= ] 3107 em® molecule ' w7
ks 295107 2 gapl — 16077 )

over range 240-460 K.

' at 298 K.

om? moloeule ™ ™!

J. Phys. Chem. Ret. Data, Vol. 11, No. 2, 1882
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Reliability

Aloghk= +0.1at298K.
A(E/Ry= +100K.

Comments on. Preferred Values

The preferred data were obtained from a rounded-off least-
mean-squares calculation on the rate coefficients of Keyser [1]
and of Sridharan et al. [2], which are in good agreement. The
much tower rate coefficients previously obtained by Greiner [7],
Hack et al. [8] and Harris and Pitts [9] are now believed to be in
error, owing to the regeneration in their system of HO radicals
from the HO, product.

BAULCH ET AL.
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HO + 0,HO, + O,

AH°= —171.2 kJ mol ™!

Rate coefficient data

k /em® molecule™" s Temp./K Reference Comments

Absolute Rate Coefficients

(6.5 1.mx 10" 300 Zahnicer and Howard, 1080 [1] (a)
Relative Rate Coefficients

(7.0 + 0.8)x 10 300 Zahniser and Howard, 1980 {1] (b)
Reviews and Evaluations

1.6 X 107" exp( — 940/T) 200-300 NASA, 1979 [2] (c)
1.9X 107 "2 exp( — 1000/ T) 220-450 CODATA, 1980 [3] {d)
1.63¢1012 oxp{ — 040/7) 200-200 NASA, 1981 [4] (c)

Comments

(a) Discharge-flow system; HO generated from H + NO,
and monitored by laser magnetic resonance.

(b) Discharge-flow system; HO generated from H + NO,
and H + 0;; HO, generated from H + 0, + M; [HO,] and
[HO] monitored by laser magnetic resonance; & obtained from
measuredratio, k£ /k (HO, + O3) = 35 4+ 4 (averageof threesys-
tems studied) and taking £ (HO, + 03) = 2.0 X 107'* cm® mo-
lecule ™' ™! at 300 K (CODATA Evaluation).

{c) Average of the data of refs. [5-9].

(d) Average of the data of refs. [5,6] and refs. {8-10].

{e) Unchanged from ref. [2].

Preferred Values
£ =6.7%10"" cm® molecule ™ s~ at 298 K.
k=1.9%X10" " exp(— 1000/T) cm® molecule™'s
over range 220-450 K.

-1

Reliobility

Alogk = +0.15at298 K.
A(F/R)= +300K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Values

The recent single temperature measurements of this rate
coefficient by Zahniser and Howard [1] are in excellent agree-
ment with the preferred values of the previous CODATA evalua-
tion in [3] which is accepted here.
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HO*(v=n) + M—HO(v<n) + M

Rate coofficicnt data

k /em® molecule™ ! 57! Temp./K Reference Comments

Absolute Rate Coefficients

M=N,

F_,=078x10"" ~298 Streit and Johnston, 1976 [1] (a)

k_s =21X10"" ~298

k,_,=50x10"" ~298

ooy =55X1071 ~208

ky_g =3.7X1071 ~298

k._o =(3.6+0.5)x10"" ~298 Worley, Coltharp, and Potter, 1972 [2] (b)
=44x107" ~298 Streit and Johnston, 1976 [1] (a)

M=0,

k,_, =14x107"1 ~298 Streit and Johnston, 1976 [1] (a)

ks =32X10718 ~208

ko =173X10"" ~298

kyur =78X1077 ~208

k,.g=54%10"" ~298

Bywo = (L0 4+ 0.1y x 10" ~298 Worley, Coltharp, and Potter, 1972 [2] (by
=8.5x10""1 ~208 Streit and Johnston, 1976 [1] (a)

M=H,0

Eymy =(1.35 £ 0.50) X 10 ! 295 Spencer and Glass, 1977 [3] ©

k,_y =(2.0+1.6)x107" ~298 Worley, Coltharp, and Potter, 1972 [2] {b)

M =CO0,

koo, =(2441.0)x10"" ~298 Worley, Coltharp, and Potter, 1972 [2] (b)

Comments Comments on Preferred Values

(2) Low-pressure static system; chemiluminescence emis- . .
sion of HO* in the overtone bands in the region 550~850 nm. All of the systems described above are complex. Additional

(b) Fast-flow system; measurements made of the rate of work is clearly desired to resolve the considerable discrepancies
decay in the intensity of the 9-7 emission of HO*. in the published data, none of which can be recommended at

(c) Fast-flow system; rate of decay of HO* measured by present.
EPR spectroscopy. References
[1] Streit, G. E., and Johnston, H. S., J. Chem. Phys. 64, 95 (1976).
Preferred Values [2] Worley, S. D., Coltharp, R. N, and Potter, A. E., Jr., J. Phys. Chem. 76,
1511 (1972).
Mo recommendations. 3] Spencer, §. E., and Glass, G. F., 1at. ). Chem. Kinet. 9, 111 (4977).
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HO*(v = n) 4 O3—Products

Rate coefficient data
k /cm® molecule ™!s™?! Temp./K Reference Comments

Absolute Rate Coefficients

koo =(19 + L.1)x10™" ~298 Coltharp, Worley, and Potter, 1971 [1]} (a)

k.3 =(2440.9)x10" " ~298

kyuo =(2.840.8)X107"? ~298

= (3.7 +£ 0.10)X 10~ ~298 Streit and Johnston, 1976 [2] (b)

ko5 =34+ 0T)x10"" ~298 Coltharp, Worley, and Potter, 1971 [1] {a)

= (4.5 + 0.13)X 1012 ~298 Streit and Johnston, 1976 [2] )

ko =53+ 0.6)x10~12 ~298 Coltharp, Worley, and Potter, 1971 [1] (a)

=(7.140.18)x 1012 ~298 Streit and Johnston, 1976 [2] (b)
kyr — (6.0 1+ 0.5) 10— 12 ~298 Coltharp, Worley, and Pouer, 1971 [1] (@)
= (8.5 + 0.23) X 1012 ~ 298 Streit and Johnston, 1976 [2] (b)
k,_s =(6.74+05x10"" ~208 Coltharp, Worley, and Potter, 1971 [1] (a)
=(8.9 + 0.24)x 10~ 12 ~298 Streit and Johnston, 1976 [2] (b}
ko= (1.7 4 0.3)X10" 1 ~298 Coltharp, Worley, and Potter, 1971 [1] (a)
=(11 + 0.40)X 107" ~298 Streit and Johnston, 1976 [2] (b)
Comments Reliability
(a) Fast-flow system; measurements made of the rate of Alogk = 4 0.7 at 208 K.
decay in the intensity of the 0 = 9 — 7 emission of HO*.
(b) Low-pressure static system; chemiluminescence emis- Comments on Preferred Values

sion of HO* observed in the overtone bands in the regions 550 . . '

850 o, While there is much hetter agreement hetween the two cets
of measurements for these reactions than for the other quench-
ing reaction, HO* + M, this may well be fortuitous in view of

Preferred Values the large discrepancies associated with the latter reactions. Ac-
_ —1 - rdi hweh i taken th
Eo_p = 2X10~"2 om® molecule™" s~ at 298 K. cordingly, although we have simply taken the average of the two

results from Coltharp et al. [1] and Streit and Johnston [2], for
the recommended data, we have assigned large error limits to
reflect the considerable doubt involved with these studies.

k,_3; = 3X107 2 cm> molecule™! s~ at 298 K.

k.o =3.3X107"% cm® molecule ™! s~ ! at 208 K.
Eyes =4.0X10 2 cm® molecule 's 'at 298 K.
k,— ¢ = 6.2X107" cm® molecule ™! 57! at 208 K.

= —-12 3 -1 —1 References
k7 =75X 107~ om e ey [1] Coltharp, R. N., Worley, S. D., and Potter, A. E., Appl. Opt. 10, 1786
k,_o=178%X10 cm® moleenle™ ' s7 ' at 208 K. (1971).
ko =94%X10" 12 em® molecule ™' s~ ! at 298 K. [2] Streit, G. E., and Johnston, H. S., J. Chem. Phys. 64, 95 (1976).

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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HO; + HO2( + M)—H202 4+ O2( + M)

AH® = — 157.2 k]I mol ™!

Rate coefficient data

k /em® molecule™ ' s

Tt Temp./K Reference Comments
Absolute Rate Coefficients
(3.8 4+ 1.4)X 10~ exp((1250 =+ 200)/7) 273-339 Cox and Burrows, 1979 [1] (a)
(2.35 4+ 0.2)X 1072 208
(16 £ 0.5) 1012 208 Tsuchiys and Nakamura, 1979 [2] (b)
29+ 1.2)x 10712 (2 Torr He)298 Thrush and Wilkinson, 1979 [3] (c)
4.3 4 1.8)x 10~ (3 Torr He)298
(5.5 + L4y x 1013 (4 Torr He)}298
{74 +3.3)x 10" (2 Torr Ar)298
(1.14 + 0.16) X 103 exp((1100 + 180)/7") 276-400 Lii et al., 1979 [4] (d)
(4.6 4+ 02)x10™"? 298
See comment (e) 290-400 Lii et al., 1980 [5] (e)
6.6 +1.2)x 102 298 Hochanadel, Sworski, and Ogren, 1980 [6] )
Relative Rate Coefficients
38X107" 300 Graham et al., 1979 {7] ®
Reviews and Evaluations
25X 10712 200-300 NASA, 1979 [8]
23x10°" 298 CODATA, 1980 [9] (h)
See comment (i} NASA, 1981 [10] (i)

200-300

Comments

(a) HO, generated by pulsed photolysis (310-410 nm) of
Cl, in presence of 0, and H, or HCHO; [HO,] monitored by
molecular modulation ultraviolet absorption spectrometry; data
refer to pressure of 760 Torr with no H,0 present; data yield
k 10y = (1.1 + 0.8) X 10* exp((1245 + 184)/T) cm’ s~
Gz0 = 3.45X107'® cm® molecule ~; the rate coefficient was
increased by the presence of H,Q vapour,

(b) HO, generated by pulsed Hg-photosensitization (253.7
nm) of H,/ 0, (1%) mixture in flow system; [HO,] monitored by
absorption spectroscopy at 205 nm; 07,05 = (2.99 + 0.23)
X 107" un® molecule ™5 no H,O present; there appears to be
an arithmetical error in the calculation of the rate coefficient in
this paper.

(c) Fast-flow system; F + H,0—HF + HO,; [HO,] moni-
tored by laser magnetic resonance; rate coefficient determined
from measurement of the second-order decay of HO,; rate coeffi-
cient found to be pressure dependent; 102 k /em® mole-
cule™’ 57! = 2.9(2 Torr He), 4.3 (3 Torr He), 5.5 (4 Torr He),
7.4 (2.2 Torr Ar).

(d) HO, generated by electron-pulse radiolysis of H, in
presence of O,: [HO.] monitored by absorption at 230.5 nni:
rate coefficients based on 0,3 =2.17X107" cm” mole-
cule ™% data refer to 1200 Torr H,, 5 Torr O,, with no 1,0
present.

{e) Same system as for ref. [4], comment (d), but with up 10
100 Torr added NHj; present; apparent rate coefficient for rate
of disappearance of HO, varied with [NH;] added; with
[NH,] = 2.4 10" molecule em ™3 apparent rate coefficicm
for disappearance of HO, had a negative temperature cocfficicn!
corresponding to £ /R = — 2200 K; it is not certain in il
system that the spectrum assigned to HO, arises exclusiveh
from that radical.

{f} HO, generated by flash-vhotolysis of H,00 in an atm )

He containing 2% O,; [HO,] monitored by absorption at 220
nm; Oy, determined to be (4.00 4 0.23)X107'* cm?® mole-
cule™ ' 21 Torr H,0 present; rate coefficient derived from com-
puter fit of proposed mechanism.

(g) HO, generated from HO,NO,—HO, - NOy; rate coef-
ficient derived from measurements of — d[HO,NO,}/dt and
+ d[NO,)/dt; measured relative to K = k,/k, = 8.1 10"
molecule cm ™ for reactions HO, + NO,==HO,NO, (1,2); the
tatal uncertainty in the derived value of £ (HO, + HO,) was esti-
mated by the authors to be a factor of 2.

(h) 1 atm pressure.

(i) Since the rate coefficient is a function of pressure, tem-
perature and [H,0], a set of atmospheric empirical rate coeffi-
cients was recommended for use by modellers.

Preferred Values
k- 2.5X107"2 ¢m® molecule ™! s at 298 K; 1 atmos-
phere pressure, no H,O present.
k== 45X 107 Y exp(+ 1200/T)  em® molecule s '
over range 275-400 K; 1 atmosphere pressure, no H,O present.

Reliability

Alog k= - 0.32at298 K and I atmosphere presaure.
AETRY= + 300K over range 275 00K i | atimos
phere pressure.

(omments on Preferred Values

B shonld be steessed than e preterred data relec only o |
atm pressuze and i the abisence o HLO vapour Phe crear limis
encompiass any differences diatnnghin avice die to the identire of
Phe dohiem [N

I worth pator that previnns diserenaneies 1o the deter-
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mination of this rate coefficient which have arisen from differ-
ences in the measured absorption cross-section of HO, have now
been resolved [1,6].

The negative temperature coefficient first reported by Cox
[11] has subsequently been confirmed by the studies of Lii et al.
[4] at 1 atmosphere pressure. Our recommended temperature
coefficient is derived from a rounded-off mean from these two
studies.

The studies of Cox [11] and Cox and Burrows [1] first
showed that the rate coefficient decreases with decreasing pres.
sure below 25 Torr. Additional evidence for a pressure depen-
dence of the rate coefficient at low pressures comes from the
work of Thrush and Wilkinson [3], who found that, over the
range Z-4 L'orr He, the second-order rate coetticient was direct-
ly proportional to pressure [12]. Additional work is still re-
quired on the pressure and temperature dependence of this reac-

tion, :
The pressure-dependence and negative temperature coeffi-

cient of the rate coefficient have led to speculation that the reac-
tion proceeds through the formation of an H,04* complex,
[1,3,13]. Niki and co-workers [ 14] have made product studies of
the interactions of HO, radicals using an FTIR system, and with
and the aid of ®0 labeiling have ruled out the participation of
the proposed transition state (I). At the same time, however,
their results could not distinguish between transition state (II)
and a doubly hydrogen-honded complex (III). These experi-
ments also indicate that the lifetime of the H,0,* complex is less
than 10 ms and thus rule out the participation of a long-lived (1
s) stable intermediate.

BAULCH ET AL.

E _gB~o0 H
oo H=o] o0

..... | X
| I [§) 0-0 (11 N (i

It is well established {15,11,1] that the rate coefficient in-
creases with increasing water vapour concentration, an aspect

which has been fully discussed by Howard [12].

References

[1] Cox, R. A., and Burrows, J. P., J. Phys. Chem. 83, 2560 (1979).

{2] Tsuchiya, S., and Nakamura, T., Bull. Chem. Soc. Japan 52, 1527 (1979).

{31 Thrush, B. A., and Wilkinson, J. P. T., Chem. Phys. Lett. 66, 441 (1979)

{4] Lii, R.-R., Gorse, R. A,, Jr., Sauer, M. C,, Jr,, and Gordon, S., J. Phys.
Chem. 83, 1803 (1979).

{5} Lii, R-R., Gorse, R. A, Jr., Sauer, M. C., Jr,, and Gordon, S., I. Phys.
Chem. 84, 813 (1980).

[6] Hochanadel, C.J., Sworski, T. J., and Ogren, P.J.,J. Phys. Chem. 84, 3274
(1980).

[7} Graham, R. A., Winer, A. M., Atkinson, R., and Pitts, J. N., Jr., J. Phys.
Chem. 83, 1563 (1979).

{8] NASA Ref. Publ. 1049, “The Stratosphere: Present and Future,” R. D.
Hudson and E. . Reed, editors (1979).

[9) CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampson, R. F., Jr., Kerr, J. A, Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

[10] NASA Panel for Data Evaluation, *Chemical Kinetic and Photochemical
Data for Use in Stratospheric Modelling,” De More, W. B., Stief, L. J.,
Golden, D. M., Hampson, R. F., Jr., Kurylo, M. J., Margitan, J. .,
Molina, M. J., and Watson, R. T., JPL Publ. 81-3 (1981).,

[11] Gux, R. A., presented at WMO Symposium, Toronty, 26-30 June 1978,

[12] Howard, C. J., Proc. NATO Meeting, Portugal, October 1979.

[13] Burrows, J. P., Cliff, D. L., Harris, G. W., Thrush, B. A., and Wilkinson, [.
P. T., Proc. R. Soc. Lond. A368, 463 (1979).

[141Niki, H.. Maker, P. D.. Savage. C. M.. and Breitenbach. L. P.. Chem. Phys.
Lett. 73, 43 (1980)..

[15] Hamilton, E. J., Jr., J. Chem. Phys. 63, 3682 (1975).

HO; + O3—HO + 20,
AH" = — 114.2 kJ mol ™’
Rate coefficient data
k Jem? molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.4 + 0.4y X 10~ ™ exp(( - 580 = 100)/T") 245-365 Zahniser and Howard, 1980 [1] (a)
2.0% 10~ 298
Reviews and Evaluations
11X 107" exp( — 580/T) 200-300 NASA, 1979 {2] (b)
1.4X 107" exp( — 600/7) 250-400 CODATA, 1980 {3} (c)
11X 107" exp( — 580/1') 200-300 NASA, 1981 [4] ) (d)
Comments Reliability
(a) Discharge-flow system; HO, generated from

H+ 0,4+ M and monitored by laser magnetic resonance;
CZFBCI added tn scavenge HO pruduct.

(b) Average of data from refs. [5-8].

(c) Based on data from refs. [1] and [5].

(d) Average of data from refs. [1] and [5-8].,

Preferred Values
k=2.0x10""° cm® molecule ™ s 7! at 298 K.

k= 1.4X10"™" exp( — 600/T) em® molecule™ s~
aver range 250-400 K.

1

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1962

Alogk= 4 0.2at298 K.
A(E/R)=X30%.

Comments on Preferred Values
The paper of Zahniser and Howard [1] reports in full data

considered in preliminary form in the previous CODATA eva-
luation [3]. Direct confirmation of the rate data is still needed.
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H20 + hv—products
Primary photochemcal transitions
Reaction AHY /K] mol ™! Atweatrald /A
H,0 + kv—H, +0CP) (1) 485.70 246
—H + HO (2} 493.65 242
—H,+0('D) (3 675.52 177
Preferred Vaives Comments on Preferred Values

Absorption cross-sections and quantum yields

The recommendations are unchanged from those given in

A /am 10/ cm? ¢ the previous evaluation, CODATA, 1980 [1].
175.5 262.8 1.0
177.5 185.4 10
180.0 78.08 1.0
182.5 23.03 1.0
185.0 5.546 1.0 References
186.0 3.110 1.0 .
187.5 1.571 1.0 [1} CODATA Task Group on Chemical Kinetics, Baulch, D. L;, Cox, R. A.,
189.3 0.6978 1.0 Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980). ' :
HzOz -+ hV——-)Pl‘OdU,C"S
Primary photachemical transitions
Reaction AHZ /K] mol™! Arreshora /0T
H,0, + kv—2HO 1) 207 578 -
—H,0+0('D) (2 328 365
—H + HO, 3y 360 332
—2H + 0, (4 562 213
—HO + HOCZ) (5) 598 200
—H, 4 20 (6) 624 192
—2H +0,('4,) (7 656 182
—2H+04'Z) (8) 719 166

J. Phys. Chem. Ref. Data, Vol. 11, No.-2, 1982
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Preferred Values
Absorption crass-sections and quantum yields for H,0, photolysis at 208 K

A /nm 10%¢/cm? & 2 /nm 10%g/ em? &, A /nm 10%g/cm? N
190 69.2 245 11.0 1.0 300 0.708 1.0
195 60.3 250 891 1.0 305 0.538. 1.0
200 52.5 1.0 255 7.24 1.0 310 0.417 1.0
205 44.7 1.0 260 5.62 1.0 315 0.316 1.0
210 38.0 1.0 265 4.47 1.0 320 0.245 1.0
215 32.4 1.0 270 3.55 1.0 325 0.186 1.0
220 26,9 1.0 275 2.75 1.0 330 0.141 1.0
225 23 4 1.0 280 2.09 1.0 385 0.110 1.0
230 19.5 1.0 285 1.62 1.0 340 0.0832 1.0
235 16.2 1.0 290 1.23 1.0 345 0.0631 1.0
240 13.5 1.0 295 0.933 1.0 350 0.0479 1.0

Absorption cross-sections and quantum yields for H,0, photolysis at 600 and 1100 K.

A/nm 10%%/em? &, Temp./K A/nm 10%%/cm?® & Temp./K
220 28 1.0 600 220 26 1.0 1100
230 25 1.0 600 230 25 1.0 1100
240 20 1.0 600 240 22 1.0 1100
250 15 1.0 600 250 19 1.0 1100
260 10 1.0 600 260 15 1.0 1100
270 6.5 1.0 600 270 9.9 1.0 1100
280 4.2 1.0 600 280 7.3 1.0 1160
290 2.3 1.0 600 290 5.0 1.0 1100
Comments on Preferred Values References
N ) [1) CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,,
The recommendations are unchanged from those given 1n Hampson, R. F., Ju., Kerr, I. A., Troe, J., and Watson, R. T., J. Phys.
the previous evaluation, CODATA, 1980 [1]. Chem. Ref. Data 9, 295 {1980).

5.3. Nitrogen Compounds

N 4 HO-—-NO - H‘
AH®= —203.4 k) mol™’

Rate coefficient data

k /em® molecule ™! s Temp./K Reference Comments

Absolute Rate Coefficients

(5.0 +1.2)x10~" 298 Howard and Smith, 1980 [1] (a)
(2.21 + 0.18) X 10710 (T) — 025 £ 017 250-515 Howard and Smith, 1981 [2] (a), (b)
(4.74 + 0.64)x 10~ 300

Relative Rate Coefficients

4.6x10™" 320 Campbell and Thrush, 1968 [3] (c)
Reviews and Evaluations
5.3x10-" 300 Baulch, Drysdale, and Horne, (d)
1973 [4]
Comments cm® molecule ™! s,

(¢) Discharge-flow system; atom decay rates measured in

i . . Fl - .
(a) Discharge-flow system to produce N atoms. Flash pho N/O/H, system. This value of # derived from measured ratio

i i i f [H itored _
wlriso IO o O st desay o HOLmeitored 1 T o

3 -1 _-1 ;
(b) From the values of £ tabulated the following Arrhenius cm” molecule™ " s _(CODAT% (?valu;mon);a (3]
expression has been derived: £ =3.8x10"" exp(85/T) (d) Based on ratio reported in referenc :

J. Phiys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Preferred Values

E=4.9%X10"" cm® molecule ™' s~ at 208 K.

k= 3.8X10"" exp( + 85/7) cm® molecule™" s~ over
range 250-500 K. '
Reliability

Aloghk= 40.15at 2908 K.

AE/R)= +100K.

Comments on Preferred Values

The preferred values are based on the recent results report-
ed by Howard and Smith [1,2]. Although a ncgative temperature

are

dependence has been derived from the tabulated data, the un-
certainty given for (£' /R ) allows for the possibility of a tempera-
ture-independent value. In these studies the absolute value of
k (O 4+ HO) was also measured. The ratio % /& (O + HO) derived
from these absolute values agrees with the value of the ratio

measured directly by Campbell and Thrush [3].

Refereces
[1] Howard, M. J., and Smith, I. W. M., Chem. Phys. Lett. 69, 40 (1980).
[2] Howard, M. J., and Smith, I. W, M., Chem. Soc. Farday Trans. 2 77, 997
(1981).
[3] Campbell, I. M., and Thrush, B. A., Trans. Faraday Soc. 64, 1265 (1968).
[4] Baulch, D. L., Drysdale, D. D., and Horne, D. G., “Evaluated Kinetic Data
for High Temperature Reactions, Vol. 2,” Butterworths, London (1973).

N + NO—N.+ O

AH® = — 3138 L] mol™?

Rate coefficient data

k Jem® molecule ™! 57! Temp./K Reference Comments

Absolute Rate Coefficients

(4.5 +0.2)x 10" 300 Husain and Slater, 1980 [1] (a)
1.9+02)x10-" 298 Sugawara, Ishikawa, and Sato, b)

1980 (2]

(3.4 +0.3)x1071 208 Cheah and Clyne, 1980 (3] (0
Reviews and Evaluations

3.4x10~" 200-300 NASA, 1979 {4) (d)
3.4x10™! 200-400 CODATA, 1980 [5] (d)
3.4x10™1 200-300 NASA, 1981 [6] (d

Comments

(a) Pulse photolysic of N,0. First order decay of [N] in
added NO monitored by resonance fluorescence at 120 nm.

(b) Pulse radiolysis of N,/NO mixtures. First order decay
of [N] in excess NO monitored by resorance absorption.

(c) Discharge flow system. First order decay of [N]in excess
NO monitored by resonance fluorescence at 120 nm.

(d) Based on results of Lee et al. [7).

Preferred Valve

k=38.1x10"" cm> molecule™! s~}
400 K.

over range 200-

Reliability

Alogk = +0.15 at 298 K.
A(E/R)= +100K.

Comments on Preferred Value

The preferred value at 208 K is the average of the six
results by independent techniques reporied by Lee et al. [7],

Clyne and McDermid [8], Husain and Slater [1], Sugawara et al.
[2). and Cheah and Clyne [3]). The temperature independence of
the rate coefficient reported by Lee et al. [7] is accepted.
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N + NO2—N;0 4 O m
—NO +NO (2)
—N2 + Oz )
—N3; + 20 4)
AH°(1)= — 175 k] mol™!
AH°(2) = — 325 k] mol™!
AH®(3) = — 506 kJ mol ™!
AH*4) = — 8 k] mol™!
Rate coefficient data (k = k) + &, + &y + &)
k /em® molecule™ " s™! Temp./K Reference Comments
Absolute Rate Coefficients
3.8+ 0.1)x 10" 300 Husain and Slater, 1980 [1] {a)
Reviews and Evaluations
2.1X10™"" exp( — 800/T) 200300 NASA, 1979 [2] (b
1.4%1012 298 CODATA, 1980 [3] (b)
2.1X 107" exp( — 800/T) 200-300 NASA, 1981 [4] (b)

Comments

(a) Pulsed photolysis of N,O. First order decay of [N] in
added NO, monitored by resonance fluorescence at 120 nm.
Reported value is for the total removal of N by NO, through all
occurring reaction channels.

(b) Based on room temperature result of Clyne and McDer-
mid, 1975 [5].

Preferred Values

k=1.4%10""'2 cm® molecule ™' s ™' at 208 K.
kb =1,

Reliability
Alogk= + 0.2 at 298 K.
Comments on Preferred Values

Unchanged from previous evaluation, CODATA, 1980[3].
Based on results reported by Clyne and McDermid, [S]. The

J. Phys. Chem. Rel. Data, Vol. 11, No. 2, 1982

new, much higher value of Husain and Slater, [1] may indicate
the presence of catalytic cycles as discussed by Clyne and
McDermid, [5]in comparing their results with the earlier results
of Phillips and Schiff, 1965 [6]. Until this question is resolved,
we have chosen to retain our previous preferred value. Confir-
mation of the indicated reaction mechanism is needed, and tem-

perature dependent studies are needed.
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N 4 0x(14)—»NO + O
—N+0:(32) (2)

AH ()= —227.6 k] mol~!
AH°(Q)= — 94.3kJmol ™.

381
)

Rate coefficient data (k = &, + &)

Fae |

k /om® molecule ™! 5 Temp./K Reference Comments
Absolute Rate Coefficients
(1.8 41201078 S 1957 Clark and Wayne, 1970 [1] (a)
27+ 10)x107% 300
(2.3 £ 2.0)X107"5 409
3.04£15Xx107" 431
Relative Rate Coefficients .
£ €9X10™"7  195-300 Westenberg, Roscoe, and deHaas, 1970 [2] {b)
ky<9x10~Y 300 Schmidt and Schiff, 1973 [3] (©

Comments

(a) Discharge-flow system. Decay of Q,(*4 ) monitored by
photoionization technique. Total rate of decay was measured
and thus the observed rate which includes physical deactivation

gives an upper limit to the value of k. Authors also derived the .

" following upper limits: ,,<5 kJ mol™' and 4<2X 107 %
em® molecule™* s,

(b) Discharge-flow system with ESR detection of N atom
decay and O atom formation. No evidence for chemical reaction
found. Value of %, given here is based on ratio
Kk /k(N + 05)<¢1 and k(N + 0,) =8.9x10"" cm’ mole-
cule™! s~ {CODATA evaluation).

(c) Discharge-flow system with mass spectrometric detec-
tion of 0,('4 ) disappearance which authors attributed to inter-
action with some constituent of discharged nitrogen. Value of £,
given here is based on ratio £ /E(N+0))<]l and
k(N + 0.) =8.9X 107" cm® molecule ™' s ' (CODATA eva-
luation).

Preferred Value

£,<1X 107 cm® molecule ™ s~! over range 200-300
K.

Comments on Preferred Value

The preferred value for &, accepts the results reported in
references [2 and 3] which indicate that any chemical reaction of
N atoms with 0,(*4 ) is slower than with ground state O,. This
interpretation attributes the overall disappearance of 0,(*4 ) ob-
served in references [1 and 3] to physical deactivation by some
constituent of discharge nitrogen. The upper limit recommend-
ed for k, is based on the room temperature value for the rate of
reaction of N atoms with ground state O, molecules.

References
{1} Clark, L. D, and Wayne, R. P., Proc. Roy. Soc. A316, 539 (1970).
12] Westenberg. A. A.. Roscoe, 1. M., and deHaaa, N. Chem. Phys. Lett. 7, 597
(1970).
[3] Schmidt, C. and Schiff, H. 1., Chem. Phys. Lett. 23, 339 (1973).

O +NO-+M-NO,+M

AF° = —306.2 k] mol™"'

Low pressure rate coefficients

Rate coefficient data

ko/cm® molecule ™' s~! Temp./K Reference Comments

Absolute Rate Coefficients

- (1.27 4 0.2)X 10732 exp((508 + 50}/ T) [Ar] 240-360 Anderson and Stephens, 1979 [1] {a)
(7.20 + 1.2)X 10732 (T'/300)~ " [Ar] :
(7.7 4 0.5)X 10732 [N,] 208 Sugawara, Inshikawa, and Sato, 1980 2] (b)
Reviews and Evaluations
1.2X 1073 (T /300)~ #N,] 200-300 NASA, 1979, (3], 1981 [4] ()
1.2X1073! (7/300)~ %2 [N,] 200-300 CODATA, 1980 [5} (d)
6.4X 1073 (T'/300)~ **® {Ar] 200-300 CODATA, 1980 (5] (d)
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Comments

(a) O production by vacuum UV flash photolysis of NO,
detection of O by means of NO, chemiluminescence.

{b) Pulse radiolysis of N, and NO mixtures.

(c) Values from CODATA 1980 [4].

(d) Values at 200-300 K taken from refs. [5] and [6].

Preferred Values

ko= 6.4X 10732 (T /300)~ 2 [Ar] cm® molecule ™! s~
over range 200-300 K.

ko= 1.2X107*1(7'/300) ™ "¥* [N,] cm® molecule ™' s ™!
over range 200-300 K.
Reliability

4 logky= +0.1.

Comments on Preferred Values

The new determination for M = Ar agrees well within the
error limits with the earlier preferred value. Averaging the new

value with all earlier absolute measurements from CODATA,
1980 [4] gives a value very close to the old preferred value
which is retained here. The value for M = N, from ref. [2] is
substantially lower than earlier results and is not included. No
new measurements in the high pressure range are reported.
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(1976).

O('D) + N2—O(3P) + N

AH° = —189.7 k] mol™!

Rate coefficient data

k /em® molecule™" 57! Temp./K Reference Comments

Absolute Rate Coefficients

@4+ 0.3)x 10~ 295 Amimoto et al., 1979 [1] @
(2.77 4+ 0.40) X 101! 298 Brock and Watson, 1980 [2] (b)
{2.52 4-0.25)x 10~ 297 Wine and Ravishankara, 1981 [31 (b)
Reviews and Evaluations

2.0X10™"" exp(107/7) 200-300 NASA, 1979 [4] ©
3.2X10™" exp(107/7) 200-350 CODATA, 1980 [5] @
1.8 107" exp(107/7) 200-300 NASA, 1981 [6] (e)

Comments

(a) Pulsed photolysis of O; at 248 nm with a KrF excimer
laser. Rate of appearauce of product O(*P) monitored by reso-
nance absorption at 130 nm.

(b) Laser flash photolysis of O, at 266 nm with a frequency
quadrupled Nd:Yag laser. Rate of appearance of product OP)
monitored by resonance fluorescence at 130 nm.

(c) Based on results of Streit et al. [7].

{d) Based on averaging the room temperature results in
Streit etal. [7], in Heidner et al. [8] and in Cvetanovic’s review of
relative rate data [9]. Temperature dependence is from Streit et
al. [7].

(e) Based on room temperature results in references [1, 2,
3, and 7). Temperature dependence is from Streit et al. [7].
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Preferred Values
kE=2.6X10"" cm® molecule™! s~ ! at 298 K.
k=1.8x10""" exp(+ 107/T)
over range 200-350 K.

c¢m?® molecule 's

Reliability

Aloghk= 40.1at298K.
AE/R)= +100K.

Comments on Preferred Values

The preferred value at room temperature is the average of
the results reported in references [1, 2, 3, and 7] all of which are
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.in close agreement. The weight of evidence from these studies
lead us o reject the higher value reported by Heidner et al. [8].
The temperature dependence in reference [7] is accepted, and
the pre-exponential factor has been adjusted to fit the preferred
room temperature value.
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review in Report No: FAA-EE-80-2 (1980).
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O('D) + N2O—N; + O, ¢))

—2NO @)

—0(P) + N.O  (3)
AH®(1) = — 521.0 kJ mol™!
AH(2) = — 340.4 k] mol™?
~ 189.7 kJ mol ™}

AH*(3) =

Kate coetlicient data (& == £ 4 k3 + £3)

& /om® molecule ™! s~

(a) Pulsed photolysis of O at 248 nm with a KrF excimer
laser. Rate of appearance of product O(’P) monitored by reso-
nance absorption at 130 nm.

(b) Laser flash photolysis of O, at 266 nm with a frequency
quadrupled Nd:Yag laser. Rate of appearance of product OCP)
monitored by resonance fluorescence at 130 nm.

{c) Steady photolysis of N,0/N,/He mixtures with 2 Hg
lamp (185 and 254 nm), a Zn lamp (214 nm), and a D, lamp
(200~335 nm with maximum output at 235 nm). Amount of NO
produced measured with a chemiluminescent NO analyser. The

! ‘ . Temp./K Reference Comments

Absvlute Rute CoslTivicurs
(120 £0.1)X 10~ 295 Amimoto et al., 1979 {1] (a)
(1.17 4 0.12)x 101 2908 Wine and Ravishankara, 1981 [2] (b)
Relative Rate Coefficients
1.04xX 10~ 298 Lam et al., 1981 |3] (<)
Branching Ratios
kol ke = 0.62 + 0.02 298 Merx, Bahe, and Schurath, 1979 [4] (d)
byl b= 0.62 + 0.09 177,296 " Lam et al,, 1981 [3] {c)
ky/k=0.12 £ 0.04 295 Amimoto et al., 1979 [1] {a)
ky/k=0 295 Amimoto et al., 1980 [5] {e)
Reviews and Evaluations

Tk =48X107" 200-300 NASA, 1979 [6] ]
ky=62x10""
k=74X10"" 200-350 CODATA, 1980 7] @®
by =8.6X10""
k =51x10"" 200-300 NASA, 1981 [8] {h)
ky=66X10""

Comments ratiok /& (O('D) + N,) = 4.0 + 0.4 was determined by measur-

ing the ratio of the NO produced in the absence of N, to thatin
the presence of N,. The value of & given here is based on this
reported ratio and £ (O('D)+ N, =2.6X107"" em® mole-
cule ™! 57! (CODATA evaluation). The quantity £,/ was deter-
mined by measuring the pressure rise in the cell and the amount
-of NO produced. No dependence of this quantity on the kinetie
energy of the O('D) atom was observed.

(d) Steady photolysis of N,0/He mixtures at 185 nm and at
206 nm. Most determinations of the branching ratio were based
on measurement of the ratio (N,}/[0,] every three minutes by
gas chromatography. Independent confirmation of the results
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was obtained by determining the ratio [N,}/[NO] using gas chro-
matography and an NO chemiluminescent analyzer. The
branching ratio value given here has been detesmined by a pro-
cedure of back extrapolation to zero conversion. No dependence
of this quantity on the kinetic energy of the O('D) atom was
observed.

(e) Re-examination of results reported by Amimoto et al.
[1]. The use of improved high-speed detection electronies gives a
value of 0.85 + 0.02 for the quantum yield for O(*D) produc-
tion in the primary photolysis of O; at 248 nm. As a result of this
new measurement the observation of OP) atoms in the pres-
ence of N,O, CH,, and H,0 previously attributed to quenching
components in reactions of these species with O('D), is now
attributed to its direct production in the primary photolysis of
0,.

(fy Based on the absolute value reported by Davidson et al.
[9] and branching ratio results reported in references [4, 10, and
11].

(g) Based on averaging the room temperature results in
Davidson et al. {9], in Heidner and Husain, [12] and in Cvetano-
vic’s review of relative rate data [13]. Temperature independent
is from Davidson et al. [9). Branching ratio is based on results in
Davidson et al. [10] and in Volltrauer et al. [11].

(h) Based on absolute values reported in references [1, 2,
and 9] and branching ratio results reported in references [4, 10,
and 11]. ‘

Preferred Values

ky=4.4X107" em® molecule =1 s~
ky=7.2X107*" em® molecule ™t s,
k3 <0.1x10™ " em® molecule ™" s 1.
Independent of temperature over range 200-350 K.

Reliability

Aloghk;=A4logk, = £0.15at 298 K.
AE,/Ry=A(E,/R)—= + 100.

Comments on Preferred Values

The preferred value of k at room temperature is the aver-
age of the absolute values reported by Amimoto et al. [1], Wine

BAULCH ET AL.

and Ravishankara, [2], and Davidson et al. [9]. The weight of
evidence from these studies leads us to reject the higher value of
Ileidner and ITusain, [12]. The temperature independence re-
ported by Davidson et al. [9] is accepted.

In the caleulation of the individual values of £, and &, the
value of £,/k = 0.62 is used. This value is from the recent study
by Marx et al. 1979 {4] and is confirmed by the work of Lam et
al. [3] The procedure of back extrapolation to zexo conversion
used in reference [4] appears to provide a reasonable explana-
tion for the difference between this value and the lower values
reported in references {10 and 11}, (0.56 and 0.52, respective-
ly). It may be noted that the quantity actually used in the calcula-
tion of the individual value of &, and £, is £,/k and that the
values of this ratio reported in references {3, 4, 10, and 11}show
much less spread (0.52 to 0.62) than do the corresponding val-
ues of the more sensitive ratio &,/k, from these same studies
(0.61 t0 0.92). The lack of any significant quenching component
is based on the results reported in references [5 and 10].
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—

NH; +~ HG—NH + H, 0 (1)
—NH; 4+ O (2)
AH(1)= — 123 kI mal !
AF°2) = — 21 kj mol™!
Rate coefficient data
% /em® molecule ™' s ™! Temp./K Reference Comments

l}giiews and Evaluations
hy=1x10"" exp( — 2500/7) 300-1000 Baulch, Drysdale, and Horne, 1973 [1] (a)
AyoIxa0 300-1000 Hampson, 1980 {2] ()
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Comments

(a) Calculated from rate of reverse reaction and equilibrium
constant.

(b) Adjusted from expression in Baulch et al. [1] on the
basis of a revised value of AH °(NH,) = 185 kJ mol ™' (see Ap-
pendix 1).

Preferred Valve

No recommendations for &, or £,. -

385

Comments on Preferred Value

Based on mechanistic and thermodynamic considerations,
reaction channel (1) is expected to be a rapid reaction pathway.
However no data direct or indirect exist for this channel. Until
the value for AH °(NH,) is resolved we cannot make a recommen-
dation for £, based on the reverse rate and equilibrium date.

References
(1] Bauleh, D. L., Drysdale, D. D., and Horne, D. G., “Evaluated Kinetic Data
for High Temperature Reactions. Vol. 2" Butterworths, London (1973).
[2] Hampson, R. F., Report No. FAA-EE-80-17 (1980).

NH; + HO,—products
"k Jem® molecule ™! 5! Temp./K Reference Comments

Absolute Rate Coefficients

(5.1 +1.0)x10~" 298 Kurasawa and Lesclaux, 1980 {1} (a)
Relative Rate Coefficients

2.5 +0.5)x10~1 298 Cheskis and Sarkisov, 1979 [2] o)
27x10 ! 349 Pagsberg, Eriksen, and Christensen, 1979 [3] {0)

Comments Reliability

(a) Flash photolysis of NH;/0, mixtures at low pressure (3
Torr O,) and at high pressure (100 Torr O, or 3 Torr O, + 97
Torr N,). [NH,] decay monitered by laser resonance absorption
at 598 nm and simulated with a mechanism consisting of five
reactions.

{b) Flash photolysis of NH;/0, mixtures. {NH,] decay
monitored by intracavity laser absorption spectroscopy at 598
nm, Reported valueis baséd onratiok /& (NH, + NH,) = 1.1 at
570 Torr N, and % (NH, + NH,) =2.5X 107" em® mole-
cule ™! s7 [4]. Same value of & derived from measurements at
100 Torr N,.

{c) Pulse radiolysis of NH;/ 0, mixtures. [NH,] decay mon-
itored by absorption spectrometry at 598 nm. Absence of any
effect of O, on the [NH,] decay was interpreted by authors to
imply that £ = £ (H + NH,). Value given here is the value of
k (H 4+ NH,) determined in the same study.

Preferred Value
k= 3.4X107"" em® molecule ™' s at 298 K.

Alogk= +0.42at298 K.
Comments on Preferred Value

The preferred value at 298 K is the average of the values
reported in references [1-3]. The identity of the produets is not
known. However, Kurasawa and Lesclaux [1] suggest that the
most probable reaction channels give either NH; 4 (), «r
HNO + H,0 as products. There is a need for determination of
the reaction mechanism.

References
[1) Kurasawa, H., and Lesclaux, R., results presented at I-4il bnformal Conley
ence on Photochemistry, Newport Beach, CA, Marci 1900
[2] Cheskis, S. G., and Sarkisov, 0. M., Chem. Phys. Lett 02, /2110

[3] Pagsberg, P. B., Eriksen, J., and Christensen, HL € ] Ply. Chem 83080
(1979).

{4] Khe, P. V., Soulignac, I. C., and Lesclaus, B0 Ul 4 hesa 181,00
(1977).
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NHz + NO-N; + H,0 M

N+ H+4+ HO (2)

—NH + HNO 3)

—NH:NO 4)
AH°(1) = — 517 kJ mol™!
AH@2)= — 18 kJ mol™!
AH°3)= + 167 kJ ma]l™!

Rate coefficient data & = &, 4 ko + &5+ &)
& fom® molecule ™! s ™! Temp./K Reference Comments
Absolute Rate Coefficients
2.7x10°1 300 Gardon, Mulac, and Nangia, 1971 {1] (a)
83+ L7)X107" 208 Gehring et al., 1973 [2] {b)
2.1X10-4 ()12 300-500 Lesclaux et al., 1975 [3] ©
(1.8 4 0.2y 10! . 300
2.1 4 0.2)%10™ " 298 Haneock et al, 1975 [4] {d)
(1.7 4+ 0.4)x 10~ " 298 Sarkisov, Cheskis, and Sviridenkov, 1978 {5) (e)
4.5%10~7 (M)~ 210-500 Hack et al., 1979 {6) ®
9.7X10"" 298
Reviews and Evaluations
2.1x10-" 298 Hampson, 1980 {7} ®
Comments Reliability

(a) Pulsed radiolysis of NH3/NO mixtures at 500 Torr.
First order decay of (NH,] monitored by absorption spectrom-
etry at 598 nm.

(b) Discharge-flow system with N0, added to excess H
atoms followed by addition of excess NH;. Analysis by time-of-
flight mass spectrometry, Total pressure of 2.4 Torr. Strong
vibrational excitation in product H,0 was observed. Also the
addition product NH,NO was vbsexved 1o the extent of 5% of the
N, formed.

{c) Flash photolysis of NH;/NO mixtures. First order de-
cay of [NH,] monitored by absorption spectrometry at 598 nm.
No change in the vatue of the rate coefficient was observed over
the pressure range 2 to 700 Torr N,.

(d} Flash photolysis of NH,;/NO mixtures at wavelengths
greater than 170 nm and total pressure of 1 Torr. First order
decay of {[NH,} monitored by laser induced fluorescence at 370
nm.

(e) Flash photolysis of NH;/NO mixtures. First order de-
cay of [NH,] monitored by intracavity laser absorption at 598
nm. No effect of pressure an the value of the rate coefficient was
abserved over the range 0.1 to 1 Torr.

(f) Discharge-flow system. NH, radicals produced by reac-
tiun of F atoms with NH;. First order decay of {NH,] in excess
NO monitored by laser induced fluorescence at 598 nm. Total
pressure was 0.6 to 4 Torr.

(g} Based on results of Hancock et al., 1975 [4].

Preferred Values

k=1.7x10"" ¢m® molecule ™! s~ ! at 298 K.
k= 1.7X10"" (T/298) ' cm’molecule” 's” ' over
range 210-500 K.

J. Phiyn. Chom, Ret. Data, Vol. 11, No. 2, 1982

Alogk = 4+0.3at298 K.
4n = < (.5 over range 210-500 K.

Comments on Preferred Values

The preferred value at 298 K is the average of the values
reported in references [1-6], and the preferred temperature de-
pendence is the mean of the temperature dependences reported
in Lesclaux et al. [3) and Hack et al. [6]). While there are many
conceivable reaction channels, reaction (1) appears to be the
duminant chanuel with strong vibrational excitation of the pro-
duct H,O observed by Gehring et al. [2]. These authors also
report observation of the addition product NH,NO in an amount
corresponding to 5% of the N, formed.
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NH2 + NO2—N2O + H,0 (1)
- >Nz +H0: (2)
AH*(1) = — 378 kJ'mol ™!
CAHQ) = —355 k] inol !
) Rate coefficient data (¢ = &, + £,)

% /em® molecnle ™t s~ - Temp./K Reference Comments
Absolute Rate Coefficients ‘ »
“82X107*(T) "> 250-500 Hack et al., 1979 (1] (8)

CLOX 10 295
38X 1075 (T)~12° 298-508 Kurasawa and Lesclaux, 1979 2} {b)
298

@3+ 0.2)x101

Commenﬁ -

-(a) Discharge-flow system. NH, radicals produced by reac-
tion of F atoms with NH,. First order decay of [NH,] in excess
NO, monitored by laser induced fluorescence at 598 nm. Total
pressure of 1 Torr. Products were analyzed by mass spectrom-
etry in another flow system at a pressure of 2.3 Torr with NO, in

large excess over NH,. Results were interpreted to indicate that .

at least 95% of the reaction proceeds through reaction channel

(1)

cay of [NH,] monitored by laser induced resonance fluorescence
at 598 nm. Total pressure of 3 to 10 Torr.

Preferred Values _
k=1.7x10""" ¢m® molecule ™' s~ at 298 K.
k=1.7X10"" (7/298) 2% ¢m® molecule ~! s~ ! over
range 250-500 K.

(b Flash photolysis of NH;/NO, mixtures. First order de

Reliabt.'li-_ty‘_ :
Alogk= +0.5at298K.
An = + 1.5 over range 250-500 K.

Comments on Preferred Values

The preferred value at 298 K is the average of the values
reported by Hack et al.{1}and Kurasawa and Lesclaux |2]. Also,
the temperature dependence of the preferred value averages the
temperature dependences reported in these two studies. There is
very poor agreement betweeri these studies both for kg, and for
the temperature dependence. Hack et al. [1] have shown that the
predominant reaction  channel is channel (1) to give
N,0 + H,0, with atleast 95% of the reacnon proceedmg by this

" channel.

References
{1} Hack, W., Sachacke, H. Schroter, M., and Wagner, H. Gg., l7th Int. Symp
on Combustion, p. 505 (1979).
[2) Kurasawa, H., and Lesclaux, R., Chem. Phys. Lett. 66, 602 (1979)

NH; + Oz2—products

Rate coefficient data

& /em® molecule 7' s ™! Temp /K Re‘(‘etve‘m‘:e‘ " Commonts
Abioliite Rate Coefficients - A - 4
2@+ 1)X1078 289, 500 Lesclaux and Demissy; 1977 (1] (a)
<8% 10" 3490 - Pagebarg, Erikesn, and Christensen, 1979 [2] (b)
<k5X107"7 - 298 Cheskis and Sarkisov, 1979 [3] (©
Relativ_é Rate Cééfﬁcients )
>4x10™" ' 298

Jayanty, Simonaitis, and Heicklen, 1976 [4] )

. Comments

(a) Flash photolysis' of NH;/0, mixtures. [NH,] decay
monitored by ahsorption spectrometry at 598 nm. Complex de-
cay kinetics observed indicates that more than one reaction is
occurring. The authors inferred that only radical-radical pro-

cesses are important. Upper limit only.
(b) Pulse radiolysis of NH,/0, mixtures. [NH,] decuy smon-
itored by absorption spectrometry at 598 nm. Upper limit only,
(¢) Flash photolysis of NH;/0, mixtures, [NH,;] decay
monitored by intracavity laser absorption spectroscopy at 598
nm. Upper limit based on independence of NH, decay rate with

J. Phys. Chem, Ref, Data, Vol. 11, No. 2, 1982
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0, pressure between I and 570 Torr.

{d) Photolysis of NH;/0, mixtures at 214 nm. Quantum
yields for production of N; and N,0 were measured. Lower limit
given here is based on observation that the reaction of two NH,
radicals is negligible compared to the disappearance of NH, by
reaction with O,. Authors concluded that reaction proceeds pre-
dominantly (> 98%) by addition to form NH,0,.

Preferred Value

k3% 1078 om> molecule ! 6! at 208 K.
Comments on Preferred Value

The preferred value is the upper limiting value based on
the results reported by Lesclaux and Demissy, [1]. Their results
indicate that NH, radicals are removed by radical-radical combi-
nation and not by reaction with O,. These relatively direct re-
sults are preferred to those derived from the analysis of the

BAULCH ET AL.

steady-state photolysis experiments of Jayanty et al. [4]. The less
sensitive upper limits reported by Cheskis and Sarkisov {3} and
by Pagsberg et al. [2] also indicate that this reaction is unimpor-
tant. It should be noted that the reaction mechanism is uncer-
tain. In a study of the explosive oxidation of NH;, Husain and
Norrish [5] concluded that the major reaction channel gives
HNO + HO as products, but Jayanty et al, [4] concluded that
even at a pressure of several Torr the predominant pathway is
the addition reaction to give NH,0,.
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[1} Leselanx, R, and Damissy, M., Nouvv. J. Chim. 1, 443 (1079).
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NH; -+ Oy—products

Rate coefficient data

k /em® molecule ™! s Temp./K Reference Comments

Absolute Rate Coefficients

4.2X107 1 exp( — (1250 =+ 250)/T) 298-380 Kurasawa and Lesclanx, 1980 1] (a)
6.3 4- 1.0)x 101 298

(1.2 +0.3)x10" " 208 Bulatov et al., 1980 [2] (b)
{2.01 £ 0.12)X 10~ exp( — (710 + 50)/T) 250-358 Hack, Horie, and Wagner, 1981 [3] ©
(1.84 + 0.16)X 10" 295

Comments Reliability

{a) Flash photolysis of NH;/0; mixtures at wavelengths
greater than 180 nm. First order decay of [NH,] monitored by
laser induced fluoreseence at 598 nm. Total pressure of 5 to 12
Torr.

(b) Flash photolysis of NH;/0; mixtures at wavelengths
greater than 250 nm. First order decay of [NH,] monitored by
intracavity laser absorption spectroscopy at 598 nm for pressure
of O; less than 0.5 Torr and an NH; pressure of 5 Torr. A
deviation from first order decay kinetics at higher O, pressures
was observed and was interpreted by the authors to indicate that
the main reaction channel leads to the products NH,0 + O,.

(c) Discharge-flow reactor. NH, radicals produced by reac-
tion of F atoms with NH;. First order decay of [NH,] in excess
O; monitored by laser induced fluorescence at 598 nm. Total
pressure of 3 to 15 Torr. A deviation from first order decay
kinetics at higher O pressures was observed and was interpret-
ed by the authors to indicate that the main reaction channel
leads to the products NH,0 4+ O,.

Preferred Values
E=1.2%10""% cm® molecule ™' s~ at 298 K.

k=3.4X10""exp(— 1000/T} cm® molecule™'s
aver range 250-380 K.

J. Phys, Chem. Ref. Data, Vol. 11, No. 2, 1982

4 log k= 0.5 at 298 K.
AE/R)= £+ 500K.

Comments on Preferred Values

The preferred value at 298 K is the average of the values
reported in references [1-3]. The temperature dependence aver-
ages the temperature dependences in Kurasawa and Lesclaux
[11and in Hack et al. [3], and the preexponential factor has been
selected to fit the recommended room temperature value. The
deviation from first order decay kinetics at higher pressures of
0, was reported in references [2 and 3] and in both instances
was interpreted to indicate that the principal reaction channel
leads to formation NH,0 + O, which is followed by the reaction
of NH,0 with O, to regenerate NH,.

References
[1] Kurasawa, H., and Lesclaux, R., Chem. Phys. Lett. 72, 437 (1980).
[2] Bulatov, V. P., Buloyan, A. A., Cheskis, S. G., Kozliner, M. Z., Sarkisov, O.
M., and Trostin, A. L., Chem. Phys. Lett. 74, 288 (1980).
[3] Hack, W., Horie, 0., and Wagner, H. Gg., Ber. Bunsenges. Phys. Chem. 85,
72 (1981).
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NO + 0;—NO; + O,

AH°® = — 200 k] mol ™}

Rate coefficient data

k /em® molecule™" s ™! Temp./K Reference Comments
Absolute Rate Coefficients .
(4.3 + 0.6)X 1072 exp( — (1598 =+ 50)/T) 283443 Lippmann, Jesser, and Schurath, 1980 [1] (a)
(2.14 £ 0.11)x 10~ " 304
(3.16 & 0.45) X 1072 axp( -~ (1556 & 40)/T) 212422 Ray and Watson. 1981 [2] (b
(1.80 £ 0.04)x 10~ " 299 .
Reviews and Evaluations
28310712 ayp( — 1450/7) 200-300 NASA, 1979 [3] ()
2.3X 10~ "2 exp( — 1450/7) 200-360 CODATA, 1980 [4] (©
2.3X 10" exp( — 1450/T) 200--300 NASA, 1981 [5] ()

Comments

(2) First order decay of [O3] in presence of excess NO moni-
tored by chemiluminescent detection under stopped-flow condi-
tions in a 220 m® stainless steel sphere at total pressures below
0.1 mTorr.

(b) Discharge flow, mass spectrometric study. First order

" decay of [0,] in presence of excess NO. Total pressure was in the

range of 1.0 to 2.2 Torr.

(¢) Based on resulis of Birks etal. [6] and rovm temperature
results in references [7 and 8].

Preferred Values
k=1.8X10"" cm?® molecule ™! s~ at 298 K.
"k =3.6X10"" exp(— 1560/T)
over range 200-400 K.

cm® molecule ~! 5!

Reliability

Alogk= -+ 0.08 a1 298 K.
A(E/R)= +150K.

Comments onPreferred Values

The preferred value at room temperature is the mean of the
values reported in references [1, 2, 6-8]. The preferred tem-
perature dependent expression has been derived by a least
squares analysis of the data reported in the recent studies by
Lippman et al. [1], Ray and Watson [2] and Birks et al. |6], with

the data at elosely spaced temperatures in reference [1] being
grouped together so that these three studies are weighted equal-
ly. This expression fits all but one data point reported in these
three studies to within 15 precent. An analysis of the data below
300 K only yields the alternative expression:
E=28X10 **exp(— 1500/T) cm® molecule=*s~'. This
lower value of £ /R suggests the possibility of curvature in the
Arrhenius plot; however, since the data for 7> 300 are predo-
minantly from one study (reference [1]), this may simply reflect
a systematic difference between studies. These two alternative

Arrhenius expressions agree to within 5 percent over the range
200 to 300 K.
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NO; + NO; + M—N,O5 + M

A" = — 929 k) mol™!

Low pressure rate coefficients

Rate coefficient data

kol em® molecule ™' 5! Temp./K Reference Comments
Absolute Rate Coefficients
9.6 10732 exp( + 1550/T) [N,] 262-295 Connell and Johnston, 1979 [1] (a), (b)
17X 1073 [N,] 298
1.35X 10732 exp( + 1270/7) [N,] 285-384 Viggiano et al,, 1981 [2] (c), (b
9.6 10731 [N,] 298
Reviews and Fvalnatiang
1.5X107°(T/300) ~*°[N,] 300-340 CODATA, 1980 {3] (d), (b)
1.4X 107%(T/300) ~ 28 [N,] 200-300 NASA, 1981 [4] (), (b)
3.7X107%*(T/300)~*' [N,) 220-300 Malko and Troe, 1982 [5] #), (b)

Comments

(a) From study of Ny05 decuinpousition, see comment (b) for
N,05—NQ, + NO, (k).

(b} Converted with the equilibrium constant X "

= 8.4 X 10%° exp( — 11180/T) molecule cm 2 from ref. {6},

(¢) From study of N,O5 decomposition, see comment (c) for
N,05—NO, + NO; (ko).

(d) Based on evaluation of earlier data, which are supersed-
ed by the present references.

(e) From data of refs. [1] and [2].

(f) Theoretical analysis of N,O5 decomposition fall-off
curves, see comment (e) for N,O—>NO, + NO; (£,).

Preferred Value
ko = 3.7X107*°[N,] cm® molecule ™' s~ at 298 K.
ko =3.7X107% (T /300) ~** [N,} cm® molecule™" s~
over range 220-300 K.

Reliability
4 log kg = 4 0.2 over range 220-300 K.
An= +05

Comments on Preferred Values

From the theoretical analysis of the data in ref. [5] which
gives a consistent representation of all experiments of refs. [1]

and [2].

High pressure rate coefficient

Rate coefficient data

k.. /em® molecule ™' s~! Temp./K Reference Comments
Absolute Rate Coefficients
2.1X 107 exp( — 1360/T) 262-295 Connell and Johnston, 1979 [1] (a), (b)
2.2X10 * 298
1.5X 1070 exp( — 1610/7) 285-384 Viggiano et al., 1981 [2] (c), (b)
6.8%x107% 298
Reviews and Evaluatione
5x10~12 200-400 CODATA, 1980 [3] (d), (b)
8.0x10™" 200-300 NASA, 1981 [4]
1.6X 107 (T /300)** 220-520 Malko and Troe, 1982 |5} (e}, {b)

Comments

(a)-(e}. See comments for £,.

Preferred Values

k, =1.6X10""2 cm® molecule ™' s~ at 298 K.
k, =1.6X107"3(7/300)* **cm® molecule ™! s~ ! over
range 220-520 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Reliability

Alogk, = +0.2at298 K.
An = + 0.5 over range 220-520 K.

Comments on Preferred Values

From the theoretical analysis of the data in ref. {5] which
gives a consistent representation of all experiments of refs. [1]

and {2]:
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Intermediate Fall-off Range

From the preferred values of kg and 4, one derives [N, ],
=1.1X10"7at220K,2.7x10"7at269K,4.1 X 10'7at 295
K, and 8.0 10" molecule cm™? at 520 K. The broadening
factors, according to ref. [5] can be represented by F.
=exp( — 7/250) + exp( — 1050/7T), giving F. = 0.42 at 220
K,0.36 at 268 K, 0.34 at 205 K, and 0.26 at 520 K.

391
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N2Os + M—NO; + NO3 + M

AH® = +92.9 kJ mol™"

l.ow pressure rate coefficients

Rate coefficient data

Temp./K

ko/s ! Reference Comments
Absolute R.ate Coefficients
8.3X 10" exp( — 8300/7) [Ar| 450-550 Schott and Davidson, 1958 1] (a)
8.05X107° exp( — 9630/ T) [N,] 262-295 Connell and Johnston, 1979 [2] (b)
7.4 10720 N,] 298
115X 107% exp( -~ 9914/T) [N,] 285-384. Viggiano et al, 1981 [3] (c}
4.1X107%|N,) 208
Reviews and Evaluations
8.8:X107° exp( — 9700/T) [N,] 300-340 CODATA, 1980 [4] (d)
221073 (7/7800)~** exp( — 11080/T) [N} 220-300 Matko and Troe, 1982 [5] (e)
2.2 1073 (F/300) "' exp(— 11080/T)[N,]  300-500

Comments

(a) Shock wave study of N,Os decomposition in argon at
concentrations [Ar] = 1.8 X 10"® — 5.4 X 10'® molecule cm ~*.
Reaction believed to be near the low pressure limit, however,
some deviations from this behavior were seen experimentally.
The analysis of ref. [53] indicates that these experiments corre-
spond to conditions near the center of the intermediate fall-off
curve, the true kg being about 4 times larger than the given
value.

(b) Static reaction (63 1) study with multi-reflection White-
cell arrangement for the time resolved detection of N,O IR
absorption at 8.028 p. Fall-off curves were measured with
[N,] = 10" — 3X 10" molecule cm 3. Low pressure data in
good agreement with earlier data of Johnston and Perine [6].
Combination ~ with  these data  gives ky=[N.|
6.1x107° exp( — (9570 £ 200)/T) s~ aver the range 269
345 K. According to the analysis of fall-off curves in ref. [5],
these expressions should be corrected slightly upward to arrive
at the low pressure limiting value.

{c) Flow system with reactors ot various size. N,O5 detected
by ion-molecule reactions in a flowing afterglow set up. Mea
surements at [N,] = 2.5X10'7 — 2.7X 10" molecule em
These experiments were made near the center of the full-ull
curve. Extrapolation to the limits had to cover relatively large
pressure ranges.

(d) Based on critical evaluation of earlier data inclndimg
ref. {6].

(e} Theoretical analysis of the experimental data from refe.

| 11-{3]. Construction of a consistent set of fall-off curves and fit
1o all data from these references, disearding some low pressure
points from ref. [2] at 268 K because of inconsistencies with
theory. This analysis leads to a modification of the fall-off curves
and expressions for kg and & given by the authors of refs. [1]-
[2]. The analysis is based on value of 427 %/ R — 11080 K which
is consistent with the experiments and also the equilibrium con-
stanl~  given by Graham and Johnston [7], K,

= (8.1 ] 1.8)x10% exp(— (11180 + 100)/T) molecu-
' (298-1329 K).

I(' «m

Preferred Values

by - LOX 107N, s at 298 K.

by o 2210 (T /300) ~+* exp( — 11080/7)[N,]s™"
over range 220-300 K.

ko = 2.23¢1073(F/300) T gxp( — 11080/7)[N,|s '
aver range 300-500 K.

Keliability
Aloghk, = F 0.2 aver range 220 500 K
An =} 05 over range 220 LH00 K.
(ermments on Dreferied Palues

Thewe are the evalnated dana foon el ]S based on the
expermient fron el B For condibons of almospheric
sterest the termediate fall off corve st always be used in

connection witi theae data.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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High pressure rate coefficients

Rate coefficient data
N k /s Temp./K - WVReference Comments
Absolute Rate Coefficients
1.78x10"7 exp({ — (12540 + 130)/T) 262-295 Connell and Johnston, 1979 [2] (a)
9.4x107? 298
1.21x10" exp( — 12787/T) 285-384 Viggiano et al., 1981 [3] (b)
2.8X1072 298
Reviews and Evaluations
5.7X 10" exp(— 10600/T) 273-300 CODATA, 1980 {4) (c)
9.7X10* (T /300) *+*! exp(—11080/7) 220-300 Malko and Troe, 1982 [5] )

Comments Reliability
(a) See comment {(b) of k. Fall-off curves of this work at Alogk,_ = + 0.3 over range 220-300 K.

262-295 K were extrapolated to high pressure together with An= +0.2

earlier data by Mills and Johnston [6] from their medium pres-
sure apparatus; earlier data by Mills and Johnston at high pres-
suree were inconsistent with the present date and rejected.

(b) See comment (c) of . Data obtained from extrapolation
of data in a relatively narrow pressure range near the center of
the fall-off curves.

(c) Based on high pressure data by Mills and Johnston [6]
and a temperature coefficient derived from AH %, as given by the
measurements of the equilibrium constant from ref. {7].

(d) Combination of extrapolated fall-off curves from refs.
[2] and [3] with theory [8].

Preferred Values
k, =69x10"%s"'at 208 K.
k., =9.7X10'"(T /300)**! exp( — 11080/T)s *over
range 220-300 K.

Comments on Preferred Values

The earlier high pressure data of &, by Mills and Johnston
[6] have not been confirmed by the recent measurements of refs.
[2] and [3]. The analysis of the data given by refs. [2] and [3] has
been shown in ref, [5] to be inconsistent with theory. We there-
fore accept the analysis from ref. [5] which is based on theory
and the experimental data from refs. [1}-[3].

Intermediate Fall off Range
From the preferred values of kg and %, one derives [N,],
=1.1X10" at 220K, 2.7X 10" at 268 K, 4.1 X 10" at 295
K, and 8.0%10'® molceule em ™3 at 520 K. The broadening
factors, according to ref. [5] can be represented by F,
oxexp( — T/250) + exp( — 1050/ T'), giving F, = 0.42 at 220
K, 0.36 at 268 K, 0.34 at 295 K, and 0.26 at 520 K.

k/s

o
<o
I}

107+ @
°
I

1015

[N,]/ molecule cm

L I 1 A
]015 1017 ,018 1019 1020

-3

Ficure 5. Fall-off curves of the thermal decomposition of N,05 in N5 (Experiments: ©, ref. 12]; @, ref. [3}

theoretical analysis: full lines, ref. [5]).
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HO 4 NH;—H,0 + NH,

AH® = — 50%k] mol™!

Rate coefficient data

k /em® molecule™' s Temp./K
Absolute Rate Coefficients
(15 + 0.4)x 10~ 298
(4.1 4 0.5y 1074 208

(5.8 4 0:8) X 107 "2 exp( — 920/T) 298-669
(2.5+08)x10713 298

(4.3 £ 0.5)x 10" 418
2.3X 107" exp( — 800/ T") 228-472
1.57Xx107 1 298
2.93 X102 exp( — (860 + 150)/7) 298-427
(1.64 + 0.16)x 10 **

1.2X 107" exp( — 440/T) 298-365
2.7+ 03)x10™" 298
(5.41 + 0.80) X 107" exp( — (1070 =+ 70)/ ') 2941075
(144 £ 0.29)x 10— " 294,
Relative Rate Coefficients

2.1x10—" 296
Reviews and Evaluations

2.3X 10~ " exp({ — 800/T) 228-472

Comments

(a) Pulsed photelysis of 11,0; resonance fluorescence de-
tection of first-order [HO] decay.

(b) Flash photolysis of 0,/NH; system; resonance fluores-
cence detection of first-order [HO] decay.

(¢) Discharge-flow system; ESR detection of first-order
[HO] decay.

(d) Pulsed radiolysis of H,0; resonance absorption detec-
tion of first-order [HO] decay.

{e) Flash photolysis of H,0; resonance absorption detec-
tion of first-order [HO] decay.

(f) Flash photolysis of H,0; resonance fluorescence detec-
tion of first-order [HO] decay.

(g) Discharge-flow system; resonance fluorescence detec-
tion of first-order [HO] decay.

(k) Flow system photolysis of NH,/HONO mixtures. Value
given here is based on measured ratio 4 /k(OH-
+ HONQO)=0.032 and 4(OH + HONO) = 6.6 101
cm® molecule ™ s, Cox et al.. 1976 [10].

{i) Based on data published prior to 1979; accepted low
temperature results of Smith and Zellner, 1975 [5].

Preferred Values
k=1.6X10""% cm® molecule™* s~ ! at 298 K.

£=23.3X10""exp(—900/T)  cm® molecule™' s~
over range 230-450 K.

1

Reference Comments
Stubl, 197301 {a)
Kuryla, 1973 |2} {b)
Hach, Hogermann and Wagner, 1974 (3] (c)
Gordon and Mulae, 1975 [4] (d)
Smith and Zeliner, 1975 [5] (e)
Perev. Atkinson, and Pitts, 1979 [6] [63)
Pagsberg. Friksen, and Christensen, 1979 [7] d)
Silver and Koth, 1980 [8] [¢:4]
Cox. Derwent, and Holt, 1975 9] ()

Hampron, 1980 |11 @)

Reliability
Alogk — =4 0.15at 208 K.
A(E/R)= +200K.

Comments on Preferred Values

The preferred value at 298 K is the average of the values
reported in references [1, 5, 6, and 8). The lower value is refer-
ence |2] and the higher values in references [3 and 7] are not
included. The temperature dependence is based on the results
reported in references [3, 5, 6, and 8], and the preexponential
factor has been selected to fit the recommended room tempera-
ture value.
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HO + NO; + M—HNO; -+ M

AH° = — 207 kJ mol~!

Low pressure rate coefficients

Rate coefficient data

—1 _~1

ko/em® molecule™! s Temp./K Reference Comments
Absolute Rate Coefficients
{2.6 + 0.4) X 10°(7/300) ~2# [N,] 247-352 Wine, Kreutter, and Ravishankara, 1979 [1] (a)
(2.3 + 0.6)X 102 (T /300) ~2°[N,] 225-389 Anderson, 1980 [3] (b)
Reviews and Evaluations
2.6X10730(T/300)~2° [N,] 200-300 NASA, 1979 [4]
2.6X107%°(T /300) ~ 7 [N,] 220-550 CONATA, 1080 [5]
2.6X107*°(T/300)~2° [N,] 200--300 NASA, 1981 [6]

Comments Reliability

(a) Flash photolysis-resonance fluorescence technique;
bath gas concentrations (5.4 — 230)<10"7 molecule cm™>.
The experiments covered an essential part of the fall-off curve,
approaching the low pressure limit. Data are in good agreement
with earlier work, suggesting however a higher high pressure
limit than derived earlier by Anastasi and Smith [2]. Measure.
ments performed with M = He, Ar, N,, SF,.

(b) Discharge flow system with resonance fluorescence de-
tection. Pressure range 0.8-2.7 Torr. Fall-off corrections with
F, = 0.8 applied.

Preferred Values
kg = 2.6X 1073 [N,] cmn® molecule~' s—' at 298 K.
ko= 2.6 X107 (T /300) ~2° [N,] em® molecule ™! ™!
over the range 200-300 K.

A log ky = - 0.1 over range 200-300 K.
4n = + 0.5.

Comments on Preferred Values

The new measurements are in excellent agreement with
older data and do not change the older preferred values. A final
derivation of £y must wait for a full analysis of the fall-off curve
including measurements at pressures higher than studied at pre-
sent.

High pressure rate coefficients

Rate coefficient data

k., /cm® molecule™' ™! Temp./K Reference Comments

Absolute Rate Coefficients

3.5X107" 297 Wine, Kreutter, and Ravishankara, 1979 [1] (a)
See comment (b) 301 O’Brien, Green, and Doty, 1979 [7] (b
Reviews and Evaluations

2.4X107"(T/300)~'* 200-300 NASA, 1979 [4] ©
1.6X10~" 200-360 CODATA, 1980 [5] (d)
2.4X 107" (T /300) " !¢ 200-300 NASA, 1981 [6) (©

Comments

(a) See comment (a) of £,,. Extrapolation of the fall-off curve
with F,~0.70 leads to £, 2 3.5X 107! em® molecule ™ s™1.

(b) Smog chamber experiment at 1 atm air and 11 Torr of
H,0. Measured ratio & /k(HO + toluene) = 2.2 4 0.2 with
k (HO + toluene) = 6.08 X 10 ™*? ¢m® molecule ™' s ™7 (aver-
age of literature values) leads to k= (1.3 +0.3)x10™!"
em® molecule ™! s 7! at 1 atm. This value is in good agreement
with the preferred fall-off expression and the measurements of
ref. |1].
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(c) Based on RRKM analysis by Baldwin and Golden {8].

(d) Based on the fall-off expression from ref. [32] for 300 K
and a reevaluation of earlier data. A temperature independence
of &, was postulated on the basis of a theoretical analysis of
many other high pressure studies of recombination reactions.

Preferred Value

k., =3.5%107"" cm® molecule ! s~ over range 200~
300 K.
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Reliability

Alogk = + 0.2 over range 200-300' K.

.Comments on Preférred Value.

The measurements of ref. [1], as well-as: recent unpub-
lished measurements by Sxmth and coworkers [9] at CF4 bath
gas pressures of 10 atm giving-k, 53 X107 em® mole-
-cule™ 577 indicate that the’ prekusly preferred value of ref.
[5] was too low. The k_, value should still be used with caution
‘until measurements at pressures near 100 atm have been made.
Togethier with the F, values given below, itisin agreement with
‘the available data at pressures up o 1 atm.

\Intermediate‘ Fall -off Range

From the preferred values one derives [N,], = 1.3 X 10"
«at 300 K and [N,], = 5.5 X 10'® molecule cm™> at 220 K. A
preliminary theoretical prediction of F, with the techniques of
ref. [10] leads to F, ~0.70 at 300 K and F ~0.8 at 200 K
which are in agreement with the expenmentally observed fall-

HO + HNO3;—H;0 + NO;

AR(1) =
AHY2) =

— 75k mol™!
"— 7kJ mol™?
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off curve. A more detailed analysis similar ‘to. that of the
N,0,==NO, + NO; system is required as soon as extended high
pressure measurements are available.
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{7

s (1)
—Hz0; +NO2 (2)

" Rate coefficient data (k = k, -+ k5)

k /em® molecule ~'s™! Temp./K Reference Comments

Absolute Rate Coefficients

(1,52 4 0.38)}(‘10"“'6:{1::((649 + 69)/T) 224-366 Wine et al., 1981 (1] (a)
(1.25 + O.D5) X 10— 1B ‘ 208
8.2 +1.8)x10™H" 208 Nelson, Marinelli, and Johnston, 1981 [2] (b)
Reviews and Evaluations Lo

BEXI0™, 200-300 NASA, 1979 [3] ©
8.5x107 1 240-470 CODATA, 1980 [4] (o)

. L5X10™" exp(650/7) © 200-300 NASA, 1981 [5] - @ -

Comments.

" (a) Flash photolysis of HNO, at wavelengths greater than
165 nm. In other experiments HNU; was photolyzed at 249 nm
with a KrF excimer laser. First order decay.of [HO] was moni-
tored by resonance fluorescence at 310 nm. [HNO,] measured
by absarption at184.0 nm.

(b) Laser flash photolysis of HNO; at 249 nm. First order
decay of HO monitored by.resonance fluorescence at 310 nm.
Pressure range of 10-50 Torr. In separate experiments the rate
of production of NO; was monitored in absorption at 623.5 nm
to give &y = (10.6 +'3.4)X 10~ * cm® molecule~? s~ ", Quan-
tum yield for production of NO; was.determined to be approxi-
mately unity with the precise value dependent on value selected
for absorption cross section of NO, at 623.5 nm.

{c) Based on temperatﬁie-independent results reported by
Smith and Zellner, [6] and Margitan et al. [7). ,
(d) Based on resulis reported by Wine et al. [1).

Preferred Values
k= 1.3%10"" cm® molecule™! s~ at 298 K.
k=15X10"" exp(650/T’) cm® molecule ™' s’
range 220-360 K.

over

Reliability

Alogh = +0.2at298K.
A(E/R)= 4 300K over range 220-360 K.
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Commenits on Preferred Values

The preferred value is based on the results reported by
Wine et al. [1]. There is a significant discrepancy between these
results and those reported in references [6 and 7], particularly at
low temperatures. Itis felt that the results obtained in this recent
study over a wide range of experimental conditions are more
reliable. Confirmation of these results is needed, particularly for
the reported negative temperature dependence. Reaction chan-
nel (1) yielding NO, appears to be the dominant channel based
on the NO; quantum yield of approximately unity reported by
Nelson et al. [2]. NO; was also observed directly in absorption at
650 nm by Glanzer and Troe [8] in studies of the thermal decom-
position of HNO, at 1000 K

BAULCH ET At.
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HO + HO2NO;—H,0 + 02 4+ NQ; (1)

AH°(1) = — 194 k] mol™!
AH°2) = — 50 k] mol™!

—>H20, + NO3

€))

Rate coefficient data (k = k&, + k,)

k /em® molecule ™! s™!

Temp./K Reference Comments

Absolute Rate Coefficients

<3x10"? 261295 Graham, Winer, and Pitts, 1978 [1] (a)
(4.0 + 1.6)X107 12 246-324. Trevor, Black, and Barker, 1982 {2] (b)
Reviews and Evaluations

Sy 10—13 200-300 NASA, 1079 8] (e)
No recommendation CODATA, 1980 {4] (d)
8x10713 200-300 NASA, 1981 [5] ©

Comments given above but also give expression

(a) Upper limit only. This limit is based on results obtained
in a study of the decomposition of HO,NO, at low pressure in
the presence of added NO. The addition of n-butane to scavenge
the HO radicals produced by the reaction of HO, with NO had
no effect on the rate of decomposition of HO,NO,, implying that
the reaction of HO with HO,NO, is not important in this system
and permitting the authors to derive this upper limit for the
value of &,

{b) Laser flash photolysis resonance fluorescence tech-
nique. First order decay of [HO} menitored by resonance flu-
orescence at 310 nm in presence of excess NO,NO, measured by
mass spectrometry. HO radicals were produced by laser flash
photolysis of O5 at 249 nm or 266 nm in presence of H, and/or
H,0. Rate coefficient was independent of total pressure over the
range 3 to 15 Torr Helium. HO,NO, was produced batch-wise
by adding NO,BF, to 90% solution of H,0,. Correction was
made for the contribution by the H,0, impurity which was expli-
citly measured in all experiments. Reaction products were not
identified. Authors recommend temperature-independent value

J. Phys, Chem. Ret. Data, Vol. 11, No. 2, 1982

k= (8.05 + 5.69)X 1072 exp( — (193 + 194)/T) cm® mole-
cule™'s L

(¢} Order-of-magnitude estimate by analogy with
k(HO + H,0,) = 8X 107 '3 ¢m® molecule ! s~! in the same
evaluation.

(d) No recommendation was given, since no direct study
had been reported.

(¢) Order-of-magnitude estimate by analogy with
k(HO + H,0,) = 1.7 10~ 2 em® molecule ™! s~ ' inthe same
evaluation.

Preferred Value

k=4.0X10"" ¢m® molecule ™' s~ over range 246-
324 K.

Reliability

Alogk= 4 0.3at298K.
AFE/R)= +400K.
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Comments on Preferred Value

The preferred value is that reported by Trevor et al. [2],
which is the only reported direct study of this reaction. The error
limits given here have been substantially increased over those
suggested by the authors because this is the only direct study
and because of the inherent difficulties of preparing and han-
dling HO,NO,.

The reaction products have not been identified. Those sug-
gested here are the most likely products, although other reaction
channels are thermodynamically possible. Contirmation of
these kinetic results and mechanistic studies to identify pro-
ducts are needed.
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HO;, + NO—HO + NO,

AH°= — 28 kJ mol™!

Rate coefficient data

Temp./K

k /em® molecule™" 7! Reference Comments
Absolute Rate Coefficients
(L1-+03)x10™" 297 Glaschick-Schimpt et al., 1979 {1] (a)
(7.6 £ 1.7)x 107" 293 Hack et al., 1980 [2] (b}
(3.57 4+ 0.23)x 10~ "2 exp((226 + 41/ T) 423-1271 Howard, 1980 [3] (c)
7.6X1071? 298*
Reviews and Evaluations .
43X 10~ " exp(200/T) NASA, 1979 [4] @
4.3X 1072 exp(200/T) CODATA, 1980 {5} (d)
3510712 exp(250/T) NASA, 1981 [6) {©)

Comments

(a) Discharge-flow system. HO, was produced by reaction
H + 0, + M—HO, + M. Total pressure of 7.5 Torr. First or-
der decay of [HO,] in presence of excess NO monitored by emis-
sion at 1.43 nm after energy transfer from 0,('4 ) produced by a
microwave discharge in O,. No isotope effect was observed
when DO, was substituted for HO,.

(b) Discharge-flow reactor connected to a combined LMR-
ESR spectrometer. HO, was produced by the reaction
H+ 0, + M—HO, + M or F + H,0,—HO, -+ HF. First or-
der decay of [HO,] in presence of excess NO monitored by laser
magnetic resonance and electron spin resonance. The rate coef-
ficient was found to be independent of total pressure over the
range of 1.6 to 12.5 Torr.

(c) Discharge-flow reactor. HO, was produced by the reac-
tion H + 0, + M—HO, + M. Total pressure of 1 to 3 Torr.
First order decay of [HO,] in presence of excess NO monitored
by laser magnetic resonance. The author combined these data
with his previously reported data for the low temperature range
232-432 K (Howard, 1979 [1]) to derive the following expres-
sion over the combined temperature range 232-1271 K:
F=(3.51 4+ 0.35)X 10~ "2 exp((240 + 30)/T)  cm® mole-
cule™! 5™ 1. The author also measured the rate of the reverse
reaction over the temperature range 452-1115 K and thereby
derived a value for the heat of formation of the HO, radical:

AH[(HO,) = 10.5 + 2.5 kJ at 208 K.

(d) Based on results of temperature dependent studies by
Howard, [7] and Leu, [8] and room temperature results reported
iu references [9-11].

(e) Based on temperature dependent studies by Howard in
references [3 and 7] and reom temperature results in references
[1 and 8-10].

Preferred Values
k=8.3%10"" cm® molecule ™! s~ ! at 298 K.

k=3.7X10""2 exp( + 240/T)
over range 230-500 K.

cm® molecule™' 57!

Reliability

Aloghk= +0.1at298K.
AE/R)= 4+ 100K.

Comments on Preferred Values

Preferred value at 208 K is the average of the values re-
ported [7-10 and 2]. The value reported in reference | 1] is high-
er but in agreement within the stated uncertainty. It should be
noted that the value derived from the ratio measurement of Bur-
rows et al. [11] is no longer in good agreement with other recent
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results due to an increase by a factor of two in the recommended
value of the rate constant for the reference reaction HO + H,0,
—HO, + H,0.

The temperature dependence is that reported by Howard
[3] for the combined temperature range 232-1271 K based on
high temperature data in this reference and low temperature
data in Howard {7]. This temperature dependence measured
over a very large temperature range is preferred to that reported
by Leu [8] over a much smaller temperature range. The pre-
exponential factor reported in reference [3] has been adjusted
here to give the preferred value of the rate coefficient at 298 K.
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I3

HO; + NO, + M—HOONO, + M

All° — — 977 kJ mol™!

Low pressure rate coefficients

Rate coefficient data

ko/em® molecule ™' s Temp./K Reference Comments
Reviews and Evaluations
2.1X1073"(7°/300) =% [N,] 200-300 NASA, 1979 (1], 1981 [3] (a)
2.1X1073'[N,] 300 CODATA, 1980 [2}

Comments

(a) T-dependence from a theoretical analysis.

Preferred Value

ko =2.1X10"% (T/300)™° [N,] cm® molecule™!s™!
over range 200-300 K.

Reliability

Alogky= + 0.3 at 300 K.
An = + 2.

Comments on Preferred Value

The NASA evaluation ([1] and {3]) is accepted here.

High pressure rate coefficients

Rate coefficient data

k /cn® motecule™' s Temp./K Reference Couunents
Reviews and Evaluations
6.5x 10712 (T/300)~2 200-300 NASA, 1979 1], 1981 [3] (a)
5x10~" 298 CODATA, 1980 [2]

Preferred Valuve

k., =5X10"" cm® molecule ™' s~! over range 200-

300 K.

Reliability

Alogh, = +0.4at298 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Value

In contrast to refs. [1] and |3], no major temperature de-
pendence of & is assumed here. One should note that the pre-
ferred value of this evaluation fur the dissociation reaction to-
gether with an equilibrium constant of
1.68X10%8 exp( — 11977/7) molecule cm ™3 from ref. [4]
leads 0k = 3.9% 10 "7 cm’ molecule™ 7' 2t 298 K.
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Intermediate Fall -off Range

F.~0.4 at 298 K is chosen analogous to the NyOs—N-

0, + NO, reaction.

References

[1] NASA Ref. Publ. 1049, “The Stratosphere: Present and Future,” Hudson,

R. D., and Reed, E. 1. editors (1979).
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[2] CODATA Task Group on Chemical Kineties, Baulch, D. L., Cox, R. A.,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

[3] NASA Panel for Data Evaluation, “Chemical Kinetic and Photochemical
Data for Use in Stratosphere Modelling,” DeMore, W. B., Stief, L. J.,
Golden, D. M., Hampson, R. F., Jr., Kurylo, M. J., Margitan, J. J.,
Molina, M. J., Watson, R. T., JPL Publ. 81-3 (1981).

[4) Uselman, W. M., Levine, S. Z., Chan, W. H., Calvert, J. G., and Shaw, J. H.,
Chem. Phys. Lett. 58, 437 (1978).

HO,NO; + M—HO; + NO2 + M

AH® = +97.7k] mol™!

Law pressnre rate eoefficients

Rate coefficient data

ko/s™? Temp./K Reference Comments
Absolute Rate Coefficients
5.2% 10~ exp( — {10014 + 250)/T) [N,] 261-295 Graham, Winer, and Pitts, 1978 [1) @
1.3X1072°[N,] 298
Reviews and Evaluations
1.2X 1072 [N,} 298 CODATA, 1980 {2} (b)

Comments
(a) Fourier transform-IR spectroscopic study in a 5800 1
chamber. Measurements at 1~7 Torr of N,, at higher pressures
(>7 Torr) intermediate fall-off effects are visible.

(b) Evaluation based only on measurements of the reverse
reaction.

Proferred Valves
ko= 5X107° exp(— 10000/7) [N,] s™! over range
260-300 K. .
ko=13X10"2°[N;]s~"at 208 K.

Reliability

Alogky= 4 0.3 at 296 K.
AE/R)= +500K.

Comments on Preferred Values

-Values for the torward and reverse reaction agree very
well. We prefer this direct study over the measurements of the
reverse process, since no conversion by the equilibrium constant
is required.

High pressure rate coefficient

Rate coefficient data

k /st

Temp./K Reference Comments
Absolute Rate Coefficients
>0.018 278 Graham, Winer, and Pitts, 1978 [1] . (a)
Reviews and Evaluation
> 14X 10" exp( — 10420/7) 250-300 CODATA, 1980 [2] (b)
»>0.09 298

Comments

(a) See comments (a) for %,. This is a lower limit since a
linear Lindeman-Hinshelwod evaluation of the fall-off curve
was made for the pressure range 10-760 Torr of N,.

(b) Based on earlier data from the authors of ref. [1].

Preferred Values

k, =3.5X10" exp( — 10420/T) s~ " over range 250-
300 K.
k, =023s""at298 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Reliability

Alogk, = +0.6at208K.
A(E/R)= +500K.

Comments on Preferred Values

Theoretical analysis of the fall-off curve is required in or-
der to obtain a better extrapolation. &, chosen to be in accord
with F, ~0.4 at 278 K and the measured £ (1 atm) (see below).
The recombination data of this evaluation would suggest an up
to 1.3 time higher preexponential factor of £ (see data sheet
for HO, + NO,).

Intermediate Fall -off Range

F,~0.4 chosen analogous to the N,Os—NO, -+ NO, reac-
tion. &, constructed to obtain agreement with the measured rate

constant at 760 Torr of N, and 2777 K,
k= (7144 43)X 1073 7!, from ref. [1]. A recent much less
direct determination of £ at 1 atm by Simonaitis and Heicklen,
1978 (3] gave & = 6 X 107 exp( — 13080/7) s~ 1. For 298 K,
this value (k = 0.051 s™*) agrees very well with the correspond-
ing value from this evaluation (¥ = 0.054 s ™) which is based
on the fall-off curve from ref. [1]; however, the temperature
coefficient from ref. [3] appears to be incorrect..

References
(1] Graham, R. A., Winer, A. M., and Pitts, J. N., J. Chem. Phys. 68, 4505
(1978).
2] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,
Hampson, R. I, Jr., Kerr, 1. A,, Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).
[3] Simonaitis, R. and Heicklen, J., Int. J. Chem. Kin. 10, 67 (1978).

NO -+ Av—products

Primary phatochemical transitions

Reaction ARG /K] mol ™1 Arteeshotd £ 11t

NO + kv + N(*S) -+ OCP) 627.9 190.5
~»N(*S) + O('D) 817.7 146.3
—N(D) + OCP) 857.8 1305
—N(*8) + 0('S) 1032.1 115.9
—NED) + 0('D) 1047.6 114.2
—NCD) 4 0('S) 1262.1 94.8

Electronic energy levels of NO and transitions

State To/em™! A (vac)/nm Transition

XCmypa) 0

A4(3) 44199 226.2 A4-X (9

B (m) 45505 219.8 B-X (B)

CCm) 52372 190.9 C-X (8)

D@ 53201 187.6 D-X (€)

Energy levels are from [1].

Calculation of the rate of dissociation of nitric oxide in the stratosphere and mesosphere. It is recommended that the reader use the values of the dissociation rate given
as a function of altitude and solar zenith angle in table 4 of Frederick and Hudson {2]. This recommendation is unchanged from that given in the previous evaluation,

CODATA [3] where detailed discussion can be found.

References
[1] Miescher, E., and Akermann, F., in “Stratroscopic Data Relative to Diatomic
Molecules” B. Rosen, editor, International Tables of Selected Constants
(Pergamon Press, 1970, vol. 17, p. 277,

[2] Frederick, J. E., and Hudson, R. D., J. Atoms. Sci. 36, 737 (1979).

{3] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

NO, -+ Av—products

Primary photochemical transitions

Reaction

AH 4/} mol ™!

Aiheeshold / N

NO, + Av—NO + 0CP) (1)
—NO+0('D) (2)

298
244

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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‘Preferred Values
Absorption eross sections
A/nm 10%0/em? A/nm 10%c/cm? 4 /nm ’ 10%°¢/cm? A/pm 10%%/cm
185 26.0 245 . 4.3 305 16.6 -365 578"
190 29.3 250 2.8 310 17.6 370 54.2
195 24.2 255 14 315 225 375 53.5
- 200 25.0 260 1.9 320 254 - 380 59.9
. 205 375 265 20 325 279 385 59.4
210 38.5 270 3.1 330 299 390 60.0
215 40.2 275 4.0 335 34.5 395 589
220 39.6 280 5.5 340 '38.8 400 67.6
225 324 285 7.0 345 40.7 405 63.2
230 24.3 290 82 350 41.0 410 577
238 148 205 2.7 355 51.8
240 6.7 300 11.7 360 45.1
Quantum yields
A /nm ¢, ~ A/nm &, A /nm &, A/nm . b
376 0.75 386 0.74 396 0.78 406 0.30
378 0.74 388 0.76 398 0.72 408 0.18
380 0.8l 390 0.74 400 0.65 410 0.14
382 0.65 392 0.73 402 0.57 415 0.067
384 0.66 . 394 0.83 404 0.40 420 0.023

The ahava table gives values of ¢, at olocely r.paced wavclength valucs in the ncugllbmhuud ol the lhcrmodynamic threshold for photodissociation. For shorter

wavelengths (295-365 nm) use the formula: ¢.(Z ) = 1.0-0.0008 (1-275).

Comments on Preferred Values

The preferred absorption cross section values are those of
Bass, Ledford, and Laufer [1]. The preferred quantum yield
values for 375~420 nm are those reported by Harker et al. [2].
These recommendations are unchanged from those given in the
previous evaulam)n, CODATA, [3] where detailed discussion
can be found. It should be noted that the expression given in
CODATA [3] for quantum yield values at shorter wavelengths
does not merge smoothly with the values tabulated above, indi-
cating a problem over the range 350 to 400 nm. If ¢, is indeed

loss than unity at wavelengths shorter than 398 nm, there must
exist a highly excited NO, species presently undetected.

References

[1) Bass, A. M., Ledford, A. E., and Laufer, A. H., J. Research Nat. Bur, Stand.
Sert A: B0A, 143 (1076).

[2] Harker, A. B., Ho, W., and Ratto, J. J. Chem. Phys. Lett.'50, 394'(1977).

[3] CODATA Task Group on Chemical Kinetics, Baulch; D. L., Cox, R. A.,
Hampson, R. F., Ir., Kerr, J. A., Troe, J., and Watson, R. T,, J. Phys.
Chem. Ref. Data 9, 295 (1980).

NO; + Av—products.

Primary photochemical transitions

Reaction 4AH, /K] mol™! P ——
NO; + h+—NO + 0,02 ) (la) 9000
~NO + 0,('4,)  -(1b) 107 1100
~—NO 4 0,('F ) (19 170 700
—NO,+0 2 206 580
Absorption cross section data
Wavelength range/nm Reference Comments
498-671 Mitchell et al. 1980 [1] (a)
Quantum yield data
Measurement Wavelength/nm Reference Comments
&0, ¢0 470-685 Magnotta and Johnston, 1980 [2] (b)

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1082
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Comments

(a) NO, generated by reaction of NO, with O, in a recircu-
lating flow system with excess O,. Relative absorption spectrum
shown in a figure. Also the absolute value of cross section at
A == 663 nm was determined to be (121 4 20) X 107!° cm?.

(b) NO, prepared from N, 05 by allowing equilibrium to be
established: N,05 = NO, + NO;. NO; was photolyzed by a
pulsed tunable dye laser. Product NO and O were measured by
resonance fluorescence. These experiments are most sensitive to
the value of the product $o rather than to the values of ¢ and &
individually. The authors also give values of the photodissocia-

BAULCH ET AL.

tion ratej; which is the integrated value of ¢,07 over the absorp-
tion wavelength range. For an overhead sum and the range 470

to 700 nm, they give the following photodissaciation rates: ,
=0.022 4 0.007 s~ and j; = 0.18 + 0.06 5.

Preferred Values

No preferred values are given for the absorption cross sec-
tion (@) or for the primary quantum yeilds ($,, ¢-) individually.
The following table gives preferred values for the products ¢,
and ¢,0 from 470 to 634 nm. The tabulated values are averaged
over 5 nm intervals centered on the stated value of 4.

Preferred Values of ¢,0 and ¢,0

A/nm 10,0 A/am 10,0 10%,0

472 5.9 337 37.1

4717 7.2 562 34.3

482 7.0 567 32.7

487 8.6 572 33.3

492 10.0 577 405

497 11.5 582 41.3 0.0
502 10.6 587 48.3 9.7
507 12.4 592 49.8 22.0
512 16.1 597 33.3 16.2
517 14.5 602 23.0 11.6
522 17.4 607 17.4 9.0
527 18.1 612 929 4.6
532 20.7 617 7.9 2.4
537 21.2 622 19.6 3.8
542 18.3 627 9.1 1.0
547 25.6 632 2.0 0.0
552 26.5

Comments on Preferred Values

The preferred values for the products ¢,o and ¢,0 are
taken from the recent study of the Magnotta and Johnston, [2]. It
is the product ¢ to which their experiments are most sensitive.
The spectral resolution used in this study is much higher than
that in the earlier study from the same laboratory which used
broad-band light sources, Graham and Johnston, [4].

The absolute values of the absorption cross sections are
uncertain, although the relative shape of the absorption spec
trum seems to be well established. The one absolute value of ¢
given in reference [1]is 30% lower than the corresponding value
is reference [4]. On the other hand, Magnotta and Johnston [2]

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

suggest that their data may fit better if the values of @ given in
reference [4] are increased by 50%. Since only the product ¢o is
established, there is a corresponding uncertainty in the absolute
values of the quantum yields.

References

" [1]Mitchell, D. N, Wayne, R. P., Allen, P. J., Harrison, R. P., and Twin, R.J., J.

Chem. Soc. Faraday Trans. 2 76, 785 (1980).

[2] Mag , F_, and Johnston, H. 8, Geaphys. Res_ Tett. 7, 760 (10R0).

[3) CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampson, R. F., Ir,, Kerr, J. A., Troe, J., and Watson, R. T, J. Phys.
Chem. Ref. Data 9, 295 (1980).

{4] Graham, R. A., and Johnston, H. S., J. Phys. Chem. 82, 254 (1978).
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N2O 4+ hv—products

Primary photochemical transitions

AH, /kJ mel™!

Reéc;iﬁn Apresptg /1
NyO + hv—=N, + OCD) (1) 161 742
~N, +0('D} - (2) 351 341
—~N+ NO @) 475 252
—N, +0('S) @ 565 212
Absg)_rp,t.ion cross séqﬁ.gn data
Wavelength range/nm Refererice B Coinment;
" 160-250 Hubrich and Stakl, 1980 {1} ()
Comments
(a) Measured at 298 K and at 208 K. In very good agree-
ment with results of Selwyn et al. [2].
Preferred Values
Absorption cross sections
A /om 10*%0/cm? A/om 100/ cm?
175 12.6 210 0.755
180 14.6 215 0.276
185 14.3 220 0.092
190 161 . 225 0.030
195 .57 230 0.009
200 4.09 235 0.003
1.95 240 0.001

205

In 04,7} = A, + dh + AA> +AA° + 44"
+ (T'— 300) exp(B; + B,A + B,A %+ BAS),

where

4, =68.21023 B, = 123.4014
A4, = —4.071805 B, 2.116255
A3=4.301146X10"2 B, =1.111572x 102
Ag= — 1777846 X107* B, = — 1.881058 10>
A5 = 2520672107

Quantum yields
¢, = 1.0 for A =185-230 nm.

Comments on Preferred Values
The preferred absorption cross section values and the

expression for In 0(4,T) are from Selwyn, Podolske, and John-
ston [2]. These cross section values have been confirmed both at

room temperature and at 208 K by the recent resuits of Hubrich
and Stuhl [1].

The preferred value of the quantum yield (¢, equal to uni-
ty) is based on the results reported in Paraskevopoulos and Cve-
tanovic, [3], Preston and Barr [4], and Greiner [5].

These recommendations are unchanged from those given
in the previous evaluation, CODATA, [6] where detailed discus-
sion can be found.

References

[1] Hubrich, C., and Stuhl, F., J. Photochem. 12, 93 (1980).

[2] Selwyn, G., Podolske, J., and Johnston, H. 8., Geophys. Res. Lett. 4, 427
1977, ’ .

[3] Paraskevopoulos, G., and Cvetanovic, R. J., J. Am. Chem. Soc. 91, 7572
{1969).

[4] Preston, K. F., and Barr, R. F., J. Chem. Phys. 54, 3347 (1971).

[5] Griener, N. R., J. Chem. Phys. 47, 4373 (1967).

[6] CODATA Task Group on Chemical Kinetics, Baulch, D. 1., Cox, K. A,
Hampsen, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T, J. i'hys,
Chem. Ref. Data 9, 295 (1980).
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N2O5 + hv—products
Primary photochemicsl transitions
Reaction AH, /kJ mol™! Ahreshord /M
N,0s + kv—NO, + NO, R 89 1340
—N,0, + OCP) @ 242 495
—N,0, + 0('D) 3) 432 275

Preferred Valves

Absorption cross sections

A /nm: 100/ cm? A /am 10%°0/cm®

205 690 280 10.7
210 520 285 8.3
215 330 290 6.3
220 206 295 4.6
225 131 300 3.2
230 923 305 2.2
235 72 . 310 1.5
240 57 320 0.75
245 45 330 0.40
250 35 340 0.27
255 26.3 350 0.18
260 21.2 360 0.10
265 17.7 370 0.05
270 15.2 380 0.01
275 12.5

Quantum yields are unchanged from those given in the previous evaluation, CO-

No recommendation. DATA [3] where detailed discussion can be found.

Comments on Preferred Values References

(1) Graham, R. A., and Johnston, H. 5., J. Phys. Chem. 82, 254 (1978).
{2} Jones, E. J., and Wulf, O. R., J. Chem. Phys. 5, 873 (1937).

The preferred absorption cross section values are those [3) CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,

reported in Graham and Johnston [1] for 205-310 nm and in Hampson, R. F., Jr., Kerr, 1. A,, Troe, J., and Watson, R. T., J. Phys.
Jones and Wulf [2] for 320-380 nm. These recommendations - Chem. Ref. Data 9, 295 {(1980).
HONO + Av—products
Primary photochemical transitions
"Reaction AH /K] mol ™! —

HONO + Av—HO + NO (1) 202 591

—H+NO, @ 326 367

—HNO + O (3) 423 283

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Preferred Valves

Absorption cross sections

A/nm 10%®g/cm®
310 0
315 0.4
320 4.0
325 3.8
330 8.8
335 5.7
340 17.6
345 111
350 10.0
355 26.5
360 7.2
365 18.2
370 20.9
375 3.7
380 8.2
385 14.7
390 14
395 0

Quantum yields

¢, = 1.0 throughout this wavelength region.

Comments on Preferred Values

The preferred absorption cross section values have been
derived from the tabulated results in Stockwell and Calvert [1]
by averaging the values over 5 nm intervals. For values at
shorter wavelengths (200-310 nm) use values tabulated in Cox
and Derwent [2].

Based on the results of Cox and Derwent [2], the preferred
value of @, is set equal to unity throughout this wavelength
range. These reccommendations are unchanged from thuse given
in the previous evaluation CODATA [3] where detailed discus-
sion can be found.

References
[1] Stockwell, W. R., and Calvert, J. G., J. Photochem. 8, 193 (1978),
[2] Cox, R. A. and Derwent, R. G., J. Photochem. 6, 23 (1976).
13] CODATA Task Group on Chemical Kinetics, Bauleh, D. L., Cox, R. A.,
Hampsoun, R. F., Jr., Kerr, J. A, Troe, J., and Watson, R. T., I. Phys.
Chem. Ref. Data 9, 295 (1980).

HONO; - Av—sproducts

Primary photochemical transitions
Reaction ' AH, /kJ mol ™! A reshota /00
HONO + hv—HO + NO, ) 200 598
—HONO + OCP) (2) 298 401
—H + NO,3 3 418 286
—HONQ + O('D)  (4) 488 245
Absorption cross section data
Wavelength range/nm Reference " Comments
190-330 Molina and Molina, 1981 {1] (a)
Comments

(a) Measured at 298 K. In very good agreement with results
of Johnston and Graham [2] except at both ends of wavelength

range.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982



406

BAULCH ET AL.

Preferred Valves

Absorption cross sections

A /nm 1020/ cm?® A /nm 10%%0/cm?
190 1320 260 1.90
195 910 265 1.80
200 550 270 1.63
205 255 275 1.40
210 97 280 1.4
215 32.8 285 0.88
220 14.4 290 0.63
225 8.51 295 0.43
230 5.63 300 0.28
235 3.74 305 0.17
240 2.60 310 0.09
245 2.10 315 0.05
250 1.95 320 0.02
255 1.94 325 0.00

Quantum yields
¢, = 1.0 throughout this wavelength region.

Comments on Preferred Values

The preferred absorption cross section values are those of
Johnston and Graham [2]. They are confirmed by the recent
results of Molina and Molina {1]. The preferred value of the
quantum yield (¢, equal to unity) is based on the results of
Johnston et al. [3]. These recommendations are unchanged from
those given in the previous evaluation, CODATA {4] where de-
tailed discussion can be found.

References
[1] Molina, L. T., and Molina, M. I., J. Photochem. 15, 97 (1981).
[2] Johnston, H., and Graham, R., J. Phys. Chem. 77, 62 (1973).

[31 Johuston, H. S., and Chang, S.-G.. and Whitten. G.. J. Phys. Chem. 78, 1
(1974).

[4] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

HO;NO, + Av—products

Primary photachemical transitions

Reaction AH o /&) mol™! Areshord /M
HO,NO, + Av—HO, + NO, (1) 89 1340
—HO + NO, (2} 164 730
Absorption cross section data
Wavelength range/nm Reference Comments
200-290 Morel, Simonaitis, and Heicklen, 1980 [1] (a)
190-330 Molina and Molina, 1981 [2] (b)

Comments

(a) Measured at 296 K. HO,NO, was prepared by photoly-
sis of Cl, at 366 nm in presence of 40-600 mTorr, NO,, 20-30
Torr O, and H, at a total pressure of 750 Torr.

(b) Measured at 298 K and 1 atmosphere total pressure.
HO,NO, was prepared in flowing N, stream in the presence of

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

H,0, H,0,, HNO; and HO,. The composition of the mixture
was cstablishced by Fourier-transform infrared spectroscopy, by
the absorption spectrum in the visible and by chemical titration
after absorption in aqueous solutions. Two methods were used
to prepare HO,NO,. The first mixed 70% nitric acid with 90%
H,0,, while in the second method solid nitroniumtetrafluoro-
borate (NO,BF,) was added to a solution of 90% H,0,.
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Preferred Values

Absorption cross sections

A /am 10%°¢/em? A /om 10%¢/cm?
190 1010 260 27.8
195 816 265 224

. 200 563 270 17.8
205 367 275 13.4
210 241 280 9.3
215 164 285 6.3
220 120 290 4.0
225 Y5.2 290 2.8
230 80.8 300 1.6
235 69.8 305 1.1
240 59.1 310 0.7
215 19.7 318 04
250 41.8 320 0.3
255 35.1 325 0.2

330 ¢l

Quantum yields
No recommendation can be made for values of ¢, and ¢,
since there are no data.

Comments on Preferred Values

. The preferred values are those reported in the recent study
by Molina and Molina [2]. In the previous evaluation, CODATA

407

[3] no recommendation was given, but the results of Graham et
al. [4] for 190-330 nm and those of Cox and Patrick [5]for 195
265 nm were tabulated. The new results in references [1 and 2]
are in reasonably good agreement with each other. The critical
wavelength range for atmospheric photodissociation is 290-
330 nm, and data for this region are reported only in references
[2 and 4]. For this wavelength region the preferred results of
Molina and Malina [2] are about an order of magnitude smaller
than the corresponding values reported by Graham et al. [4],
although these studies are in reasonably good agreement at
shorier wavelengths. Owing Lo the difficultios of preparing and
handling HO,NO,, the results of Molina and Molina [2] at 298
K need to be confirmed. Also, temperature dependent studies of
cross sections and quantum vield studies are needed.

References

{1} Morel, O., Simonaitis, R., and Heicklen, J., Chem. Phys. Lett. 73, 38 (1980).

{2]) Molina, L. T., and Molina, M. J., J. Photochem. 15, 97 (1981).

{3] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cua, R. A,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

[4] Graham, R. A., Winer, A. M., and Pitts, J. N. Jr., Geophys. Res. Lett. 5, 909
1978).

[5] Cox, R. A., and Patrick, K., Int. J. Chem. Kinet. 11, 635 (1979).

5.4. Organic Compounds

O + CH;—HCHO + H

AH® = — 285.4k] mol™!

Rate coefficient data

k Jew? molecule™ ! s1 Temp. /K Reforanca Comments

Absolute Rate Coefficients

(1.85 + 0.28) X 10~ 1 300 Slagle, Pruss, and Gutman, 1974 [1] (a)
(1.0 4 0.2) 10~ 259241 Washida and Rayes, 1976 [2] (h)
(1.38 + 0.46) X 10~ 1° 298 Washida [3] (©
Relative Rate Coefficients

1.05x 1010 300 Morris and Niki, 1972 [4} (d)
Reviews and Evaluations

1.0x10-1° 200-300 NASA, 1979 [5) {e)
1.0x107'° 200-300 NASA, 1981 [6}] (e)

Comments

(a) Discharge flow-photoionisation mass spectrometric
measurement of CH, and other species. O atom concentration
determined by titration with NO,. # determined by observation
of CH; kinetics into steady state, in the reaction of O + C,H,.
Pressure = 0.71 to 2.21 Torr.

(b) Discharge flow-photoionisation mass spectrometry. O
determined by titratation with NO, and & determined from CH,
approach to steady state.

(c) Similar experiment to [1] and [2]. Appears to be a less
precise measurement.

(d) CH; produced by H 4 diazomethane reacted with () in
a concentrie double flow reactor coupled to a time-of-flight mass
spectrometer. Relative rate coefficients kit
E(0 + CgH,,) = 1.5(C¢H 5 = tetramethylethylene)
mined from relative slopes of plots of In{]R |/}Ry}y) v« J07 ]
E{O + CHpo) = 7.3 X107 em® molecule ™'« ' at 298K |7},

deter

(e} Based on [2].
Preferred Valuve
k=1.3X10"" em’ moleenle 'w ! over range 200-
300 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Reliabilicy

Alogk= +02
A(E/R)= +200K

Comments on Preferred Value

The various absolute measurements of this rate coefficient
are only in moderately good agreement considering that all were
made using the same experimental arrangement. The relative
rate study of Morris and Niki is in agreement with the direct
studies, although the authors draw attention to possible errors
arising from incomplete mixing in their flow tube. The recom-
mended value of £ is a simple mean of the results frou [1]1-{4].

O('D) + CH;—HO + CH,

AH°(1) = — 179 kJ mol ™"
AH@2) = 189 kJ mol ™!
AH®(3) = — 220 k] mol ™!
AH (@) = — 472 k) mol™!
AH(5) = — 564 kJ mol™!

BAULCH ET AL.

The results in ref. [1] suggest strongly that the designated reac-
tion channel is dominant at 300 K.
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Q)]
—O0CP) 4+ CH, (2)
—CH,0 + H; 4)
—CH3;0H (5

Rate coefficient data (k = ky + &, -+ k3 + ky + &s)

k /om® molocule™! 51 Temp. /K Reforence Commenta
Absolute Rate Coefficients
(1.57 + 0.13) X 101 295 Amimoto et al., 1979 {1] (a)
Branching Ratios
ky/k =0.12 4 0.04 295 Amimoto et al., 1979 {1] (a) (b)
kol =10 295 Amimoto et al., 1980 [2] (a) ()
Reviews and Evaluations
1.4x1071° 200-300 NASA, 1979 3] )
2.4x1071° 200-300 CODATA, 1980 [4] (e}
1.5x1071%° 200-300 NASA, 1981 [5] (d)

Comments

{a) 248 nm laser flash photolysis of 0;-CH,-He mixtures.
Time resolved measurement of O(*P) by atomic resonance ab-
sorption.

(b) Branching ratio based on yield of OCP) after all O('D)
removed in above experiments.

(c) Supersedes branching ratio given in ref. {1]. OCP) ori-
ginally attributed to channel (2) shown to result from primary
photolysis of 0.

{d) Based on average of values measured by O('D) absorp-
tion [6] and emission [7] techniques.

{¢) Based on measurements using emission techniques.

A4 Phyn, Chem, Ret. Data, Vol. 11, No. 2, 1982

Preferred Valuves

k=15X10"" ¢m® molecule™'s
300 K.
ey /T = 0.95 kgl ke = 0.1; ky/%: = O over range 200--300 K.

~' over range 200-

Reliability

Alogh = +0.1at298 K; Ak /k = Ak, /k = +0.1.
A(E/R)= +100K.
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Comments on Preferred Values

The new direct measurements of £ obtained by monitoring
OCP) formation [1] show excellent agreement with the earlier
data based on time resolved emission from O('D), and are in
disagreement with the O{('D) absorption work. The latter is
therefore rejected. The preferred value is now a mean of the
values given in ref. [1] and Davidson et al. [7], and has a corre-
sponding reduced uncertainty. The preferred values for the
branching ratios and the temperature dependence are un-
changed from the previous CODATA evaluation [4].
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HO -4 CH;—H20 4 CH4

AH®° = — 60.4 k] mol™!

Rate coefficient data

k /em® molecule ™! ™! Temp./K: Reference Comments
Absolute Rate Cocfficients
1.32X 107" 7192 exp( — 1355/T) 298-1020 Tully and Ravishankara, 1980 {1] (a)
(7.50 & 0.60)x 10~ 1% 298
Revicws and Evaluation
24X 10~ exp( — 1710/T) 200-300 NASA, 1979 (2] o)
24X 10712 exp{ — 1710/7) 200-300 CODATA, 1980 |3] (b)
24%10™ "2 exp( — 1710/7) 200--300 NASA, 1981 [4] (b)

Comments

(a) Flash photolysis of Ar-H,0-CH, mixtures. First order
decay of [HO] monitored by resonance fluorescence.

{b) Based on work of Davis et al. [5] who have reported the
only data for 7'« 296 K.

Preferred Values

k=8.0X107" cm® molecule ™' s~ ! at 208 K.
E=2.4X10""exp(— 1710/T)
over range 200-300 K.

em® molecule ~! 57!

Reliability

Alogk= +0.1at298 K.
A(E/R)= | 200K.

Comments on Preferrd Values

The new data [1] confirm the previous conclusion of non-
Arrhenius behavior for this reaction. The expression for the
temperature dependence given in [1], fits well the data over the
whole range and also a recent value at 1300 K [6], and should be

used in preference to the previously recommended expression
for temperatures > 300 K [3], which was based on earlier work
of Zellner and Steinert [7]. The preferred value for the range
200-300 K is unchanged from the previous CODATA evalua-
tion since no new data for T'< 298 K have been reported. Of
interest for atmospheric chemistry is the recent determination of
the carbon kinetic isotope effect 121 /13 = 1.0028 + 0.0021
where "’k and '*k refer to the rate coefficients for reaction of HO
with '?CH, and '*CH, at room temperature [8].
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HO + CH; + (M)—CH,0H + (M)—CH + H0 + (M)

—CH; + CO + (M)

M
(2)

—CH,CO+H+ (M) (@3)

—CH,CHO + (M) 4)

—CHCO +Hz + (M) (5)
AH°(1) = — 17 kI mol ™!
AH(2) = — 239 k] mol ™!
AH3) = — 109 kJ mol™!
AH4) = — 126 k] mol™!
AH®(5) = — 105 kJ mol ™!

Rate coetficient data (& == & 4 &y -+ k3 + £y + &)
& /em® molecule ™' s ™! Temp./K Reference Comments

Absolute Rate Coefficients
1X10-12 300 Wilson and Westenberg, 1967 {1] (@)
25X 1014 298 Bradley and Tee, 1969 [2] ()
(1.9 +0.6)x 10~ " 298 Breen and Glass, 1970 [3] ()
2.0X10~ "7 exp( — 253/7T) 210-460 Smith and Zellner, 1973 [4) @
85x10~" 298
(2.0 + 0.6)X 10~ 298 Pastrana and Carr, 1974 [5] (e)
(1.65 + 0.15)x 10713 ' 298 Davis et al., 1975 [6] ®
1.01 % 10712 ayp( — (312 4 201)/T) 208499 Perry, Atkinson, and Pitts, 1977 [7) (g
(6.79 + 0.70)xX 10~ 298
5.31 %10~ exp(— 100/T") 570-850 Vandooren and van Tiggelen, 1977 [8] (k)
3.8x10~" 298* .
(6.83 + 1.19)X 10~ exp( — (646 & 47)/T) 228-413 Michael et al., 1980 [9] @
(1.76 + 0.73) X 107 ** 298
Reviews and Evaluations
1.26X 10" exp( — 553/T) 300-2000 Kondratiev, 1970[10] Q)
2% 1071 300-1000 Wilson, 1972 [14] (k)
2.0 107 exp( — 251/T) 210-460 Anderson, 1976 (15] o

Comments

(a) Fast-flow-discharge study. Pressure ~ 1 Torr He or Ar.
HO generated by H 4 NO, reaction. [HO] monitored by e.s.r.
C,H, in excess. Value of k& quoted is actually #k where # is an
undetermined stoichiometry coefficient.

(b) Fast-flow-discharge study of the O + C,H, reaction.
Pressure 2.4 Torr Ar. E.s.r. detection of O, H, and HO. HO
removal in latter part of the reaction attributed to reaction with
C,H, but £ could only be estimated.

(c) Fast-flow-discharge study. Pressure of Ar unspecified
but presumably a few Torr. HO generated by H 4 NO, reaction.
[HO]monitored by e.s.r. Stable products analyzed by mass spec-
trometry and hence stoichiometric coefficient for HO consump-
tion determined. Product analysis suggests that channels (1) and
(5) predominate.

(d) Flash photolysis of H,/N,0/C,H, or H,0/C,H, mix-
tures diluted with He. Pressure range 10-20 Torr He. [HO]
monitored by resonance fluorescence.

{e) Fast-flow-discharge study. Pressure 1 Torr He. HO gen-
erated by H + NO, reaction. [HO] monitored by absorption at
309 nm. Values of k obtained from nk using value of » measured
in [3]. Value of k& obtained also under conditions of large C,H,
excess. Values from the two sets of conditions agree.

(f) Flash photolysis of H,0/C,H, mixtures with He diluent
{20-500 Torr). No pressure dependence found. Dependence of
k on flash energies observed and conditions chosen to avoid

J. Phyn. Chem. Ref. Data, Vol. 11, No. 2, 1982

such complications due w secoudary 1eactions,

{g) Flash photolysis of H,0/C,H, mixtures with Ar diluent
(25-400 Torr). Flow system used to avoid accumulation of pro-
ducts. Pressure dependence of % observed. Arrhenius expres-
sion is for k at 200 Torr Ar. Later study 9] suggests that at this
pressure k would still be in its pressure dependent region at
higher temperatures in the range studied.

¢h) Low pressure C,H,/ 0, flame. Molecule beam sampling
into mass spectrometer used to analyze for flame species. Large
concentrations of ketene found and attributed to reaction (3).

{i) Flash photolysis of H,0/C,H, mixtures with Ar diluent
(10-1100 Toxr). Resonance fluorescence detection of HO. Pres-
sure dependence at 5 temperatures in range studied. Arrhenius
expression quoted is for high pressure limiting values of £.

{j) Based on high temperature results of [11], [12] and erro-
neous low temperature results of {13].

(k) Accepts room temperature value of [3] and assumes
zero activation energy.

(1) Accepts results of [4].

Preferred Values

k=7.3%10"" cm® molecule ™' s~ ! at 298 K and 760
Torr pressure.

k=65%X10"1 exp(— 650/T) em® molecule ™ !'s
over the range 220-410 K, at 760 Torr pressure.

—1
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Reliability

- Alogk= ‘4 0.2 2t 298 K and 760 Torr pressure
A(E/R)—- +£200K.

Comments on Preferred Values

‘Despite several studies by different techniques there is lit-
-tle-agreement on the favored reaction channels, the characteri-
szativn of the pressure dependence, and vn vulucs for the rate
_parameters. - ‘

Evidence from crossed molecular beam studies [16], [17}is
conflicting, one favoring channel (2) and the other finding evi-
dence only for (3). Product analysis from a fast-flow discharge

. system suggests the occurrence of (5) but in a flame study large
concentrations of ketene were found, also supporting (3). More-
over if the reaction proceeds by addition to give an intermediate
which can be stabilized by collision, the findings of these low
pressure studies may not apply at higher pressures. Although
the existence of any effect of pressure on the rate coefficient has
been disputed two recent studies [7], [9] provide convincing
evidence for it, and it seems likely that reaction occurs, at least
in part, by addnct formation, the final product distribution be-
ing buth pressure and temperature dependent.

There is considerable scatter in the values reported for &
which, only to a degree, can be reconciled by the effects of pres-
sure on the rate. The recent extensive study by’ Michael et al. [9]
is considered to be the most reliable and is in agreement in the
high pressure region with earlier flash photolysis work:[7]. The
preferred value at 298K is based on [7] and [9)."At 1 atmos-
phere Ar the reaction appears to be in its limiting first order
region at least to temperatures up to ~400 K.{9]. The preferred

41

temperature dependence is taken from [9] since earlier studies
were carried out wholly, or in part, in the pressure dependent

regime.

At low pressures there are  clear dlscrepan(:les between the
flash photolysis studies and between them and the flow-dis-
charge results. Further work is required to clarify the pressure
dependence of £ and the pro¢uct dis;ribﬁtion.
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HO + C;H4 + (M)—CH2CH,OH + (M)

Rate coefficient data

k /em® molecule ™' s Temp./K Reference Comments
Absolute Rate Coefficients
{1.26 + 0.25) X 10~ 12 exp((455 + 70)/T) 299-497 Greiner, 1970 [1] @
{5.51 + 0.15) X 10~ 2 (100 Torr He) - 298
1.8X 10712 (1 Torr Ar) 300 Morris, Stedmal_l, and Niki, 1971 [2] (b)
7.5X 1072 exp( —110/T) 210-460 Smith and Zellner, 1975 [3} (©
5.1 10712 (10-20 Torr He) 300
5+ 1.7)X 107" (20 Torr He) 300 Stuhl, 1973 [4) ) (d)
{3.33 4 0.65) X 10~ 2(300 Torr He) 300 Davis et al., 1975 [5] (e}
(6:23 4- 0.33)¢ 1012 (760 Torr H,0) 381 Cordon and Mulac, 1975 [6] H
(7.31 £ 0.33)x 10~ " 416
2.5X 1072 (7 Torr He) 296 Howard, 1976 [7] (4]
2.18X 107" exp((390 + 150)/T) 298-425 Atkinson, Perry, and Pitts, 1977 [8] {hy
(7.85 + 0.79) X 10~ 12 (225-650 Torr Ar) 298
(10.0 4 1.7) X 107 % (400 Torr SF, CF,, He) 296 Overend and Paraskevopoulos, 1977 {9] (0]
Relative Rate Coefficients
(8.1 + 1.6)X 1072 (760 Torr air) 305 Lloyd et al., 1976 {10] 0
Reviews And Evaluations
2.7X 107" exp( — 2830/7T) - 350-1400 Kondratiev, 1970 [11] (%)
1.8x10- " 300 Kerr and Parsonage, 1972 {12 h
5x10712

Wilson, 1972 [13] frnd
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Comments

(a) Flash photolysis of H,0/He/C,H, mixtures. Pressures
stated to be as in other experiments in the series, i.e., 100 Torr
He. [HO] monitored by UV absorption using photographic de-
tection. '

(b} Fast flow discharge study. Total pressure, 1 Torr Ar.
HO generated by reaction of H atoms with NO,. Mass spectrom-
etry used to monitor [HO]and [C,H,]. Mass peaks correspond-
ing to adduct (C,H,OH) observed.

(¢} Flash photolysis of H,0/He/C,H, mixtures. Reso-
nance absorption used to monitor [HOJ. Total pressure, 10-200
Torr He.

{(d) Flash photolysis of H,0/He/C,H, mixtures. Reso-
nance fluorescence and multichannel scaling used to monitor
[HO]. Total pressure, 20 Torr He.

{e) Flash photolysis of H,0/C,H,/He or N, mixtures. Res-
onance fluorescence detection of HO. Pressure range 3--30 Torr
He. Rate constant shown to be pressure dependent.

(D) Pulse radiolysis of H,0 (760 Torr) in presence of small
quantities of C;H,. [HO] monitored by uv absorption spectrosco-
py-

(g) Fast-flow discharge study. HO generated by reaction of
H with NO,. [HO] monitored by laser magnetic resonance. Pres-
sure, 0.7-7 Torr He. Second order rate constant shown to be
pressure dependent. Value of £ tabulated obtained from linear
plot of 1/£ versus 1/[He] by extrapolation to 1/{He] = 0.

(h) Flash photolysis of flowing H,0/C,H,/Ar mixtures
over pressures range 10—-650 Torr Ar. |[HO] monitored by reso-
nance fluorescence. Second order rate constant found to be pres-
sure dependent.

(i) Flash photolysis of H,0/C,H, and N,0/H,/C,H, with
a variety of diluent gases (H,0, SF,, CF,, He) at pressures in

range 50-400 Torr.

()) Environmental chamber using photolysis of NO, /air
mixture at 760 Torr in the presence of small amounts of C,H,.
[COl, [C,H,4], [HO, ], [O3] measured. Results compared with si-
milar experiments using n-C,H 4 in the place of C;H,. Hence £ /
k(HO +n-C,H,;)) =2.88  obtained. % (HO + n-C,H,()

=3.0X10""? ¢m® molecule ™' s~ (a mean value of several
determinations [14~17]) used to calculate &.

(k) Based on high temperature data [18], [19], and errone-
ous low temperature results [20].

(1) Selects low pressure result of [2].

(m) Based on [1] and low pressure flow discharge study
[21].

Preferred Values

k=18.0%10""2 ¢m® molecule ™! s ™! at 298 K and 760
Torr pressure. '

k=22x10"12 exp(400/T) cm® molecule™* s~ over
the range 250-500 K, at 760 Torr pressure.

Reliability

A4 logk = 4 0.2 at 298 K and 760 Torr pressure.
A(E/R)= +200K.

Comments on Preferred Values

Reaction may occur by addition or by H abstraction. De-
spite suggestions to the contrary [22] there is compelling evi-
dence from the kinetics and from product analysis to suggest
that at temperatures in the neighborhood of 300 K the abstrac-

p/torr
2.1 1 10 190 1050
T T T T T
-11.0 %
o0 @ @ o % o
@ A A0
~11.2 1~ 8 4
- e A e [
n o) n
w
~ -11.4 - |
's o * a
= n
8 * ® M=He, refl16)
o n
= -llef o ot ret(3)
€ © o refl17] & ref(s)
"'E a [ 1) @ rafi7] A rof(8)
2 -1k o O M=Ar, ref 2]
S @ M= N, ref(5]
5
° Py O M= Air, ref [10]
~12.9 - A M= SELCFrer(y)
O M=N,0/H,,ref {9}
L ] OH=H2045010N‘ He,ref(9]
~12.2 b T
L i I I | I
-1.0 c 1.0 2.0 3.0

log(p/torr)
FICURE 6. Pressure dependence of & (HO + C,H,). For the mixtures H,0 + 50 Torr He the He pressure was held
constant, and the H,Q pressure varied in the range 0.04-4 Torr. Values of £ have been plotted as a function

of the H,0 pressure only.
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tion pathway is negligible.

Several studies have shown the second order rate constant
to be pressure dependent. Fall-off is appreciable at pressures
below ~200 Torr for He. The pressure dependence of % is
shown in figure 6 where all the available results at 298 K are
plotted. A notable feature is the apparently high efficiency of
water in stabilizing the adduct, but this finding remains to be
confirmed. The pressure dependence of % is largely responsible
for the apparent lack of concordancy of early measurements of &
which were performed at differing pressures with various di-
luent gases. We make no attempt to evaluate & in the fall-off
region but it can probably be derived to within a factor of about 2
from the figure.

Since at 760 Tocr the pressure depondeuce of & is small itis
possible to compare results obtained at this pressure with differ-
ent third bodies. At 298 K these results scatter over a range of
approximately two with no obvious correlation with techniques
or conditions. The preferred value is placed towards the upper
end of the range to agree with most of the more recent results [8-
10] with error limits which accommodate all of the results at this
preb’suﬂ: aud lempuralurc.

The preferred temperature dependence is that of {8]. The
two other studies yielding values of £ /R were performed at
lower pressures and are more likely to have been influenced by
fall-off effects, although the results of [1} is in fair agreement
with the recommended expression.

Little is known of the subsequent reactions of the therma-
lized adduct radical.
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HO + CoHg—CaoHs + H,0

AH° = — 89.5k) mol™!

Rate coefficient data

k /em® molecule ™! s~! Temp./K Reference Comments
Absolute Rate Coefficients T
(1.86 4 0.30) X 10" exp( — (1232 + 53)/7) 300-500 Greiner, 1967, 1970 [1] (a)
(3.10 + 0.7)x 10~ "2 297
(2.64 +0.17)x 10~ " 295 Overend, Paraskevopoulos, and Cvetanovic, 1975 [2] (]
6.6 +0.3)x 1073 381 Gordon and Mulae, 1975 {3] {0
(8.0+0.5)x1071 416
(2.9 4+ 0.6)x 10712 296 Howard and Evenson, 1976 [4] {d)
Reviews and Eveluations
1.28% 10~ exp( — 1800/7) 300-1500 Drysdale and Lloyd, 1970 [3] )
2.14X 1071 exp( ~ 2000/T) 302-793 Kondratiev, 1970 [8] L)
(1.08 + 0.08)X 10~ ? exp( — 1800/7) 300-2000 Wilson. 1972 (10] (&)

Comments spectroscopy-

{a) Flash photolysis of H,0/Ar/C,Hg mixtures at a pres-
sure of 100 Torr. [HO] monitored by uv absorption spectroscopy
using photographic detection.

{b) Flash photolysis of H,0/H,/C,H¢ mixtures at 50 Torr
pressure. [HO] monitored by uv absorption spectroscopy.

{c) Pulse radiolysis of H,0O (1 atmosphere) in the presence
of small quantities of C;Hg. [HO] monitored by uv absorption

(d) Fast-flow discharge study. HO generated by reaction of
H atoms with NO,; CH, added downstream in large cxeess.
[HO] monitored by laser magnetic resonance.

{e) Accepts temperature dependence of [6] but rejects abso-
lute values of {6] in faver of the one value of [ 1] at 302 K. Also
uses |7].

{f) Based on values of | 1]at 302 K and of |9] at 793 K.

{g) Based on {1, 11-13].
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Preferred Valves

k=29%10"" ¢m® molecule™’ s~ at 298 K.
k=19xX10"" exp(—1230/T) cm’ molecule™"s
over range 290-500 K.

-1

Reliability

Alogk= +0.1at298K.
AE/R)= +150K.

Cominents on Preferred Values

Recent measurements at ~ 300 K by flash photolysis and
discharge flow methods are in excellent agreement [1,2,4]. The
only detailed measurement of the temperature coefficient of the
rate constant in the range 300-500 K is that of [1], which we
adopt as our preferred value. This expression is in good agree-
ment with other results at ~300 [2,4), the higher temperature
values of [3] and, on extrapolation, is compatible with flame and
shock tube measurements up to 1000 K.

BAULCH ET AlL.
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HO + HCHO—H,0 + HCO 1)

—H + HCOOH (2)

—H + CO + H,0 €))
AH(1)= —135k] mol™!
AH®(2) = — 91 kJ mol !
AH°(3) = — 64.7 k] mol™!

Rate coefficient data (£ = ky + ky + ks)
k /em® molecule ~* s~ Temp./K Reference Comments

Absolute Rate Coefficients
(1.05 + 0.11)x 107" 228-363 Stief et al., 1980 [1] (®
Branching Ratios
ky=0 296 Morrison and Heicklen, 1980 [2] {b)
ky>0
k,/k<0.18 300 Cox et al,, 1980 [3] (c)
Reviews and Evaluations
1.0x10~" 200-300 NASA, 1979 [4] (d)
1.3x10°! 200-400 CODATA, 1980 [5] {e)
1.0x10™" 200-300 NASA, 1981 [6] _ (d)

Comments

(a) Flash photolysis-resonance fluorescence study; % inde-
pendent of [HCHO] (0.6-2.5 mTorr), {Ar] (20-80 Torr) and
flash intensity (i.e., initial [HO]).

(b) Results based on absence of HCOOH formation and
observed ¢ (CO} + ¢ (CO,) in the photolysis of HCHO-NO, mix-
tures at 366 nm.

(c) Results based on computer modelling of earlier data [7]
for HCOOH formation in photo-oxidation of CH;0NO, and as-
suming channel (2) is only source of HCOOH in the system.
Recent work suggests that the latter assumption is probably
incorrect {8].
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(d) Based on direct measurements including [1].
(e) Average of & values from direct studies [9,10].

Preferred Vaive:

k=1.1x10"" e¢m® molecule ™' s~!

425 K.

over range 200-

Reliability

Aloghk= +0.1 at 298 K.
A(E/R)= £+ 150K.
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Comments on Preferred Value.

The new data ref. [1] are in excellent agreement with the
previous flash photolysis study of Atkinson and Pitts [9], but
slightly lower than the discharge flow result of Morris and Niki
[10] and the relative rate study at 1 atm pressure of Niki et al.
[11]i-e. 1.4 107" em® molecule ™' s 1. The preferred value
of k is a mean of values from refs. [1], [9] and [10] and is inde-
pendent of temperature. It seems clear that (1) is the major
reaction channel. It would appear from the results in ref. [2] that
channel (2) does not occur, but it is probable that a fraction of the
product HCO species are sufficiently energetic to decompose to
H + CO within a short time, making the overall channel (3) a
siguificant pathway.

The branching ratio k5/k may be pressure dependent, but
the data relating to the branching ratio are not sufficiently reli-
able to provide a hasis for recommendation.

415
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HO + CH3;0H-—H,0 + CH,OH (1)

AH°(1) = — 106.0 k] mol ™!
AH°@2)= — 65.5 k] mo]™!
Rate coefficient data (k = &, + k,)
k /em® molecﬁle" s7! Temp./K Reference Comments
Absolute Rate Coefﬁcien;m T
(1.06 + 0.10)x 10~ *? 296 Overend and Pareskevopoulos, 1978 [1] (a)
(1.0 4 0.1)x 1071 298 Ravishankara et al., 1978 [2] (b)
Relative Rate Coefficients
9.4 + 1.5)x 10" 298 Osif, Simonaitis, and Heicklen, 1975 [3] {c}
(1.47 + 0.30)x 10™'* 350
(1.06 + 0.11) X 1072 292 Campbell, McLaughlin, and Handy, 1976 [4] (d)
Comments Preferred Value.

(a) Flash photolysis; resonance absorption measurement of
HO decay under pseudo first order conditions.

{b) Flash photolysis; HO followed by time resolved reso-
nance fluorescence.

(c) Steady state photolysis of N,O at 213.9 nm in presence
of CH;0H and CO. Relative rate ratios given: &/
k(HO + CO) = 0.63 + 0.10 at 298 X and 0.98 + 0.20 at 350
K. Total pressure 28-203 Torr. The values given are obtained
using 4 (HO + CO) = 1.5 X 10~ ¥ ¢m® molecule™* s ! the CO-
DATA recommended value for < 100 Torr and O, absent, at
both temperatures.

{d) Thermal decomposition of H,0,-NO,-CH;0H-CO mix-
tures. £ measured relative to reaction of HO with CO £/
k(HO + CO) = 6.7 £ 0.7 at 292 K. k calculated using low pres-
sure, O, free value of £ (HO + CO) = 1.5 107 '3 cm® mole-

cule™ st

E=1.0X10""2 cm® molecule™ s ! at 208 K.

Reliability

Alogk= 40.1at298 K.

Comments on Preferred Value

The recommended value 298 K o baed oo the twa diee
studies [1, 2] which are in exerilent apresment warh cach othie
and with the relative viate stoady of Camphelbetad (3] The resalis
of Osif et al. {4] ~eem 1o be werady oo, prohablyasareanls
of mir‘-inlt’r]:r('l;lllnl; of the <'nm|:|~'\ eneaeal svstem used, Fare

thernmre, 1 neeleas whoch value tor 2 (HO ) CO) {see data

sheet for O § COY v appeopiiate for the system. The resalts
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are therefore rejected.

There is no reliable temperature dependence study of this
reaction and therefore an Arrhenius expression cannot be given.
There are also no experimental data for the branching ratio &,/
k,. However it is probable that the more exoergic channel (1) is
dominant on energetic grounds.

BAULCH ET AL.
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HO -+ CH3CHO—CH;CO + H,0

AH®= — 138 kJ mol™!

Rate coefficient data

1 .-t

k /cm® molecule ™' s Temp./K Reference Comments

Absolute Rate Coefficients

(1.5 + 0.38)x 10~ "! 300 Morris, Stedman, and Niki, 1971 {1] (@)
6.87 X107 2 exp((260 + 150)/7T) 299-426 Atkinson and Pitts, 1978 [2] (b)
(1.60 4+ 0.16) X 107! 299.

Relative Rate Coefficients

£2x10™" 205 Cox et al., 1976 [3] (©)
(1.5 +0.16)x 10~ 298 Niki et al., 1978 [4} «)
120+ 04)x 10 ' 293 Kerr and Sheppard, 1981 [5] te)

Comments

{a) Fast-flow discharge study. HO produced by H 4+ NO,
reaction. [HO] and [CH,CHO] monitored by mass spectrometry.

(b} Flash photolysis of H,0/Ar/CH;CHO mixtures. [HO]
monitored by resonance fluorescence. Gases flowed through re-
action cell to avoid accumulation of products.

{c) Photolysis of dilute mixtures of HONO, NO, NO,, and
CH,CHO in synthetic air at atmospheric pressure [NO] and
[NO,] monitored by ozone-chemiluminescence technigue.
CH,CHQ determined by gas chromatography. % /k(HO

+ HONO)<3.1 4 0.4 measured. k (HO + HONO)
= 6.6%107 2 cm® molecule ™! 5! (authors’ value) used.

(d) Photolysis of HONO in C,H,/CH,CHO/air mixture.
[C,H,] and [CH;CHO] monitored by long path Fourier trans-
form infra-red spectroscopy. £ /& (HO 4 C,H,) = 1.9 4 0.2 ob-
tained. Value of £ found using & (HO 4 C,H,) = 8.0x 10~ "2
cm® molecule ™! s™! (CODATA evaluation).

{e) Photolysis of HONO/synthetic air mixtures containing
traces of C,H, and CH,CHO. {C,H,] and [CH;CHO] monitored
by gas chromatography. & /k (HO + C,H,) = 1.50 = 0.50 mea-
sured. k (HO + C,H,) = 8.0 X102 cm? molecule ™" s~ (CO-
DATA evaluation) used.

Preferred Values

k=1.6X10""" cm® molecule™' s~ at 298 K.
k= 6.9X107"? exp(260/T Yem® molecule ' s~
range 298-450 K.

over

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Reliability

Alog k= 4 0.1 at 298 K.
AE/R)= =+ 300.

Comments on Preferred Values

Allthe available data at ambient temperatures are in excel-
lent agreement. In the only study of the temperature variation of
the rate coefficient a small negative value was obtained [2]. Al-
though there appear to be a few other examples of such negative
dependences for hydrogen abstraction reactions, it is unusual,

and until confirmed wider error limits are suggested for this
value of £ /R.
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HO + CH3CO3NO,—products
Rate coefficient data
k /em® molecule !5 ™! Temp./K Reference Comments
Absolute Rate Coefficients
<L7Xx107" 299 Winer et al., 1977 {1] (a)

Comments

(a) Flash photolysis of H,0/CH,CO;NO,/Ny/Ar mix-

tures. [HOJ monitored by resonance fluorescence.

‘ Preferred Value
E<2X107 13 at 208 K.

HO; + CH30,—0; -+ CH300H

AH(1) = —157.2 k) mol™!
AH2)= +27.4 k] mol ™!

Comments on. Preferred Value

Only an upper limit is available.

References
[1] Winer, A. M., Lloyd, A. C., Darnall, K. R., Atkinson, R., and Pitts, J. N., Jr.,
J. Phys. Chem. 82, 1581 (1970}.

q)
)

Rate coefficient data (k = k, + 4,)

k /em® molecule ™" s ™! Temp./K Reference Comments
Relative Rate Coefficients
1.3X107%2 298 - Kan, Calvert, and Shaw, 1980 [1] (a)
Reviews and Evaluations
6.0x10™1 298 NASA, 1979 (2] )
6.5X 10712 298 CODATA, 1980 |3} (b)
7.7 X107 exp( + 1300/T) 298

NASA, 1981 {4] (b)

Comments

(a) Steady state photolysis of (CH;),N,-O, mixtures with
product analysis by FTIR Spectroscopy. Rate coefficient ob-
tained from computer simulation of product CH;00H, assum-
ing formation only by reaction of CH;0, and HO,, the latter
being produced in secondary reactions in the system. The value
of k was dependent on the rate coefficients for reactions forming
and removing HO,, as well as the branching ratio for CH,0,
disproportionation.

(b} Based on a direct measurement, ref. |5},

Preferred Valves

ky <= 6.5x107"? ¢cm® molecule™" s~ at 298 K and 760
Torr pressure.

ky=17.7X% 16— exp( + 1300/7) em® molecule ™! s™!
over range 275-338 K and 760 Torr pressure.

Reliability

4 logk = 4 0.7 at 298 K and 760 Torr pressure.
A(E/R)= + 700K at 760 Torr pressure.

Comments on Preferred Values.

The preferred value for k; is based on the Arrhenius
expression given by Cox and Tyndall [5] using molecular modu-
lation. In view of possible pressure dependence from a complex
reaction mechanism (c.f. the reaction HO, -+ HO,—products)
the preferred value is only recommended for 760 Torr pressure.
Channel (2) is considered negligible at low temperatures in view
of the reaction endothermicity.

The new relative rats data gives &) at 298 approximately a
factor of 4lower than recommended. In view of the uncertainties
in the complex chemical system employed, no weight is given to
this result at this time. However, there is need for further studies
of the kinetics of this reaction and until more information is
available we have widened the uncertainty limits to encompass
the new data.
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CH; + O,—HCHO + HO

AH®°= —215kI mol™!

Rate coefficient data

% /em® molecule™ ! ¢! Temp./K

Absolute Rate Coefficients

<5%x10~"7 1000-1220
<3X107'¢ 368
Relative Rate Coefficients

1.7+ 1.6)x10~ ™ 298
Reviews and Evaluations

<107 298

Reference Cuuunenls
Baldwin and Golden, 1978 1] {a)
Klais, et al., 1979 [2] (b)
Washida, 1980 [3] (c)
NASA, 1981 [4] (d)

Comments

(a) Very low Presanre Pyrolysic (VLPP) system. Producte
of pyrolysis of (CH;),N, in presence of O, determined by mass
spectrometry.

{b) Flash photolysis of (CH3),N,/0, mixtures. Resonance
fluorescence detection of HO. Upper limit based on absence of
observable HO signal attributable to reaction CH; + O,.

(c) Discharge flow-photoionization mass spectrometry for
detection of CH,. [CH,] steady state monitored in reaction sys-
tem: O + G,H, + O,. Reference reaction: £(0 + CH,—H +
HCHO) = (1.38 4 0.46) X 10~ *° cm® molecule™" s,
k/E(O+ CH;) =(1.23 4+ 1.16)X10™* [CODATA evalua-
tion]..

Preferred Value

E<5%10™Y ¢m® molecule ™! s~ ! at 208 K.
Comments on Preferred Value

The new relative rate coefficient measurement [3] was
made in an identical system to that used previously by Washida

& Bayes [5] and gave similar results, but with larger error limits.
The study therefore provides no additional information of value.
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There seems now a consensus opinion, refs. {2, 3] that the pres-
ence of HO, radicals, formed in the O 4+ C,H, system via the
secondary reaction HCO 4 0,—HO, 4 CO, is a source of com-
plication in these experiments. The reliability of the value for £,
which is based on extrapolation of the total rate coefficient for
CH, + O, reaction to zero pressure, when the rate of the 3 body
reaction CH; + O, + M—CH;0 + M is zero, is therefore su-
spect and the values rejected from the evaluation.

The results of the recent absolute rate determinations refs.
[1, 2] show clearly that the bimolecular reaction between CH,
and O, is negligible at least at temperatures up to 1000 K. The
preferred upper limit is based on these studies.
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HCO + 0,CO +HO, (1)
HCO + O2( + M)HCO5(+ M) (2)

AH()= ~—137.5 kJmol™1

AH°@2)= — 120 k] mol ™!
Rate coefficient data (k = &; + &,)
&/ cm® molécule " s~ Temp./K Reference Comments
Reviews and Evaluations
5.0 10~ 12 280-800 NASA, 19751] (@
5.1x10™% 298 CODATA, 1980 {2] (a)
5.0X10712 200-300 NASA, 1981 [3] (a)

Commenis

(a) Recommended value for &, only

Preferred Values.

ky =5.1X107"2 ¢m® molecule ™' s~ at 298 K.
kygky at 1 aum.

Reliability
Aloghk= +0.1

Comments on Preferred Values

New information has been reported concerning the mecha-

nism of formic acid formation in formaldehyde photooxidation
at low temperatures, refs. {4,5). HCOOH formation in HCHO
oxidation was originally attributed [6] to reactions.of HCO,
formed in the addition channel (2) but this mechanism can now
be discounted. It now appears that reaction (2) is negligible com-
pared witl the bimolecular step. (1), even at pressures near 1

AH? = —170 k] mol ™!

atm. A new ultraviolet absorption attributed to HCO has recent-
ly been reported, ref. [7]; this has been used for kinetic spectro-
scopy of HCO, but not in its reaction with O,. A temperature
dependence study of &, is clearly required.
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CH;0 + NO + M—CH;ONO + M

High pressure rate coefficients

Rate coefficient data

~1 g1

k, lem® molecu]e Temp./X: " Reference Comments
-Absolute Rate Coeffwients )
21X 10“” 440-473 Batt, Milne, and McCulloch, 1977 {11 {a)
(2.08 + 0.12) X. 10"’“ B 298 Sanders et al., 1980 [2] {b)

Comments -

(a) Thermal decomposition of methylnitrite in presence of
NO and t-BuH. Combination of these data with the equilibrium
constants gives the values indicated. For the second channel,
- (CH;0 + NO—CH,0 + HNO)/k_ (CH,0 + NO
—CH;0N0)==0.17 was estimated. )
(b) Photolysis of methylnitrite at 266 nm with CH,0 detec-

tion by laser induced fluorescence at He pressures of 10-50
Torr. HNO as a reaction product was alse detected by laser

induced fluorescence, however, no absolute estimate of its yield

could be made.

Preferred Valve

k, =2X10"" cm® molecule™ s~ over range 200-
400 K.

J. Phys, Chem. Ref. Data, Vol. 11, No. 2, 1982
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Reliability

Alogk,, = + 0.5 over range 200-400 K.
Comments on Preferred Value

Although the data agree, the preferred value remains un-
certain as long as no experimental study of the pressure depen-

dence has been made or a theoretical analysis of the pressure
dependence which is based on high temperature fall-off curves

BAULCH ET AL.

of methylnitrite decomposition. The probably pressure depen-
dent branching of the reaction into CH,ONO and HNO-
+ CH, + O also has to be reinvestigated.
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CH;0 4 O2—HCHO + HO,

AH? = —112.8 k] mol™!

Rate cocfficient data

k /cm® molecule ™' s™! Temp./K Reference Comments
Relative Rate Coefficients
(1.66 £9%)X 107 exp( — (2416 + 554)/T) 389-433 Batt and Robinson, 1979 [1} (a)
5.0x10 297
(1.21 L 0.26)x 1015 298 Cox et al., 1980 [2] (b)
Reviews and Evaluations
5X 10" exp( — 2000/T) 200-300 NASA, 1979 [3] {c)
53 1071 eap( — 2000/7) 300-450 CODATA, 1980 [4] {c)
1.26 X 10~ 13 exp( — 1352/7) 296-450 Cox et al., 1980 [2] @
9.2x10~1 exp( — 2200/T) 200-300 NASA, 1981 [5] (e)

Comments

{a) Pyrolysis of dimethyl peroxide in the presence of NO,
and O,. Product analysis by gas chromatography. Reference
reaction: CH,0 + NO,( 4+ M) = CH;ONO,( + M),
E(CH,0 4+ NOL) = 1.32X 107! em® molecule™! ¢ ™! ref. [6]

ke 7k (CH;0 + NO,) = (0.126 * 0375) exp( — (2416 + 554)/T).

(b) Photolysis of methyl nitrite in the presence of O,. Pro-
duct analysis by gas chromatography. Reference reaction:
CH,;0 + NO,( + M) = CH;0NO,( + M); kE(CH,;0 4 NO,)
=1.03x10"""  cm® molecule k /k(CH;0 + NO,)
= (11.65 4+ 0.35)X10~° at 298 K. % (CH,0 + NO,) was
based on k£ (CH;0 + NO—CH,ONO) ref. [7] together with data
from [6].

{c) Based on work of Barker et al. [8].

(d) Arrhenius expression obtained from least squares anal-
ysis of all available literature data over the range 296-450 K,
including that from ref. [1].

(e) Based on refs. [1] and [8].

-1 _~1
S

Preferred Values

k=1.5X10"" cm® molecule ™' s~ ! at 298 K.
k=1.3X10""3 exp( — 1350/T) over range 298-450 K.

Reliability

Alogk= +1.0at298 K.
A IRy = + 10K,
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Comments on Preferred Values

The two new relative rate studies of this reaction, refs. [1,2]
both employ the same reference reaction, and give resuits of
similar magnitude where the temperature ranges overlap. There
is nevertheless disturbing variability in the experimental results
and the Arrhenius parameters given in ref. [1] are probably less
reliable than ref. [2], which covered a larger temperature range.
Furthermore, data from the lower end of the temperature range
were rather arbitrarily omitted in [1]. Since the Arrhenius
expression in ref. [2] takes into account all available data for
k (CH;0 + 0,) without bias, we have used this as a basis for the
new preferred value. It should be noted that the preferred 4
factor is somewhat lower than expected for a reaction of this
type. Uncertainty limits have been widened since our previous
evaluation [4] to take into account (a) the divergently reported T
dependences and (b) possible errors in the rate coefficient for
the reference reactions of CH;0 and NO and NQ,, which are
indicated by preliminary direct studies of CH;0 reactions using
the laser induced fluorescence technique [9].
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CH20H + O,—>HCHO 4 HO,

AH°= — 723 k) mol™!

Rate coefficient data

& /cm” molecule™ ' s, Temp./K Relerenue Conunculs
Absolute Rate Coefficients o ) .
1.95X 10713 7'Y/2 exp( — (1250 + 250)/T) - 363-428 Avramenko and Kolesnikova, 1961 [1] ) (a)
(5.0X 107" 300*
2rix1071 300 Radford, 1980 [2] {b)

Comments

(a) Discharge flow-product HO, inferred from formation of
H,0,. CH,0H produced from H + CH,0H.

(b) Discharge flow-laser magnetic resonance detection of
HO, product from reaction of O, with CH,OH generated from
Cl + CH;0H reaction. It was also shown that under conditions
of earlier work [1], the apparent value of & was a factor of 20
slower, due to slow rate of CHOH production from H + CH,OH

source.

Preferred Value

k=2%10"12 cm> maleenle ™! s~ ! at 208 K.

Reliabilisy

Aloghk= +0.5.

CH3;0, +- NO—CH30 + NO,

Comments on Preferred Value

The preferred value is the direct measurement of Radford
[1], who demonstrated that the earlier work was in error. Sup-
port for a rapid rate of this type of reaction comes from steady
state photooxidation studies which showed that C; and C, a-
hydroxyalkyl radicals derived from C,H;OH and C,H,OH,
react rapidly with O, to form HO, and the corresponding alde-
hyde or ketone [3]. Addition of O, to these radicals does not
appear to occur. In the absence of reliable data on the tempera-
ture dependence a value for £ /R is not recommended. However
any T' dependence is likely to be smallin view of the rapid rate at
298 K for a radical + molecule reaction of this type, e.g.,
HCO + 0,—»HO, + CO.
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Sei. 545 (1961).
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M

CH30;, + NO( + M)—CH30,NO( + M) (2)

AH*(1) = — 58.3 kJ mol ™!
AH*(2)~ — 80 k] mol ™!

Rate coefficient data

Comments

k /em® molecule ™' s~ Temp./K Reference
Absolute Rate Coefficients o o
(3.0 + 0.2)X 1012 300 Adachi and Basco, 1979 [1] ()
(7.1 + 1.4)x10~'2 298 Sander and Watson, 1980 [2] (b
8.1+ 1.6x10"12 240--339 Ravishankara et al., 1981 {3} {e)
Reviews and Evaluations
7.0X1071 200-300 NASA, 1979 |4]
7.5x10~1 200-300 CODATA, 1980 ]5)
7.4X10™" NASA, 1981 (0]

200-300
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Comments

(a) Flash photolysis (CH,),N,-0,-Ar-NO mixtures; CH,0,
decay determined by time resolved absorption spectroscopy at
245 nm; pseudo first order conditions.

(b) Flash photolysis Cl,-CH,-0,-NO mixtures; CH,0, by
time resolved absorption in a long path system. Some indication
of a slight pressnre effect: 102k (cm® molecule ™! s~ 1) was
(6.1 + 0.7) with 75 Torr He, (6.3 + 0.9) with 350 Torr He,
(8.2 & 1.1) with 700 Torr He and (8.9 & 0.7) at 700 Torr N,
added; pseudo first order conditions.

(c) Laser flash photolysis of azomethane + O, and
Cl, + CH, + O, with NO; NO, product followed by time re-
solved laser induced fluorescence under pseudo first order con-
ditions. No effact of pressure or bath gas using 40-100 Torr Ar
and 50 Torr CH,. The yield of NO, formed for each CH,0,
produced was 1.06 + 0.24 showing that reaction occurs exclu-
sively via channel (1). Slight negative 7 dependence (£ /

= — (86 % 112)) not considered significant.

Preferred Value

ky =17.4%10""? ¢m® molecute ™' s™! over range 200-
300 K.

Reliability

Aloghk= +0.1at298 K.
A{E/RY= +250K.

Comments on Preferred Value

The results from the direct studies reported in [2] and [3]
are in excellent agreement with earlier direct measurements on
which the previous evaluations [4-6] were based. Furthermore
the observation of the time profile and yield for NO, formation
[3] confirms that channel (1) is dominant in the reaction of
CH;0, with NO at temperatures and pressures relevant to this

BAULCH ET AL.

evaluation.

The low value in [1] is almost certainly due to failure to
take into account the formation of CH;0NO product from the
fast secondary reaction of CH;0 + NO, which absorbs strongly
at the monitoring wavelength of CH;0,. A value identical with
[1] has been reported recently by Simonaitis and Heicklen {7} in
which £ was measured relative to the reaction of CH,0, with
SOk /& (CH;0, + SO,) = (4.0 4 0.8) X 10°. Howeversince it
is now known that the reference reaction is very slow, £ (CH,0,

+50,)<107 "8 ¢m® molecule™! s=' [CODATA evaluation],
the interpretation of these data is almost certainty erroneous.
The preferred value is a simple mean of the direct measurements
reported in [2], [3] and by Plumb et al. [5] and Cox and Tyndall
fOl. If the apparent small pressure effect on £, noted in [2] were
real, the earlier low pressure discharge flow study [8] would
have been expected to yield a lower value for £. Since the report-
ed values in both pressures regions are equal within experimen-
tal error, there is no firm basis for recommendation of a pressure
dependent rate coefficient.
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CH30,; + NO2; + M—CH3;0,NO; - M

AH°~ — 80 kJ mol™"?

Low pressure rate coefficients

Rate coefficient data

ko/em® molecule ™ ¢ Temp./K Reference Comments
Absolute Rate Coefficients
{2.33 +0.08) X 107*°N,] 298 Sander and Watson, 1980 [1] (a)
2.2X107°°(T/298) =" [N,] 253-353 Ravishankara, Eisele, and Wine, 1980 [2] (b)
Reviews and Evaluations
1.5X 1073 (7'/300)~ “° [N,]

NASA, 1981 [3] (c)

Comments

(a) Flash photolysis/uv absorption technique. Studied
pressure range 50-700 Torr, M = He, N,, and SF¢. Complete
analysis of the fall-off curve with a theoretical F, value 0f0.39 in

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

good agreement with the fitted value of 0.4 +- 0.10.

(b) Laser flash photolysis with long absorption path detec-
tion system. Pressure range 76-722 Torr, bath gas N,. Com-
plete analysis of the fall-off curve for 253, 298, and 353 K with

. = 0.4 independent of temperature.

{c) Based on preliminary data from refs. [1] and [2].
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Preferred Values

ko = 2.3%X107% [N,] emi® molecule ™ s~ 4t 208 K.
ko = 2.3 1073 (T"/300) = *° [N,] 'em® molecule™" s 7!
over range 200-300 K.

Reliability

Alog ko= +0.1at298K.
An= 4 2 over range 200-300 K.

423

Commenis on Preferred Valués

The data from refs. [1] and [2] agree very well confirming
the fall-off character of this reaction. We prefer a larger negative
temperature coefficient than described in ref. [2] analogous to
those generally observed for large molecules under these condi-
tions; see, e.g., this evaluation for the reaction NO, + N-
03 + N;—N,05 + N, for which n = — 4.1 was derived over
the range 200-300 .- S

High pressure rate coefficients

Rate coefficient data

k., /em® molecule™!' s~ Temp./K Reference Comments
Absolute Rate Coefficients
8.0 + 1.0)x10~ 298 Sander and Watson, 1980 {1] )
TX107 12 (T /298) 5 253-353 Ravishankara, Eisele, and Wine, 1980 [2] (b)
Review and Evaluations
6.5 X 10 (I /300) " *° NASA, 1901 [3] (o)

Commentis

(a) See comment (a) for k.

(b) See comment (b) for ky. We consider the large negative '

temperature coefficient an artifact of the interpretation. If a
larger negative T-exponent for &, and a smaller ¥, value at high-
er temperatures are used, the large negative T-exponent of £,
will decrease considerably. '

(c) Based on a theoretical analysis of & with postulated
activated complex properties. '

Proforred Vﬁlu’é

k, =8X107"? cm® molecule™* s~ ! over range 200-
400 K. '

Reliability

Alogk, = + 0.2 over range 200-400 K.
Comments on Preferred Value

There is good agreement about £, at 298 K. We prefer a
temperature independent value of k_ by analogy with the

NO, + NO,—N,0; reaction. We reject the T-coefficient der-
ived in ref. [2], see comment (b).

Intermediate Fall -off Range

From the preferred values, one derives [N,], = 3.5X10'®
molecule cm ™. For 298 K, a value of F, = 0.4 appears well
established. A temperature dependence of F, must be expected,
probably similar to that for NO, + NO,—N,05 (see this evalua-
tion). Less complete information on the fall-off range stems from
recent experiments by Cox and Tyndall, 1980 [4] who measured
k=1.6X10"" cm® molecule ™! s™! at 540 Torr of N, and
1.2X10~"* em® molecule ™! s ™% at 50 Torr of Ar at 275 K.
These data are much less complete than refs. [1] and [2] and are
not considered. The apparent observation of pressure indepen-
dent £ over the range 50-580 Torr of Ar, reported by Adachi
and Basco, 1980 [5] is not confirmed by refs. [1] and [2].
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CH302.NO; + M—CH30, + NO, + M

AH°~80 k] mol ™!

Rate coefficient data

No available experimental data

J. Phys. Chem. Rel. Data, Vol. 11, No. 2, 1982
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Preferred Valve

No recommendation.

Comments

Although no recommendation can be made it is clear that
CH,;0,NO, is quite unstable at room temperature in the gas
phase [1-3]. Thermal decomposition of the analogous isopropyl
peroxynitrate has been studied quantitatively yielding the Arr-
henius expression: & = 5.0 X 10" exp( -~ 9965/T) s, which
gives a lifetime of ~20.3 s at 300 K and 1 atm pressure. A similar
decomposition rate is expected for CH;0,NO,. However, since

the reverse reaction of CH,0, with NO, is pressure dependent
over the range 25-750 Torr (see data sheet for CH,0, + NO,)
the decomposition rate should exhibit a pressure fall-off in this
range.
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CH302 + O3—CH30 + 20,

AH°= ~ 143.9 k] mol™!

Rate coefficient data

k /em® molecule ™! 5! Temp./K Reference Comments
Relative Rate Coefficient
<2.0x107" 208 Simonaitis and Heicklen, 1975 [1] (a)

Comments

(a) Steady state photolysis of CH,-03-0, mixtures. Quan-
tum yield for 05 decay at high [0,]/[0,] was approximately 1.3
showing that secondary attack on U, by CH;0, and CH;0 radi-
cals was relatively slow, Upper limit for the ratio £ /£ v *(CH,0,
+ CH,0,) = 3.2X 10~ " em*? molecule ™ /2 s~ % £ evalu-
ated using #(CH;0, 4+ CH;0,) = 3.7X107* em® mole-
cule™! s~ ' (CODATA).

Preferred Value
k<2.0%x10~" ¢m® molecule "5~ at 208 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Value

The recommended upper limit is based on ref. [1]. Similar
results have been reporied by DeMore [2] for this system which
support the upper limit reported for £ in ref. [1]. Thus the reac-
tion of CH;0, with O, is certainly slow compared to its other
removal processes, primarily the CH,0, + CH,0, reaction.
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CH30, + CH30,—~CH30H + HCHO + O, (1)
—»2CH30 + O, (2)
—»CH300CH; + O, 3

AH°(1) = — 340.9 kJ mol ™"
AH@) = — 2.4 k] mol™!
AH°(3) = — 157.1 kJ mol™*

Rate coefiicient data (¢ = ky -+ &y + k3)

% /om® molooule™! 5! Tomp./K Refercnce Comments
Absolute Rate Coefficients
(4.15 + 0.04)x 10" 300 Kan and Calvert, 1979 {1] (a)(h)
(8.7 1 0.2)» 101 300 Sanhucza, Simunaitis, and Heivklen, 1979 [2] (a)(v)
(4.2 +0.5)x 10" ' 295 Kan et al., 1979 [3] (a)d)
(5.2 +0.9)x 1071 298 Cox and Tyndall, 1980 {4] (a)(e)
8.7 +0.7)x107"1 . 208 Sander and Watson, 1980 [5] (a)f)
(1,40 + 0.20) X 10~ " exp((223 = 41)/T) 250-420 Sander and Watson, 1981 [6] (@)g)
3.0+ 05)x107* 298
(5.8 + 0.5)x 10~ " 300 ~ Adachi, Basco, and James, 1980 [7] (h)
Branching Ratios
ky/le; =1.32 +£0.16 298 Kan, Calvert, and Shaw, 1980 [8] (i)
byl
Beviews and Evaluations
4.6X10~ % 298 CODATA, 1980 (9] (1]
4.0x10™1 208 NASA, 1981 [10]

Comments

(a) & value is for overall second order decay of CH;0,,
including secondary removal from products of (2) as defined by
—~ d [CH30,)/dt = 2k[CH,0,]%.

(b) Flash photolysis of (CH,),N,-0,-H,0 mixtures; CH,0,
measured by uv absorption. Presence of 14 Torr H,0 influences
uv spectrum of CH;0,, shifting maximum from ca. 240 nm to ca.
250 nm. This indicates complex formation of CH,;0, with H,0.
k was, however, unaffected by H,0 and also by changes in moni-
toring wavelength. & /0(245 nm)=1.36xX10° cms ',
0(245) = 3.06 X 10~ "% cm®molecule ~*, ([H,0) == 0); & /0(265
nm) = 1.5X107° ems™!, 0(265) = 2.7X107"® cm?® mole-
cule™! (14 Torr H,0); % /0(265 nm)=2.13X10° cms™!
Taes = 1.95X 1078 cm? molecule ™! ([H,0] = 0).

(c) Flash photolysis of Cl,-CH,-0, mixtures at room tem-
perature and pressure range 60-750 Torr. CH;0, monitored by
absorption at 254 nm. Pressure and [H,0] independence of &
reported. k£ /0(254 nm)=147X10"° cms™' o254
nm) = 2.52 107" em? molecule ~* [11].

(d) Flash photolysis of (CH,),N,-O,, CH,0, menitored in
absorption at 265 nm. Second order decay curves showed some
deviation at long delay times. Linear portion analyzed for .
k/0(265) = (2.04 - 0.25)X10° cems™!, 0(265 nm)

= (2.03 4 0.10) X 107 ** em* molecule ™', Evidence found for
reaction of CH;0, with (CH;),N,. Authors also estimate that the
true value of the rate coefficient % after allowance for secondary
removal of CH;0, is £ 2 3.8 X 107 "* cm® molecule ™! s~ !,

{e) Molecular modulation; CH;0, by absorption at 250 nm
in photolysis of Cl,-CH4-0, mixtures £ /a(250) = 1.33 X 10°
ems™ !, 0 =23.9%X10""8 cm? molecule ™" s~ at 250 nm.

(f) Flash photolysis (CH,),N, + O, and Cl, -+ CH, 4 0,

mixtures. CH;0, by long path uv absorption. %/
o=(1.064+0.07)X10° ems™' at 245 nm and
(2.84 + 0.36)X10° cm s~ at 270 nm. Value quoted is a mean
value using ¢ values obtained by Hochanadel et al. [1]. Small
effects of varying O, and adding CO are reported.

(g) Flash photolysis of Cl, + CH, 4+ O, mixtures. o deter-
mined from absorption at ¢ = 0 extrapolated from decay curves
and estimate of [CH;0,], from change in Cl, concentration in
flash. 0(250 nm) = (2.5 + 0.4) + 107 cm® at 298 K. 4/
(250 nm) — (5.6 - 0.8) X 10% exp((223 + 11)/T) om s~}
(250420 K).

(h} Flash photolysis of diazomethane—CH;0, monitored
by uv absorption. Absorption coefficients measured from com-
parison of yield of N, with absorption at ¢ = 0 from extrapola-
tion of decay curves. 0240 nm) = 5.58X 10~** cm? mole-
cule™ 'k /o = (1.04 4 0.10) X 10° cm s~ ! at 240 nm. Note the
k value reported is corrected for secondary removal of CH;0,
and is a factor of 1.08 lower than the observed overall second
order decay coefficients. The latter showed a small increase with
increasing [0,].

(i) Steady state photolysis of (CH;),N,-0, mixtures with
product analysis by FTIR spectroscopy. Some unidentified pro-
ducts found indicating a complex mechanism for secondary re-
actions.

(j) Based on molecular modulation studies of Parkes [12].
Also gave k,/k = 0.33 at 208 K.

Preferred Values

kF=3.7%10"" ¢m® molecule ™' s~! at 2908 K.
kol ke = 04 ky/£<0.075 at 298 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Reliability

Alogk= 4+ 0.3at298K.
Ak, /b= +0.15.
Aky/k = +£0.075.

Comments on Preferred Values

The recently reported values of k at room temperature are
only in moderately good agreement, the values tending to fall
into two groups depending on the absorption cross section deter-
mined. Unfortunately the measured parameter, £ /o cannot be
directly compared since measurements were made at different
wavelengths. The absorption cross sections obtained from the
flash photolysis experiments reported in [1,3,6, and 11] are in
good agreement but those from ref. [7] (flash photolysis) and
molecular modulation [4,12] are approximately a factor of 1.5-
2 higher. The reason for this discrepancy is not apparent and it
causes considerable uncertainty in £.

The preferred value for £ was obtained as follows: A pre-
ferred value of & /6(240 nm) was obtained fram all of the avajl-
able data in refs. [1-7,11, and 12}, using a normalized spectrum
based on data reported in refs. [1,11, and 12]. Data from refs.
[1,3,4,6,7,11, and 12] was then averaged to give (240
nm) = 3.9 X 10 '* cm® and the overall second order decay co-
efficient thus obtained, %o=4.49X10"" em?® mole-
cule™! 57!,

Interpretation of the kinetie data to obtain k is complicated
in this system by possible secondary removal of CH;0, by radi-
cal products resulting from channel (2). This is discussed in [3,5]
and [11]. It can be shown that %o/ can have any value between 1
and 1 + k,/k, depending on the chemical fate of CH;0 in the
system. The branching ratio k,/% has been determined to lie in
the range 0.33-0.43 [3,11,12]. Taking the preferred mean val-

ue of 0.4 gives 1.0 < %/k < 1.4. In view of the complex chemis-
try involving CH;0, an average value of £o/k = 1.2 4 0.2 is
preferred giving & = (3.7 4 0.7) X 10~ ' ¢m® molecule ~! s,
The preferred value of £5/k = 0.075 is based on the work in [7]
which is basically in agreement with earlier work [12].

The recent study of the temperature dependence of % re-
ported in ref. [6] shows a slight negative 7' dependence over the
temperature range 250-420 K. This supports the earlier find-
ings of Parkes [12] and Anastasi et al. [14] of no apparent T
dependence of & over a smaller temperature range.
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74, 1698 (1978).

C2Hs 4 O2( + M)—C,H502( + M)

AH® = —106.1 kJ mol™*

Rate coefficient data

k /em® molecule™' 5! Temp./K Reference Comments
Relative Rate Coefficient
6.9% 1012 205 Dingledy and Calvert, 1963 [1] @
Reviews and Evaluations
6.8X107"2 300 Demerjian, Kerr, and Calvert, 1974 (2] (b)
Comments procedure used to evaluate k. The value was independent of total

(a) Flash photolysis of azoethane-O, mixtures. Product
analysis by mass spectrometry and gas chromatography. C,H;
concentration during experiment modeiled from flash intensity
profile and yield of n-C;H,, formed in the reaction
2C,Hs—C4H,o. Hence £ relative of &(CHs+ C,Hs)
= 4.3%107"" em® molecule ™" s ™! [3] but complex iterative

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

pressure (4.8-103 Torr). The bath gas was azoethane + diethyl

ether.
(b) Based on ref. [1].

Preferred Value

k=6.9%10""? cm® molecule ™! s ! at 298 K.
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Reliability
Alogk= +0.5.

Comments on Preferred Value,

The preferred value is based on the single experimental
kinetic study of this reaction, which involved a rather indirect
determination of 4 from simulation of the complex chemistry
oceurring in the flash photolysis of azocthanc-O, mixtures. The
value is, nevertheless, very reasonable for a radical + 0, associ-
ation reaction near the high pressure limit (e.g. CH; + O, + M-
—CH,0, + M, £ = 2X 107" cm® molecule ™! s~ !). The re-

427

sults also show that £ is independent of pressure down to 4.8
Torr azomethane, although with air as bath gas, fall-off in & may
start at a higher pressure. It is probable, however, that the high
pressure value given above is applicable for atmospheric chem-
istry at least up to the tropopause. The high pressure value is

expected to have little or no temperature dependence in the
200-300 K range.

Reforoncos
- [1] Dingledy, D. P., and Calvert, J. G., J. Amer. Chem. Soc. 85, 856 (1963).
[2] Demerjian, K., Kerr, . A., and Calvert, J. G., Adv. Environ. Sci. Technol. 4,
1(1974).
[3] Shepp, A., and Kutschke, K. O., J. Chem. Phys. 26, 1020 (1957).

AH® = — 139 kJ mol™!

Rate coefficient data

& /cm® molecule ™! s™! Temp./K Reference Comments
Reviews and Evaluations
3.8x10~"7 300 Demerjian, Kerr, and Calvert, 1974 [1} (a)
17X 107" exp( — 2000/7) " Batt, 1979 {2] o)
1.2x107% 303 Carter et al., 1979 [3} {©
Comments tion of NO,, which was calculated, not measured. There is conse-

(a) Based on estimate for the analogous reaction. of
CH,0 + O, which was obtained from modelling smog chamber
data.

(b) Based on unpublished results (Batt and Patrick) for
photolysis of ethyl nitrite in presence of 0,.

{c) Based on analogy with CH;0 + O,.

Preferred Values

No recommendation.

Comments on Preferred Values

The only experimental study reported in [2] of this reaction
suffers from lack of sufficient data for a proper interpretation.
Theratiok /k (C,H50 + NO,~C,H;NO,) was determined from
the yields of CH;CHO and C,;H;NO; and the mean concentra-

quenily considerable uncertainty in the values of £ derived,
which are, however, very similar to those for the analogous reac-
tion of CH,0 with O,. No recommendation can be made on this
basis, but provisionally it is suggested that the Arrhenius
expression recommended for the reaction of CH;0 with O, is
used for &.

References

{1) Demerjian, K , Kerr, ]. A, and Calvert, J. G., Adv. Environ. Soi. Technol. 4,
1(1974).

[2] Batt, L., Proc. 1st European Sympsoium on Physico-Chemical Behaviour of
Atmospheric Pollutants, Ispra, Italy October 1979. Comm. Europ. Com-
munities, EUR 6621 (1980).

[3]Carter, W. P. L., Lloyd, A. C., Sprung, J. L., and Pitts, J. N., Jr., Int. ). Chem.
Kinet. 1, 45 (1979).

[4] Bau, L., and Milne, R., Int. J. Chem. Kinet, 9, 549 (1977).

CoH50, +- NO—C;H;0 + NO,

AH° = — 74.5 k] mol™!

Rate coefficient data

k /em® molecule ™' ™! Temp./K Reference Comments
Reviews and Evaluations T o T
3.2x107"1 300 Demerjian. Kerr. and Calvert. 1074.(1) (a)
2.0x10™" 303

Carter et al., 1979 |2} (b)

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Comments

(a) Estimate based on the then current estimate for
E(HO, + NO) = 1.3 X 10~ cm® molecule ™" s™*, now known
to be a factor of 60 too low.

(b) Estimate based on Smog Chamber modelling studies.

Preferred Value

k= 7410712 em® molecule™! 6~ ! at 208 K.

Reliabilivy

Alogk= +05.

Comments on Preferred Value

There are no experimental measurements of this rate coef-
ficient. The above recommendation is based on the assumption
that the reaction of ethylperoxy radicals with NO will be similar
to the analogous reaction of CH;0 and NO for which the rate
coefficients are moderately well established at 298 K and show
very little temperature dependence in the 200-300 K range (see
CODATA evaluation). The error limits reflect the uncertainty in
drawing this analogy.

References
[1] Demerjian, K., Kerr, J. A., and Calvert, J. G., Adv. in Environ. Sci. Technol.
4, 1 (1974).
[2] Carter, W. P. L., Lloyd, A. C., Sprung, J. L., and Pitts, J. N., Jr., Int. J. Chem.
Kinet. 11, 45 (1979).

C2H50, + NO2( + M)-—>CaH50,NO2( + M)

AH°~ — 80 kJ mol™!

Rate coefficient data

No experimental data

Preferred Value
5.0 107 "2 cm® molecule ™! s7! at 2908 K and 1 atm.

Reliability

Aloghk= +0.7 at 298 K.

Comments on Preferred Value,

The preferred value is for 1 atm pressure air and is suggest-
ed by analogy with the corresponding reactions of methyl per-
oxy and acetylperoxy radicals to form peroxynitrates (CO-
DATA). Since the reaction is probably near its high pressure
limit at 1 atm, M == air, a zero of small negative temperature
coefficient is expected for the 200-300 K range..

C2H50,NO,( + M)—CH50;2 + NO2( + M)

AH°~80 kJ mol ™!

Rate coefficient data

No experimental data available

Preferred Value

No recommendation.

Comments

Decomposition rate coefficients probably similar to those
for isopropylperoxynitrate, for which the following Arrhenius
expression isreported: & = 5.0 X 10™ exp( — 9965/7)s ™' [1].

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Reference
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741 (1979).
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CH;CO; + NO—>CH3' + CO; + NO,

AH° = —133.9 kJ mol™!

Rate coefficient data

k /em® molecule ™! s ™! Temp./K Reference Comments
Relative Rate Coefficients
1.0x1071 300 Cox et al., 1976 [1] (a,b)
(L.14+0.3)x10™!! 295 Cox and Roffey, 1977 [2] (b,c)
(2.1 +0.83)x 10! 298-318 Hendry and Kenley, 1977 (31 (b.d)
Reviews and Evaluations
3.1x10-" 298

Demerjian, Kerr, and Calvert, 1974 [4] (e)

. Comments

(a) Photolysis of dilute HONO-CH,CHO mixtures in air.
Ratiok /& (CH;CO; + NO,) = 1.7 measured from effect of ratio
[NOJ/[NO,] on yield of peroxyacetyl nitrate.

(b) % calculated here wusing & (CH;C0;+ NO,)

=6X107" cm® molecule ' s ™! (CODATA evaluation).

(c) Thermal decomposition of peroxyacetylnitrate in pres-
ence of NO. £ /k (CH;CO; + NO,) = 1.58 4 0.6] determined
from effect of ratio [NO]/[NO;] on the rate of thermal decompu-
sition of CH,CO,NO,.

(d) Similar techniques to (c); % /%(CH;CO;5 -+ NO,)y

== 3.5 + 0.5 independent of temperature over range 298-318
K.

(e) Estimate based on the then current estimate for
k (HO, -+ NO) = 1.3 X107 ¢m® molecule ™ s~ !, now known
to be a factor of 60 too low.

Preferred Values
E=14X10"" cm® molecule™! ¢~ at 208 K.

Reliability

Alog k= +40.7.

Comments on Preferred Values

The determination of this rate coefficient relies entirely on
measurement of its rate relative to that for the reaction of
CH;CO; with NO, to form peroxyacetylnitrate. The results from
[1] and [2], using different techniques, agree well, but the data
from [3], which give a higher value of k /& (CH;CO; + NO,)
claim to have less experimental error. This preferred value is a
mean of all three determinations of % using the CODATA recom-
mended value of % (CH;CO; 4+ NO,) = 6X10~"* cm® mole-
cule™!s™!. The error limits reflect errors for both
£ (CH,CO, 4 NO,) and for the relative rate determination. A
fast bimolecular reaction of this type is expected to exhibit a zero
or slightly negative temperature dependence.

References
[1] Cox, R. A., Doxwent, R, G., Holt, . M., aud Keu, J. Al Jo Chicine Suu,
Faraday Trans. 1 72, 2061 (1976).
[2] Cox, R. A., and Roffey, M. J., Environ. Sci. Technol. 11, 900 (1977).
[3] Hendry, D. G., and Kenley, R. A., J. Amer. Chem. Soc. 99, 3198 (1977).
[4] Dermerijian, K. L., Kerr, J. A., and Calvert, ]. G., Adv. in Environ. Sci.
Technol. 4, 1 (1974).

CH;CO; + NO,( + M)—CH3;CO3NO,( 4+ M)

AH°= —110k] mol™"

Rate coefficient data

Comments

k fem® molecule ™! s™! Temp./K Reference
Absolute Rate Coefficients
14X 107" (1 atm air) 294-328 Cox and Roffey, 1977 [1] {n}
1.0X107 " (L atm N,) 298-313 Hendry and Kenley, 1977 [2] {u}
(2.1 + 0.4)X 10~ 2 (28 Torr 0,) 302 Addison et al., 1980 [3] (hy
(6.0 + 2.0)X 10~ "2 (715 Torr O,) 302
Reviews and Evaluations
3.3% 107 (1 atm air) 298

Demerjian, Kerr, and Calvert, 1974 |4} {r)

Comments

(2) Based on Arrhenius expression for measured rate coef-
ficients for thermal decomposition for peroxyacetylnitrate and

estimated equilibrium constant. Uncertainty quoted was + a
factar of 10,

(b) Molecnlar modulation—uv absorption for measure-
ment of CH;CO, in absorption band characterised in the same

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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study. Pseudo first order kinetics for CH;CO; in excess NO,.
CH;CO; produced by photolysis of Cl,-CH;CHO-0, mixtures
and monitored at 245 or 255 nm.
(c) Based on analogy with reaction CH;0+ NO,
—CH;0NO,. The rate constant used for the CH;0 + NO, re-
action has subsequently been revised upwards by a factor of 30.

Preferred Value

k=6X10""?cm® molecule™" s ! at 1 atm pressure and

at 298 K.

Reliability

Aloghk= 4£0.5a1298 K.

BAULCH ET AL.

Comments on Preferred Value

The preferred value at 1 atm pressure is based on the direct
measurements of Addison et al. [3], which supersede all pre-
vious estimates which are subject to large uncertainty. The di-
rect measurements also indicate that the reaction is pressure
dependent below 1 atm but insufficient data are available to
describe the fall-off in £ with pressure accurately. Only a value
for 1 atm is therefore recommended. Since this value is undoubt-
edly near the high pressure limit it should exhibit little if any
temperature dependence.

References
[1] Cox, K. A., and Roffey, M. J., Environ. Sci. Technol. 11, 900 (1977).
[2] Hendry, D. G., andKenley, R. A., J. Amer. Chem. Soc. 99, 3198 (1977).
[3] Addision, M. C., Burrows, J. P., Cox, R. A., and Patrick R., Chem. Phys. Lett.
73, 283 (1980).
[4] Demerjian, K, Kerr,J. A, and Calvert,J. (&, Adv. Envir. Sei. Technol 4., 1
(1974).

CH3CO3NO,( + M)—CH3CO;3 + NO2( + M)

AH®=110 kJ mol™"'

Rate coefficient data

k/s™! Temp./K Reference Comments

Absolute Rate Coefficients

4% 10~ (1 atm) 298 Pate, Atkins, and Pitts, 1976 [1] (a)
(8129 X 10" exp( — (12500 + 380)/7) (1 atm) 294-328 Cox and Roffey, 1977 |2] (b}
4.6Xx107* 298

(295)X10" exp{ — {13510 + 452)/7) (1 atm) 298-313 Hendrey and Kenley, 1977 |3} (c)
3.6x107* 298

3.2x10' exp(— 13610/T) (1 atm) 295-315 Schurath and Wipprecht, 1979 [4] {a)
4.8x10™* 298

Comments Comments on Preferred Values

(a) Rate of thermal decomposition of peroxyacetyluitrate in
presence of excess NO was determined.

(b) Rate of NO oxidation measured in the thermal decom-
position of peroxyacetylnitrate in the presence of excess NO in
air. NO rate related to £ with stoichiometric factor which was
only determined at 296 K. 298 K value calculated from Arrhen-
ius expression.

{c) Rate of exchange of **N between CH;CO; “NO, and
15NO, measured as well as decay of peroxyacetylnitrate in the
presence of excess NO.

Preferred Values

E=42X10"*s""a1 298 K and 1 atm.
k=1.12x10% exp(— 13330/7T) s~ ! over range 295-
330K and 1 atm.

Reliabilivy

Aloghk= -+0.1at298K.
AFE/RY= +100K.

4. Phyn. Chem. Ref. Data, Vol. 11, No. 2, 1982

The reported values for £ at 298 K are in excellent agree-
ment. The temperature dependence of Hendrey and Kenley’s
data [3] is in excellent agreement with that of Schurath and
Wipprecht [4] but the data of Cox and Roffey [2] which was
detormined over a elightly wider temperature range, gives a low-
er £ /R. This may arise from a systematic change in the stoichio-
metry factor relating the measured rate of NO removal with £, in
the latter study which was only determined at one temperature.
However, over the common temperature range, the error bars on
the experimetal values in all studies overlap.

The preferred Arrhenius expression is based on the mean
value of £ /R from the three temperature dependence studies
with an 4- factor adjusted to give a 298 K value of £ equal to the
mean from all four studies, ji.e., 4X2X107* s~ L. The pre-
ferred values are for a pressure of 1 atm air only; based on
experimental results for reverse reaction, k is pressure depen-
dent below 1 atm.. '
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HCHO -+ Av->products

Primary photochemical transitions

Reaction 4 Hy/kd mol™! A threshata /M
HCHO + Av—H + HCO (1) 358.4 334
SH,+CO0 ) —91
Absorption cross-section data
Wavelength range/nm Reference Comments
326.1 Platt, Perner, and Patz, 1979 [1] {a)
261-355 Bass et al., 1980 [2] {b)
240-350 Moortgat et al., 1980 [3] {c}
Quantum yield data (¢ = ¢, + ¢,)
Measurement Wavelength/nm Reference Comment
/¢ =063 313 Morrison and Heicklen, 1979 [4] {d)
¢ =1 290-330 Moortgat et al., 1980 [3] (e)
¢ =075 250
g2l > 330
=04 320 Tang, Fairchild, and Lee, 1979 [5] ®
0.8 300

Comments

(a) 0= 7.8 X 10 * cm® molecule ™" for 2°4' band mea-
sured with resolution of 0.3 nm. Agrees with Moortgat et al. [3].

{b) Cross-sections measured in a long path cell containing
0.5-5 Torr HCHO (> 99.9% pure) with a resolution of 0.05 nm.
Temperatures: 296 and 223 K. Effect of lower temperature was
a decrease in absorption on the red side of the main bands.
Cross-sections averaged over 5 nm and 10 nm intervals given as
well as.complete spectrum. .

{c) Cross-sections measured over the temperature range
211-362 K with resolution of 0.5 nm. Values at 5 nm resolution
are also given at 220 and 298 K.

(d) Photo-oxidation of HCHO at 313 nm studied. ¢ (CO)
and ¢ (HCOOH) determined as function of [0,] and [HCHO].
‘Total @ (as measured from CO yield) decreased with increasing
0, pressure. Results in conflict with all previous studies and are
interpreted as strong quenching of ¢, and ¢, by O,.

(2) Quantum yields ¢ (CO) and ¢ (H,)) measured as function
of wavelength 240~355 nm for HCHO at low concentration in
air. Confirmed results of Moortgat and Warneck [7] including
pressure and temperature dependence of ¢, at A > 330 nm.

{f) Laser induced photodecomposition at HCHO from the
single vibronic levels of the excited 4 '4, state. ¢, determined
from H atom yield measured by HNO chemiluminescence in

reaction H + NO—HNO + &v.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Preferred Values

Absorption cross-sections and quantum yields for HCHO photolysis at 760 Torr®
10 g/cm®

Wavelength/nm 286 + 9K 218 +4K P, P,
240 0.03 0.02 0.20 0.49
250 0.13 0.08 0.26 0.51
260 0.47 0.47 0.33 0.51
270 0.86 0.85 0.43 0.48
280 1.86 1.93 0.60 0.40
290 2.51 247 0.72 0.28
300 2.62 2.58 0.79 0.21
310 245 2.40 0.79 0.21
320 1.85 1.71 0.64 0.36
330 1.76 1.54 0.31 0.61
340 1.18 1.10 0 0.57
350 0.42 0.39 0 0.33
360 0.06 0.02 0 0.14

* All values averaged for 10 nm intervals of wavelength centered on indicated wavelength.,

Pressure dependence of quantum yields for HCHO photolysis in air

¢, independent of pressure; ¢, pressure independent at

A <329 nm and 300 K.
#,
Pressure/Torr | 760 500 250 100 0
A/nm
340 0.69 0.77 0.87 0.94 1.0
350 0.40 0.50 0.67 0.83 1.0
355 0.26 0.35 0.51 0.73 1.0

Comments on Preferred Values

The new measurements of absorption cross-section for
HCHO in the 4 '4,«-X "4, system provide a firmer data base

tross - section x 10°° cm? Molecute™

than previously available. The new values are 25 to 50% lower
than thosé previously recommended on the basis of McQuigg
and Calvert’s [6] measurements. Also the values of Bass et al. [2]
are ~25% lower than those of Moortgat et al. [3] at wavelengths
= 300 nm. The recommended 10 nm averaged values of ¢ are
based on the data from ref. [2] at 296 and 223 K and from ref.
[3] at 277 and 214 K. Figure 7, supplied by G. K. Moortgat,
shows the spectrum of HCHO at 0.5 nm resolution and 277.4 K.
The absolute values of & shown are about 3 percent lower than
the values tabulated in ref. [3]..

The new quantum yield measurements from Moortgat et al.
[3] extend the data hace ta 240 nm_ The resnlts of Morrison and
Heicklen for HCHO/Q, mixtures are in conflict with those of
others, and their conclusions are therefore of uncertain value.
The preferred values for HCHO photolysis in air are based pri-
marily on the earlier work of Moortgat and Warneck [7], Horo-
witz and Calvert [8] and Clark et al. [9], and these results are

T T T T 1 T T T
HCHO 277-4K
8t i
7 -
8l |
5 1
A k -
3k _
2 A
0 | 1 1 1 | ) 1 |
370 280 230 300 316 320 330 340 350

Waveiength,nm

FiGurE 7. Absorption spectrum of HCHO. Resolution of 0.5 nm, 7= 277.4 K, private communication from
G. K. Moortgat.
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Ficure 8. Wavelength dependence of HCHO photolysis quantum yields.
plotted together with those from ref. [3] in fig. (8). The new data References

of Tang et al. [5] also show agreement for ¢,. The pressure .

dependence of ¢, at 4> 329 nm and 300 K is calculated from
the expressions given by Moortgat et al. [3]:
$=[1+p( —¢,AN$,4)]7" for A>340

where p = pressure in atm. ¢,(4 ) is the total quantum yield
(@, + ¢,) at 1 atm pressure, which is given by the expression

. A—A
A)=1— (___L)
s)=1-p( 7=
where Aq=329 nm; A, —A,==355-320=26 nm and
B=1—¢,(355) = 0.74 (as measured).

{1] Plawt, U., Perner, D., and Patz, D., J. Geophys. Res. 84, 6329 (1979),.

[2] Bass, A. M., Glasgow, L. C., Miller, C., Jesson, J. P., and Filkin, D. L., Planet.
Space Scl. 28, 675 (1980).

[3] Moortgat, G. K., Klippel, W., Mobus, K. H., Seiler, W., and Warneck, P.,
“Laboratory Measurements of photolytic parameters for formalde-
hyde,” FAA Report FAA-EE-80-47, US Dept. of Transport, Office of
Environment and Energy Washington DC (Nov. 1980).

[4] Morrison, B. M., Jr., and Heicklen, J., J. Photochem. 11, 183 (1979).

[5] Tang, K. Y., Fairchild, P, W,, and Lee, E. K. C,, J. Phys. Chem. 83, 569
(1979).

[6] McQuigg, R. D., and Calvert, J. G., I. Amer. Chem. Soc. 91, 1590 (1969).

4] Moortgat, G. K., and Warneck, P., J. Chem. Phys. 70, 3639 (1979).

[8] Horowitz, A., and Calvert, J. G., Int. J. Chem. Kinet. 10, 805 (1978).

[9] Clark, }. H., Moore, C. B., and Nogar, N. 8.,J. Chem. Phys. 68, 1264.(1978).

CH3;O0H + Av—products

Primary photochemical transitions

Reaction

AH /K mol ™'

aw——iiL

CH;00H + kv—CH,;0+ HO (1) 184.6 647
—CH; +HO, (2) 287.1 429
—CH,0,+H (3) 365.1 335 |
* Caloulated assuming 4H,* — 4H",,, C', data not available for CH,00H. )
Absorption cross section data
Wavelength range/nm Reference Comn;‘enls

210-350
210-280

Molina and Arguello, 1979 {1}
Cox and Tyndall, 1979 [2]

(a)
(b)

Comments

(a) CH;00H prepared by standard method and abserption
measured in long-path cell in 15 separate runs. Beers Law

obeyed. Similar spectrum observed on agneous solution, which
agreed with earlier solution work.

(b) Absorption of product of reaction of C1,0}; 4+ HQA,
photolysis of Cl,-CH;-H,-0, mixtures. Assumed absorption due
to CH,00H.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Quantum Yield Data

Quantum Yields

No data.. No recommendation.
Preferred Values Comments on Preferred Values
Absorption cross sections
The preferred absorption cross scction data arc thosc of
A/mn 10%g/cm? Molina and Arguello [1], taken directly from their tabulation.
The data of Cox and Tyndall can only be considered approxi-
223 37.5 mate since it was not established that the absorption was due
530 igg entirely to CH;O0H. The values agree well with those in {1] at
240 88 A <230 nm but are higher at longer wavelengths. No data are
250 5.8 available on the quantum yield or branching ratio for CH,O0H
;gg ;; photolysis but, by analogy with other peroxide specics, it is
280 15 probable that @, =1 and P, = @, = 0 for all wavelengths
200 0.90 >200 nm [3].
300 0.58 .
310 0.34
320 Q.19
330 0.11 References
340 0.06 [1] Molina, M. J., and Arguello, G., Geophys. Res. Letters. 6, 953 (1979).
350 0.04 {2} Cox, R. A., and Tyndau, C. 8., Chem. Phyo. Lott. 65, 357 (1079).
[3] Hampson, R. F., Jr., J. Phys. Chem. Ref. Data 2, 290 (1973).
CH30,NO; + Av—products

Primary photochemical transitions

Reaction AH ;55/k] mol ™! Aipreshold / A
CH,0,NQ, + hv—CH;0, + NO, 1493
—CH,0 + NO, 956
Note: Only approximate values of 4H °,qq values are given since the heat of formation of CH;0,NO, is not well known.
Absorption cross-section data

Wavelength range/nm Reference Comments

200-310 Cox and Tyndall, 1979 {1] (a)

210-280 Morel, Simonaitis, and Heicklen, 1980 [2] {b)

240-280 Sander and Watson, 1980 [3] (c)
Quantum yields: No data.

Comments Preferred Values

(a) CH;0,NO, prepared in photolysis of Cl,-CH,-0,-NO,
mixtures at 275 K. Absorption cross sections based on assump-
tion that all CH,0, radicals produced in system reacted with
NO,. Correction for absorption due to NO, and O; was also
necessary.

(b) Similar to (a) using 366 nm photolysis and at 296 K.

(c) Residual absorption in flash photalysis of Cl, 4+ CH, or
(CH,),N; in the presence of O, and NO,. o' measured relative to
the absorption cross section for CH;0, in range 240-280 nm,
and assuming stoichiometric conversion to CH;0,NO,.
Temp. = 298 K.

J. Phys. Cham. Ref. Data, Vol. 11, No. 2, 1982

Absorption cross-sections for CH;0,NO,

A /nm 102/ cm? A /om 10%%/cm?
200 500 265 20
205 360 270 16
210 240 275 13
215 150 280 105
220 105 285 8.4
225 80 290 7.0
230 68 295 6.0
235 60 300 5.0
240 53 305 4.0
245 46 31¢ 3.0
250 39 315
255 32 320
260 26 325
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Quantum Yields

No recommendation since no available data to indicate rel-
ative importance of @, and @,.

Comments on Preferred Values

In view of the thermal instability of CH;0,NO, measure-
ment of cross-section presents considerable experimental prob-
lems. Nevertheless the three studies yield values of ¢ in modera-
tely good agreement at wavelengths < 255 nm as will be seen
from figure 9. At longer wavelengths the agreement is less good
and the experimental data from [1], which are the only values
extending into the wavelength region of importance for the at-
mosphere (A2 290 nm), show large scatter. This is reflected in
the increased uncertainty limits at longer wavelengths, for the
preferred values given in the table, which were obtained by

constructing the best curve through all of the data points from
[1-3].

There are no data to indicate the relative importance of the
two photodissociation channels, and neither can be precluded
on energetic grounds in the absorbing wavelength region. By
analogy with other molecules containing the-NO, chromophore
(e.g. HNOQ,) it is likely that absorption around 270 nm is asso-
ciated with an orbitally forbidden n—I7 * transition, which leads
to dissociation of the molecule. Thus it is probable that
D 4Dy =1,

References
[1] Cox, R. A., and Tyndall, G. S., Chem. Phys. Lett. 65, 357 (1979).
[2}Morel, O., Simonaitis, R., and Heicklen, J., Chem. Phys. Lett. 73, 38 (1980).
[3] Sander, S. P., and Watson, R. T., J. Phys. Chem. 84, 1664 (1980).
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Ficure 9. Absorption cross section for methyl peroxynitrate, 200-320 nm.
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CH3CHO + Av—products

Primary photochemical transitions

Reaction AH°/kJ mol™! y———i
CH,CHO + hv—CH, +CO (1) —254
—CH; + HCO (2) 341.4 350.1
—CH,CO+H (3) 354.1 337.5

—3CH,CHO (@

4

Absorption cross section

Wavelength range/nm Reference Comments
290-340 Leighton, 1971 [1] (@
200-350 Calvert and Pitts, 1966 [2] (b)
290-350 Weaver, Meagher, and Heickien, 1977 [3] {c)

Quantum yield data |® = @, + @, + P + D}

Measurement Wavelength Reference Comment
&, =0.20, ¢, = 0.013 313.0 Blacet and Heldman, 1942 [5] )
&, = 0.81 313.0 Calvert, Pitte, and Thompson, 1956 [6] {e)
0.2<9,<0.8; P, = 0.013 313.0 ] ®

o Leighton, 1961 [1

0:=039 & =0.15 2804 Calvert and Pitts, 1966 [2) e
@, = 0.36; &, = 0.28 2654
&,=1.0 334.0

=0.84 313.0 Paramenter and Noyes, 1963 [7] (h)

=0.59 296.7

=048 280.4
#,<0.05 313.0 Ascher, Cundall, and Palmer, 1973 [G] )
@, =0.05; ¢, = 0.84 313.0 ‘Weaver, Meagher, and Heicklen, 1977 [4] o
D, =0 >321.0 Gill and Atkinson, 1979 [9] (k)
&, = important 266-320

Comments {f) Reviews based on earlier work including [5] and [6].

(a) Values of € (L mol ™! em ™!, base 10) averaged over 10
nm wavelength intervals given. Source: early work of Smith {4].

(b) Graphical presentation'of € (L mol ~* cm ™, base 10) vs
wavelength at 298 K. Spectrum determined in 10 c¢m path
length with various pressures CH;CHO and undefined spectral
resolution.

{c) Table giving o (cm® molecule ~') averaged over 5 nm
wavelength intervale. No details given.

(d) Photolysis of CH;CHO-I, mixtures. @ (CO), @ (CH,l),
@ (CH,) measured at 333-443 K. CH,l used as a measure of
CH; production.

(e) CH;CHO photolysis at 573~623 K. @, used as a mea-
sure of HCO formation, assuming complete dissociation of

HCO: HCO( + M)—H + CO(+ M).

Preferred Values

{g) Role of triplet state also considered.

(h) Product quantum yields and emission studies for
CH;CHO photolysis in presence and absence of NO in an at-
tempt to distinguish the role of excited triplet and single states of
CH,;CHO.

(i) Cis-trans isomerisation of 2-butane used as a measure of
triplet acetaldehyde production. Limiting high pressure values
of @ (CO) and P (CH,) give P,. ‘

(3} Photooxidation of CH,CHO at 313 nm studied. Quan-
tum yields for CO and other products measured as function of
[0,}, [CH;CHO)], etc. Atmospheric photolysis rates were calcu-
lated.

(k) Wavelength dependence of HCO formation in photodis-
sociation of CH;CHO measured using narrow band laser excita-
tion and time-resolved intra-cavity detection of HCO.

Wavelength/nm 10%g/cm? Wavelength/nm 10*¢/cm?
200 0.77 295 4.5
210 0.31 300 4.3
220 501 305 3.4
240 0.42 315 2.1
250 1.0 320 - 1.8
260 2.0 325 11
270 3.4 330 0.69
280 4.5 335 0.38
290 4.9 340 0.15
345 0.08
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Quantum Yields
N\J rccommcndation.
Comments on Preferred Values

The absorption cross-sections given in the table are actual
values for the wavelengths indicated and are not averaged. Since
the spectrum shows very little structure, little error would result
from interpolation. The preferred values are based on those
from [2] and [3] which are in excellent agreement. Data from [1]
appear high by ~50%. No firm recommendation can be made
for the quantum yields for the various photochemical transi-
tions. The photolysis of acetaldehyde is complicated by the var-
ious excited molecular states which can be populated following
absorption of a photon in the uv band. The wavelength depen-
dence of ¥, [1,2] and the recent time-resolved study of HCO
formation [9] show that the dissociation mechanisms and yields
change with excitation wavelength. The emission study [7] and
cis-trans isomerisation work [8] clearly show an important role
of the triplet CH,CHO molecules and since triplet carbonyl spe-
cies exhibit temperature dependent decomposition, extrapola-

tion from the early work at high temperture [5,6] is probably not
valid for room temperature, atmospheric pressure values. Fur-
thermore, photochemical decomposition of CH;CHU could re-
sult from reaction of >CH;CHO with O, as suggested by Weaver
et al. [3], from their study of the photo-oxidation of CH;CHO.
Possible uncertainties in the interpretation of the seenndary
chemistry in their system could, however, affect their conclu-
sions.

References

[1] Leighton, P. A., Photochemistry of Air Pollution, Academic Press, New York
& London, 1961, pp. 74-79.

[2] Calvert, J. G., and Pitts, J. N., Jr., Photochemistry, J. Wilcy and Sons, 1966,
p. 368-371.

[8} Weaver, J., Meagher, J., and Heicklen, J., J. Photochem. 6, 111 (1976).

{41 Smith, J. H. C., Carnegie Inst. Wash. Yearbook, No. 27, 178 (1928).
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CH;CO3NO; + hv—products

Primary photochemical transitions

Reaction

AH yon/k) mol ™!

CH,CO,NO; + Av—CH,C0; + NO,

Achreshota /1M

l]()" - 1086

—CH;C0, + NO, 914
Absorption cross section data o
Wavelength range/nm Reference i Comments
220-270 Stephens, 1974[1] o (@)

Comments

(a) Pure sample of peroxyacetylnitrate in N, prepared by
standard techniques. Absorption measured in 10 cm cell and
given as plot of € vs wavelength.

Quantum Yield Data
No available data.

Preferred Vulues

The following table shows provisional values for absorp-
tion cross sections in the range 220-270 nm.

Absorption cross sections

Wavelength/nm 100/ em? Wavelength/nm 10?0/ cm?®
220 100 250 15

225 70 255 11

230 50 260 8

235 37 265 6

240 27 270 4.

245 20

Quantum Yields
No recommendation.

Comments

The only published values of the absorption cross-sections
are those in ref. | 1], although confirmation of these values has
been reported [2]. The values given are estimated from the fig-
ure in ref. [ 1]. No information is available concerning the rela-
tive importance of ¢, and &,, but by analogy with other nitrates
it is probable that ¢, + ¢, = 1, for absorption in the uv region.

References
[H Stephens, B R Adv, in Enviren. Sei. & Technol, 1, 119.(1909).
121 Addison, M. C., Burrows, 1. P., Cox, R A and Patrick R Chean, Phys, Lett

T3, 283 (1980).
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5.5. Sulfur Compounds

O + HyS—>HO + HS

AH°= — 44k} mol ™!

Rate coefficient data

k /em® molecule ™' s~

! Temp./K Reference Comments
Absolute Rate Coefficients
8.15x107"" exp( ~ 2000/7) 281497 Slagle, Baiocchi, and Gutman, 1978 [1] (@)
(3.6 + 0.72)x 10~ 30
(2.6 + 1.4)X 107 " exp( — (2171 £ 202)/T) 297502 Singleton et al,, 1979 [2] (b)
(1.83 4 0.15)x 10~* 297
Reviews and Evaluations
26X 107" exp( — 2170/T) 200-300 NASA, 1979 [3] (c)
7.2% 1072 exp{ — 1660/ T) 250-500 CODATA, 1980 [4] d)
2.6X107 " exp(— 2170/T) 200300 NASA, 1981 [5] {v)

Comments

(a) Fast-flow discharge, [0} [H,S]. [H,S] monitored by
photoionization mass spectrometry. Vatues of ¥ found to be con-
stant for initial [0]/[H,S] > 50. Arrhenius expression quoted is
least squares fit to values of £ given in [1].

(b) Molecular modulation technique. O generated by Hg
photosensitized decomposition of N,0 at 254 nm.

(c) Accepted results of [2].

(d) Based on all available data prior to [1], [2].

Preferred Values

k= 2.2X10"" ¢m® molecule ™' s at 298 K.
k=1.4X10""" exp(— 1920/T) cm® molecule™"s
over range 290-500 K.

-1

Reliabilivy

Alogk — +£0.3a298 K.
AE/RYy= +750K.

Comments on. Preferred Values

The two recent measurements of £ [1],[2] are in reasonable
agreement on the temperature coefficient of the rate coefficient
but the absolute values differ by approximately a factor of two
over the whole temperature range. In the discharge flow study
[1] the reactions of O with a number of sulphur containing com-
pounds were studied and where comparison is possible it ap-
pears that the rate coefficient values are high compared with
results from other laboratories. On the other hand the results
from [2] are in better agreement with the most reliable previous

J. Phys. Chem. Ret. Data, Vol. 11, No. 2, 1982

results, those of [6] ( = 7.2 X 10~ ** exp( — 1660/T) cm® mo-
lecule™" "), than the difference in Arrhenius parameters
might suggest. The absolute values of £ in the range 330-500 K
in these two studies [2}, [6] are identical, within experimental
error, and it is only at lower temperatures that they diverge
considerably so leading to the differences in the Arrhenius ex-
pressions.

The preferred values are derived from a least squares fit to
the results of [2] and [6] but, because of the divergence of results
at lower temperatures the range of validity of our recommenda-
tion is limited to 7> 290 K.

If the results of Hollinden et al. {7] in the range 205-300 K
are correct, they suggest a marked and abrupt change in the
reaction mechanism, but it would be premature to assume this.
Further studies in this temperature region wonld ohviensly he of
value.
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Chem. Ref. Data 9, 295 (1980).

[5] NASA Panel for Data Evaluation, “Chemical Kinetic and Photochemical
Data for Use in Stratosphere Modelling,” DeMore, W. B., Stief, L. J.,
Golden, D. M., Hampson, R. F., Jr., Kurylo, M. ], Margitan, J. I,
Molina, M. J., and Watson, R. ., JPL Publ. 81-3 (1981).
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O + CH3SCH;—>CH3;SOCH;—Products

Rate coefficient data

k /cm® molecule ™! s ™! Temp./K Reference Comments

Absolute Rate Coefficients

(142 + 0.07)x 10~ exp((367 + 15)/T) 268-424 Lee, Timmons, and Stief, 1976 {1] (a)
{4.85 4 0.52) X 10" 298

6.3x10™ 1 300 Slagle, Graham, and Gutman, 1976 [2] (b}
(1.93 4 0.10)x 10! exp((304 - 16)/T) 252-493 Slagle, Baiocchi, and Gutman, 1978 [3] (c)
5.7x10—1 " 206

(1.28 4+ 0.12) X 107! exp((419 + 30)/T) 272472 Lee, Tang, and Klemm, 1979 [4] (d}
(4.83 4+ 0.46)x 107! 296

Comments

(a) Flash photolysis; resonance fluorescence detection of 0.
Flow system to avoid product accumulation. No change in £ with
flash energy and total pressure (Ar diluent) over range 40-100
Torr.

(b) Fast-flow dischargc study. Photoionisation mass spco-
trometric detection of CH;SCH; removal in excess (~ 20 fold) of
0.

(c) Method as in (b). Arrhenius expression quoted is least
squares fit to points from [3].

(d) Fast-flow discharge study. [O] monitored by resonance v

fluorescence. [CH;SCH,] in large excess.

Preferred Values

k=4.8x10"" cm® molecule ™' s~ ' at 298 K.
k=1.3X10""exp(390/T) cm® molecule™! s~ over
range 270~-500 K.

Reliability

Aloghk= +0.15at 298 K.
A(F/R)= +100K.

Comments on Preferred Values

Two of the studies using different techniques, but from the
same laboratory, are in excellent agreement [1], [4]. The other
results [2], [3] are ~30% higher over most of the temperature
range. The values of & (O + H,S) in the same study [2] also ap-
pear to be higher than those from other laboratories. The pre-
ferred values are therefore obtained from [1} and [4] by averag-
ingthe values of £ /R and fitting the Arrhenins expression to the
preferred value of 4 at 298 K. The error limits are sufficiently
wide to encompass the results of [2], [3]. The rate coefficient
appears to be independent of pressure over the range 0.7-100
Torr Ar.

Itis suggested [1], [2] that the reaction proceeds by O atom
addition to S. There is evidence for this from the high values of
k, the trend in rate coefficients for O atom reactions with RSR
species (where R = H, methyl) [3] and from a crossed molecular
beam study at very low pressure in which product fragments
could be observed [2]. However the reaction products at higher
pressures have not been identified.

References
[1] Lee, J. H. Timmons, R. B., and Stief, L. )., J. Chem. Phys. 64, 300 (1976).
|2] Slagle, 1. K., Grabam, K. I, and Gutman, D, Int. J. Chem. Kinet. 8, 451
(1976).
[3] Slagle, L. R., Baiocchi, F'., and Gutman, D., J. Phys. Chem. 82, 1333 (1978).
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O +CS—SO0 4+ CS (1)
—CO + S, (2)
—0CS+S (3)
AH(1)= —89kJ mol™"
AH(2) = — 348 k] mol ™!
AH°(3) = — 231 kJ mol™’
Rate coefficient data (k =k, + k; + k)
k /em? molecule ™" s™! Temp./K Reference Comments
Absolute Rate Coefficients
2.9x10~" 249 Graham and Gatman, 1077 [1] (2
3.6Xx10™" 278 .
4.1x107 12 295
5.1x10™" 335
611071 376
8,510 12 434
11.2x 1071 500
Relative Rate Coefficients
ky = (5.82 & 0.75)x 10" 298 Hsu et al,, 1979 [2) (b)
Reviews and Evaluations
ky=3.1x10™"1 exp( — 640/T) 200~-300 NASA, 1979 3] (c)
58K 10" exp(~— 700/T) 200-300 CODATA, 1980 {4) {d)
ky=3.1x10"1 exp( — 640/7) 200-300 NASA, 1981 [5] (c)

Comments

(a) This data incorrectly tabulated in CODATA, 1980 [4].

(b) Flash photolysis of NO/CS, mixtures. [CO] monitored
by CO laser absorption. Relative yields of CO extrapolated to
t=20 1o give k£ /k(0 + C,H,) =0.373 + 0.48. k(0 + C,H,)
= 1.57X 107" cm* molecule ™! s ~! [6] used to obtain £,.

{c) Reaction attributed to channel (1).

(d) Based on data from [1], [7-10]. See note (a).

Preferred Values

 k=3.4X10"" cm® molecule™ ' s ! at 298 K.
by =3.0X 107" cm® molecule ! s™* at 298 K.
ky=25.8%10"" cm® molecule™ s~ at 298 K.
by = 23% 1073 em® molecule™! o™ at 208 K.
k= 2.0X10""" exp( — 530/7) over range 200500 K.
ky/k = 0.91 over range 200~-500 K.
ky/k = 0.09 over range 200-500 K.

Reliability

dloghk= 4£0.15at298K.

dloghk, = +0.2at298 K.

Alogh, = +0.2at298 K.

Alogky = 4 0.25at298 K.

A(E/R)= + 100K,

Ak /k)= +0.02 over range 200-500 K
A (k3/k )= + 0.02 over range 200-500 K.

J. Phys. Chem. Ref. Data, Vol. 11, Na. 2, 1982

Comments on Preferred Values

The preferred value of & in CODATA, 1980 [4] was based
upon incorrectly tabulated values from [1]. The preferred value
of k now given is obtained by a least squares fit to the correct
data from (1) and data from [7-10). The value of £, is the only
available measurement [2]; it is recommended but with substan-
tially increased error limits. k5 at 298 K is calculated from the
preferred value of £ and the measured branching ratio k5/% [1).
k, at 298 K is obtained from % , &, and #; by difference.

Measurements of 45/k [1] over the range 200-500 K indi-
cate a very slight temperature dependence but until this is con-
firmed we have chosen 1o recommend a temperature indepen-
dent ratio with wider error limits. At 298 K, 4,<ky and
assuming this to persist over the range 200-500 K, the pre-
ferred value for &, /& for this temperature range is obtained, by
difference, from k and k.
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O + CH3;SSCH3;—products

Rate coefficient data

k /em® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(2.12 £ 0.22)x 1071 270-329 Lee and Tang, 1980 1] (a)

Comments
(a) Fast-flow discharge study; resonance fluorescence de-

tection of O atoms. [CHjSSCHJ]/[O] ~ 10-40. Rate coefficient
independent of pressure over range studied (0.52-2.60 Torr).

Preferred Value

k=21X10""" cm® molecule™'s™! over range 270-
330 K.

Reliability

Alog k= + 0.3 over range 270-330 K.

Comments on Preferred Value

Although there is only one available study, the method
used was direct and appears to give reliable results for the
O + CH,SCH, reaction. The value of k is very high but not
unacceptably so in comparison with that established for the
O + CH,SCH; reaction. This one value is therefore recom-
mended but with wider error limits until confirmed by other
studies. The reaction products have not been identified.

References
[1] Lee, J. H., and Tang, 1. N., J. Chem. Phys. 72, 5718 (1980).

S+ 0,»50+0

AH®°= — 228k mol™!

Rate coefficient data

R |

k /em® molecule™ Temp./K Reference Comments
Absolute Rate Coefficients
(1.7 5= 0.5) 107 *2 oxp((153 & 108)/7) 206 .303 Clyne and Whitefield, 1070 [1] (o)
2.6 +0.3) X107 :
Reviews and Evaluations
20x107% 230-400 CODATA, 1980 [2]} b)

Camments

(a) Discharge flow; S atoms generated by discharge in Ar/
S0, mixtures. [S]€[0,]. [S] monitored by resonance fluores-
cence.

(b) Based on [3-7].

Preferred Value

k=2.3%10""? cm> molecule™" s~ over range 230-
400 K.

Rcliabilitf

Aloghk= +0.2a1298K.
AE/R)= +200K.

Comments on Preferred Value

The most recent measurements [1] agree well with most of
the earlier results and the previously recommended value [2]. A

small decrease in & with increase in temperature was found, but
the error limits comfortably encompass the value suggested in
CODATA {2} and we modify only slightly this previous recom-’
mendation. The present recommendation is based on {1, [3-6]..
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HO + H2S—H,0 + HS

AH°= — 114 k] mol ™!

Rate coefficient data

k fem® molecule ™ s Temp./K Reference Comments
Relative Rata Coefficients
(5.0 + 0.3)x 1012 298 Cox and Sheppard, 1980 {1] (a)
Reviews and Evaluations
5.3%X107"2 200-300 NASA, 1979 [2] (b)
1.1X 107" exp( — 225/T) 250-400 CODATA, 1980 {3} {©)
1.1X10™" exp( — 220/T) 200-300 NASA, 1981 [4] ©

Commenis

(a) Photolysis of ~5 ppm of HONO in synthetic air mix-
ture, at one atmosphere pressure, containing a few ppm of C,H,
and H,S. [C,H,] and [H,S}; monitored by gas chromatography.
k/k(HO 4 C,H,) = 0.62 + 0.04 obtained. % (HO + C,H,)

= 8X 107 "% ¢cm® molecule ™' s~ used (CODATA evaluation).

(b} Mean of values from [5) and [6).

(c) Based on [5], [6].

Preferred Values
k =5.3%10""2 cm> molecule ™ s~ ! at 208 K.

k=11x10"" exp(—225/T)  cm® molecule™'s
over range 250-400 K.

-1

Reliability

Alogh= +0.1a1298K.

Comments on Preferred Values

The only recent measurement is in good agreement with
the previous CODATA evaluation [3] which is therefore un-
changed.
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AE/R)= 4+ 225K. (1976).
HO + CH3;SCH;—products
Rate coefficient data
k /em® molecule ™" ™! Temp./K Reference Comments

Absolute Rate Coefficients

547X 102 exp{{179 1 150)/T) 300-427 Atkinson, Perry, and Pitts, 1978 [1] (a)
9.8 +1.2)x10"" 300

(6.25 + 4.19) X 10~ "2 exp((131 + 215)/T) 273-400 Kurylo, 1978 [2] (a)
8.28+0.87)x107 "2 296

Relative Rate Coefficients

9.1 +1.4)x10™ " 297 Cox and Sheppard, 1980 [3] {b)

Comments

(a) Vacuum uv photolysis of H,0/Ar/CH;SCH; mixtures.
[HO] monitored by resonance fluorescence. Large excess of
CH,SCH; over HO. Flow system used to prevent accumulation
of reaction products.

(b) HO generated by photolysis of ~5 ppm of HONO in
syuthetic air mixture at atmospheric pressure, containing a few

ppm of C,H, and CH,SCH;. {C,H,] and [CH,SCH,] monitored

J4. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

by gas chromatography. £ /& (HO + C,H,) = 1.14 obtained.
Value of % obtained using & (HO + C,H,) =8.0x10712
em® molecule™! s~ ! (CODATA evaluation).

Preferred Values
k=9.1x10""2¢m® molecule ™! s7! at 298 K.
k=55X10""2 exp(150/7) cm® molecule™'s™" over

range 200-500 K.
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Reliability

Alogk= +0.1at298 K.
A(F/R)= +200K.

Comments on Preferred Values

Results from the two independent flash photolysis studies
[1], [2], and the relative rate study [3] are in excellent agree-

443

ment. The preferred values are based on these three studies. The
reaction products have not been identified and it is not certain
whether the reaction proceeds by abstraction or addition.

References
[1] Atkinson, R., Perry, R. A., and Pitts, J. N, Jr., Chem. Phys. Lett. 54, 14
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[2] Kurylo, M. J., Chem. Phys. Lett. 58, 233 (1978).
[3] Cox, R. A., and Sheppard, D., Nature (London) 284, 330 (1980).

HO 4 CSy—products

Rate coefficient data

& /em® molecule = s~ Temp./K Reference Comments
Absolute Rate Coefficients
<9.9%x10™1 251 Wine, Shah, and Ravishankara, 1980 [1] (a)
<1.5X10713 297
<l6x107" 363
Relative Rate Coefficients
<3x10™" 298 Subramonia fyer and Rowland, 1980 [2) (b)
4.3 + 1L.e)x 10~ 295 Cox and Sheppard, 1980 3] ()
Reviews and Evaluations
1.9¢ 101 290 NASA, 1979 (4] (@
<2x10~" 298 CODATA, 1980 [5] (e)
<1.5%107 4 200-300 NASA, 1981 [0] (0

Comments Preferred Value

{a) Flash photolysis of H,0/CS,/ dilucnt mixtures in flow
system. [HO] monitored by resonance fluorescence. Decay of
[HO] over whole time scale found to be first-order only when CS,
used to filter flash and SF, used as diluent. Suggest that large
values of £ reported in previous studies 7}, [8] due to CS, photo-
lysis product reacting with HO. '

{b) Photolysis at 254 nm of H,0,/CS,/X mixtures (where
X = CO, C3Hj, is0-C4H (). Gas chromatographic and radioche-
mical assay of products. Rate of COS formation determined.
Values obtained for £ /% (HO + CO) = 0.02-0.0067, %/
E(HO + C;Hg) = 0.0059, & /& (HO + iso-C,H, o) = 0.0038,
which give values of  in the range (0.01-1.0) X 10~ ** ¢cm? mo-

lecule™ s™%, using & (HO + CO)=1.5X10""* ¢m? mole-
cule™! s~ (CODATA evaluation), £ (HO 4 C;Hg) =1.6
X102 cmd® molecule™! 5! (authors”  value), and

k (HO + is0-CeH o = 2.2X 107" cm® molecule ™! s™! (auth-
ors’ value).

(c) Photolysis of ~3 ppm of HONQ in synthetic air mix-
ture, one atmosphere pressure, containing a few ppm of ethyl-
ene and CS,. [C;H,] and [CS,} monitored by gas chromato-
graphy. k /k(HO + C,Hy) = 0.06 + 0.02 obtained.
kE(HO + C,H,) =8X10""? cm molecule™ s™* used (CO-
DATA evaluation).

(d) Accepts value of [7].

(e) Value of {7] taken as upper limit.

(f) Accepts value of [1] as upper limit.

E<1.5% 107" ¢m® molecule™! s~ at 208 K.

Comments on Preferred Value

Twao recent studies [1], [2] suggest strongly that previous
measurements | 7], {8] of & are far too high. A possible reason in
the case of earlier flash photolysis work on CS,/H,0 mixtures is
that the HO is rapidly moved by reaction with CS, photolysis
products rather than CS, itself. In the relative rate work there
are several factors which could have lead to the high values
obtained, including CS¥ formation and the presence of oxygen.
The recent results [1], [2] are preferred but should be used with
caution for atmospheric modelling.
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HO 4 CH3;SSCH;—Products
Rate coefficient data
k /em® molecule ™' ™! Temp./X Reference Comments
Relative Rate Coefficients
(2.23 + 0.80)x 107 1° 298

Cox and Sheppard, 1980 1] (a)

Comments

(a) Photolysis of ~5 ppm of HONO in synthetic air mix-
ture at atmospheric pressure, containing a few ppm of C,H, and
CH,SSCH.. [C,H,] and [CH,SSCH.] monitored by gas chroma-
tography. k/k(HO +CH,)=284110 obtained.
k (HO + C,H,) taken as 8.0 X 10™'? em® molecule™" s~ (CO-
DATA evaluation).

Preferred Value
E=2.2%10"" cm® molecule™ ! 57! at 298 K.

Reliability

Alogk= 4 0.3 at 298 K.

Comments on Preferred Value

The only available value of £ comes from a study in which a
number of rate constants for related compounds were all deter-
mined by the same technique, which gave values in good agree-
ment with other measurements.

This value of £ is therefore recommended but with wider
error limits until confirmatory studies are undertaken. The reac-
tion products have not been identified. The magnitude of the
rate constant suggests that the initial step in the reaction is one
of additions.

References
[1} Cox, R. A., and Sheppard, D., Nature (London) 284., 330 (1980).

HO + OCS—products

Rate coefficient data

k /em® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
(0.88 + 0.01)x 10~ 298 Ravishankara et al., 1980 [1] (a)
(1.89 + 0.25)xX 10" 343
(3.27 + 0.56)x 10~ 369
Relative Rate Coefficients
<4x10—H 295 Cox and Sheppard, 1980 [2] (b)
Reviews and Evaluations
56X 107" 298 NASA, 1979 (3] (c)
<6X107™ 298 CODATA, 1980 [4] d)
<1l.0x10™* 298 NASA, 1981 [5] (e)

Comments

(a) Flash photolysis-resonance fluorescence study. With
H;0 as HO source photolysis of OCS cannot be avoided and
introduces interfering secondary reactions. Use of laser photoly-
sis of HNO, at 193 nm eliminates this problem.

(b) Photolysis of ~5 ppm of HONO in synthetic air mix-
tures at 1 atmosphere pressure containing a few ppm of ethylene
and OCS. {C,H,] and [OCS] monitored by gas chromato-
graphy. & /k(HO + C,H,)<0.005 obtained. #(HO -+ C,H,)

= 8X 107 "2 cm® molecule ™! s~ used (CODATA evaluation).

(¢) Accepts, with some reservations, the value of [6].

(d) Value of [6] taken as upper limit.

{e) Accepts value of [1] as upper limit.

J. Phys, Chem. Ref. Data, Vol. 11, No. 2, 1982

Preferred Value
E<9x 10 ' cm® molecule s’ at 298 K.

Comments on Preferred Value

Flash photolysis studies of this reaction suffer from the
difficulty of obtaining a clean source of HO radicals in the pres-
ence of OCS. OCS is readily photolysed and, because of the
slowness of its reaction with HO radicals, small traces of photo-
Iytic impurities may compete effectively with OCS for HO radi-
cals. Earlier measurements |6-8] probably suffered from this.
The recent study [1] appears to have largely overcome the prob-
lem and the preferred value is taken from this work but, conser-
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vatively, we take it as an upper limit until it is confirmed by
other studies. The results of [1] suggest a significant tempera-
ture dependence of the rate coefficient.
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HO + SO, + M—HOS0, + M

AH°~ — 223 k] mol™*

Low pressure rate coefficients

Rate coefficient data
ko/ cm® molecule ™' s~! Temp./K Reference Comments
Reviews and Evaluations
3.0X 1073 (T/300) = *° [N,] 200400 NASA, 1979 [1], 1981 [3] (a)
3.0% 103 (7 /300)~2° [N] 200-400 CODATA, 1980 (2] {b)
Comments Reliability

(a) Values from ref. [2].

(b) From fall-off curves in the pressure range 5-1000 Torr,
evaluated with F,~0.7. Values in agreement with the evalua-
tion by Zellner, 1978 [4].

Preferred Valve

ko =3.0X1073! (T'/300) ~2? [N,} ¢m® molecule ™' s
vver range 200-400 K.

A log ky = =+ 0.3 over range 200-400 K.

Comments on Preferred Value.

No new data in the low pressure part of the fall-off curve.
New data at very low pressures and a new evaluation are needed.

High pressure rate coefficients

Rate coefficient data

k /cm® molecule ™' ™! Temp./K Reference Comments
Reviews and Evaluations
2%10~ 12 200-400 NASA, 1979 [1], 1981 [3] @)
2X10™" 200-400 CODATA, 1908 [2] (b)

Comments

(a) and (b): cee comments for k.

Preferred Value

k., =25X10712 em® malecule ™! s~ aver range 200.-
400 K.

Reliability

Alogk, = +0.3

Comments on Preferred Value

The earlier evaluation of ref. [2] was made with F, = 0.7,
which now appears to be too large. If one chooses an average of
the F, values of the HNO; and CINO, systems one obtains F,

== (.55 and hence the given &, value. The shape of the fall-off
curve must remain uncertain until new high pressure measure-
ments are made.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Intermediate fall-off range

Rate coefficient data at | atm

% (1 atm)/cm® molecule ™' s ' M

Temp./K

Reference Comments

Absolute Rate Coefficients

9x 1071 N, 298 Davis, Ravishankara, and Fischer, 1979 [5] (a)
1.0X107 1 N, 298 Harris, Atkinson, and Pitts, 1980 [6] (b)
Relative Rate Coefficients

(7.2 + 1.6)x10~ " N, 297 Cox and Sheppard, 1980 {7] (o)
Reviews and Evaluations

1.2x10~12 N, 298 CODATA, 1980 [2] @

Comments

(a) Flash photolysis-resonance fluorescence. Measure-
ments in N, (5-20 Torr), Ar (20-500 Torr) and He (50-200
Torr). Data too incomplete to allow for a construction of the fall-
off curve. Value given by combination of these data with results
from other laboratories.

(b) Flash photolysis-resonance fluorescence. Measure-
ments in Ar (404-653 Torr, 298-424 K) and SF (98-650 Torr,
298424 K). Data too incomplete to construct fall-off curves.
Value given for N, estimted with the help of Ar:N,:SF; relative
efficiencies from the HO 4- NO, reaction.

(c) Photolysis of HONO to generate HO radicals, detection
by consumption of added C,H,. Only atmospheric pressure stu-
died. Measured ratio & /k(HO + C,H,) evaluated with
k(HO + C,H,) =8X 1072 cm?® molecule ™! s™! (CODATA
evaluation).

(d) Calculated from preferred &, &, , and F, from ref. [2].

Preferred Value
F, =10.55at 298 K.

Comments on Preferred Value

Within the relative large scatter the new data at 1 atm agree
with the preferred values from ref. [2]. A slightly smaller F, and
larger &, are suggested tentatively. New fall-off measurements
are needed. ’
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HO; + SO,—Products

Roto cocfficiont data

k /em® molecule™" 5™ Temp./K Reference Comments
Relative Rate Coefficients
<4.3%10~17 ~298 Burrows et al., 1979 [1] (a)

Comments

(a) Fast-flow discharge. HO, generated by discharge in
H,0, and by reaction of F atoms with H,0,. [HO,] and [HO]
monitored by laser magnetic. resonance to yield k/
& (HO + H,0,). Value of £ /& (HO + H,0,) not quoted but from
their value of £<2X 1077 cm® molecule ™! s ™! and the value
of k£ (HO + H,0,) = 8% 10" cm® molecule ™! s ™! used we
obtain k /& (HO 4+ H,0,)<2.5X 1073, We use
k(HO + H,0,) = 1.7X 107 2 ¢m® molecule ™! s ™! (CODATA
evaluation). Quoted value of % assigned to HO, 4 SO,
~—+HO + S0, but results suggest other channels are also slow.

\J Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Preferred Value
<1107 '8 em® molecule ! s~ ! at 208 K.

Comments on Preferred Value

The only recent determination [1] confirms that the reac-
tion is slower than some earlier results [2] suggest and supports
the even lower limit set by Graham et al. [3], which we take as
the preferred value.
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CH;0, + 50,—-CH;0 4 8O3 (1)
—>CH30,80, (2)
AH(1) = — 92 kJ mol™!
Rate coefficient data (k = %, + k,)
& /em® molecule ™! s~ Temp./K Reference Comments

Absolute Rate Coefficients
8.2 + 0.5)x 1018 298 Sanhueza, Simonaitis, and Heicklen, 1979 (1] {a)
<5X107Y 298-423 Sander and Watson, 1981 [2] (b}
Reviews and Evaluations
<5x 10" 298 NASA, 1981 [3] (<)

Comments

(a) Flash photolysis of Cl,/ CH,/0,/50, mixtures in static
system, single flash. Decay of [CH,0,] followed by absorption at
254 nm. Reaction products not identified. Authors recognise
possibility of competitive removal of CH,0, by reaction pro-
ducts affecting measurement.

(b) Flash photolysis of flowing Cl,/CH,;/0,/S0, mixtures.
Low energy multiple flash used to ensure that [CH,0,] much
smaller (102-10%) than [SO,]. [CH,0,) monitored by absorption
at 242.5 nm.

() Accepts {2].

Preferred Value

k<5 10717 em® molecule ™! a7 at 208 K.
Comments on Preferred Value

Of the two recent measurements that of [2] was carried out
under conditions less prone to perturbation by secondary reac-

tions, and the result is in accord with measurements on the 110,
radical which also appears to react very slowly with SO, [4], [5].
Accordingly [2] is preferred to earlier results [1], [6] which are
approximately a factor of 100 higher.

References

[1] Sanhueza, S., Simonaitis, R., and Heicklen, J., Int. J. Chem. Kinet, 11, 907
(1979).

[2] Sander, S. P., and Watson, R. T., Chem. Phys. Lett. 77, 473 (1981).

[3] NASA Panel for Data Evaluation, *Chemical Kinetic and Photochemical
Data for Use in Stratospheric Modelling,” DeMore, W. B., Stief, L. J.,
Golden, D. M., Hampton, R. F., Jr., Kurylo, M. J., Margitan, J. J., Mo-
lina, M. J., and Wason, R. T., JPL Publ. 81~3 (1981).

[4] Burrows, J. P., Cliff, D. ., Harris, G. W., Thrush, B. A., and Wilkinson, J. P.
I, Proc. R. Soc. London, Ser. A 368, 463 (1979).

[5] Graham, R. A., Winer, A. M., Atkinson, R., and Pitts, J. N., Ir., J. Phys.
Chem. 83, 1563 (1979).
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Kinet. 11, 921 (1979)..

S5O + 0350, + O

AH®= — 645 k] mol ™!

Rate coefficient data

k /em® molecule ™! 57 Temp./K Reference Commeonts
Absolute Rate Coefficients
8.7+ 1.6)x10~™ 298 Robertshaw and Smith, 1980 [1] ()
Reviews and Evaluations
2.5%x10~ "2 exp{ — 1100/T) 220-300 CODATA, 1980 [2] (h)
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Comments

(a) Pulsed laser photolysis of O in presence of OCS and
large excess of N,. SO generated by O + OCS—S0 -+ CO. For-
mation of SO, followed by detection of chemiluminescence of
electronically excited SO,.

(b) Accepts value of [3].

Preferred Values

k=7.9X10"" cm® molecule™ s at 208 K.
k=3.2X10"" exp(—1100/T)
over range 220-300 K.

em?® molecule ™' 7!

Reliability

dlogk = + 0.2 at298 K.
AE/R)= + 400 K.

BAULCH ET AL.

Comments on Preferred Values

The recent study [1], using a quite different technique from
the only other measurement [3], gives a value of £ in good agree-
ment with the previous study. The recommended value at 2908 K
is the mean of [1] and [3]. The temperature coefficient is that of
[3]and the pre-exponential factor is chosen to fit the value of £ at
298 K.

References
{11 Robertshaw, J. S., and Smith, I. W. M., Int. J. Chem. Kinet. 12, 729 (1980).
[2] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampson. R. F., Ir., Kerr, 1. A, Troe, I, and Wateon, R T, ] Phye
Chem. Ref. Data 9, 295 (1980).
3] Halstead, C. J., and Thrush, B. A., Proc. R. Soc. London, Ser. A 2935, 380
{1966).

$O + NOz—503 -+ NO

AH® = — 245%k) mol™!

Rate coefficient data

! Temp./K

k /em® molecule ™! s~ Reference Comments
Absolute Rate Coefficients
(1.8 4 0.10)x 10" 295 Clyne and Mactlobert, 1980 [1) (a)
Reviews and Evaluations
1.4Xx10~1 298 CODATA, 1980 [2] b)

Comments

(a) Fast-flow discharge study. SO from discharge in SO,/
He mixtures, O and S produced was preferentially removed by
combination reactions leaving SO. [SO), in large excess of NO,,
monitored by mass spectrometry.

(b) Evaluation. Accepts value of {3].

Preferred Value
k=1.4%10"" cm® molecule = s~ ! at 2908 K.

Reliability

Adloghk= +0.22a1298 K.

Comments on Preferred Value

The recent measurement of £ [1] is in excellent agreement
with the previous CODATA recommendation [2]. The new de-
termination was by a morc direct method and is likely to be more
reliable than the earlier measurements {3] and hence the pre-
viously recommended error limits are reduced.

References
[1)Clyne, M. A. A., and MacRobert, A. J., Int. J. Chem. Kinet. 12, 79 (1980).
[2} CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,
Hampson. R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).
[3] Clyne, M. A. A., Halstead, C. J., and Thrush, B. A., Proc. R. Soc. London.
Ser. A 295. 355 (1966).

CS; + hv-—>products

Primary photochemical transitions

Reaction AH/k] mol ™! Aeesord /0
€S, + Av—CS + SCP) 426 281
—CS —S('D) 537 223

4 Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Preferred Values

Absorption cross sections

A /nm 10%°a/cm?
295 9.6
305 46.1
315 707
326 48.2
335 5.3
345 2.6
355 0.51

Comments on Preferrd Values

The absorption spectrum of CS, at wavelengths greater
than 200 nm consists of two strongly structured bands (190-
220 nm and 290-350 nm), the former having absorption cross-
sections approximately (5-10) X 10 times the latter. The values

449

tabulated were supplied by Dr. R. A. Cox, A. E. R. E., Harwell,
U.K. More detailed measurements have been published but not
in a form lending itself to tabulation [1]. These recommenda-
tions are unchanged from those given in the previous evalua-
tion, CODATA, 1980 [2].

P}mtn]ygig at wavﬁlengthe > 230 nm appears only to pro-
duce electronically excited CS, molecules. At A « 220 nm for-
mation of S(P) is observed [3] but not S(*' D). No guantum yield
measurements have been reported.

Reforences
{1iRabelais,J. W., McDonald, J. M. Schesr, V., and McGlynn, S. P., Chem. Rev.
71,73 (1971).
[2] CODATA Task Group on Chemical Kinetics, Baulch, D. L. Cox, R. A.,
Hampson, R. F., Jr., Kerr, J. A,, Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).
[3] Callear, A. B., Proc. R. Soc. London, Ser. A 276, 401 (1963).

CH3SSCH; + Av—Products

Primary photochemioal transitions

Reaction . AH 35e/k} mol ™' " Arnreshrg /IM*
CH,SSCH;—(H,S8 -+ CH, 249 401
—2CH,S 309 387
* Data for 298 K quoted since no data available for 0 K.
Absurption cruss section data
 Wavelength range/nm Reference Comments
200-310 Calvert and Pitts, 1966 [1] o ®

Comments

(a) Results of McMillan, V., reported in [1]. Temperature
298 K. Continuum, no sign of structure in published spectrum.

Quantum Yield Data

No data available.

Preferred Values
Absorption eross sections

A /om 10%0/cm? A /nm 10%0/ cm?®
200 1300 260 100
210 530 270 80
220 130 280 50
230 80 290 30
240 100 300 15
250 120 310 6

Comments on Preferred Values

The only available data are in the form of a spectrum pub-
lished in [1]. The cross sections quoted are taken from that
figure but in view of this and lack of experimental details no
error limits are suggested, There have been no quantum yield
measurements and the primary photolytic pathways have not
been identified.

References
[1] Caivert, ). G_, and Pitts, J. N., Jr., “Photochemistry,” (Wiley), 1966, p. 490.
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OCS + hAv—Products
Primary photochemical transitions

Reaction AH°,/KI mol™? Areshord / R
0OCS + hv—CO + S(°P) (1) 303 394
—CO + 5('D) (2) 414 288
Absorption cross section data
Wavelength range/nm Reference Comments
186-226 Chau, Vera-Ruiz, and Rowland, 1979 [1] (a)

Comments

(a) Temperatures, 232, 252, 296 K. Results quoted in
NASA Panel review [1] but original work does not seem to have
been published.

Preferred Values

Absorption cross sections

10%g/cm?
Temp/K

A jfam 232 251 296
185 12.1 12.8 16.0
190 1.8 2.2 3.0
105 1.2 1.5 1.4
200 3.2 3.4 3.2
205 7.0 7.2 72
210 13.1 13.2 13.2
215 21.3 21.5 218
220 26.2 26.1 26.2
225 28.0 28.6 29.2
230 24.6
235 15.9
240 8.8
245 4.1
250 1.84
255 0.78

J. Phiys, Chem. Ref. Data, Vol. 11, No. 2, 1982

Commenits on Preferred Values

There is good agreement between the recent measurements
[1] and the values given in [2] for the region of overlap (205-225
nm at 296 K). The preferred values are based on those two sets
of data. Values in the range 185-225 nm are obtained by linear
interpolation between values tabulated in [1]. Values in the
range 230-255 nm are taken from [3].

References

{1} Chou, C. C., Vera-Ruiz, H., and Rowland, F. 8., unpublished results quoted
in NASA Ref. Publ. 1049, “The Stratosphere: Present and Future,”
Hudson, R. D., and Reed, E. 1., editors (1979).

[2] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampoon, R. F., Jr., Korr, J. A., Troc, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

[3] Breckenridge, W. ., and Taube, H., J. Chem. Phys. 53, 1750 (197Q).
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5.6. Fluorine Compounds

F+H,>HF + H

AH°= — 134.8 k] mol™!

Rate coefficient data

451

k /em® molecule ™! s™! Temp./K Reference Comments

Absolute Rate Coefficients

3.8x10"" exp(— 775/T) 298-400 Homann et al., 1970 |1} {a)

2.75x10~H © 295

2.7X 107" exp( — 599/T) 250~375 Warnatz, Wagner, and Zetzsch, 1972 [2] {b)

3.5x107! 295

1.8% 1070 axp( — 598/T) 260-370

3.0x10™! 295

(3.0 4+ 0.5)x 10" 293 Zhitneva and Pshezhetskii, 1978 (3] {c)

(3.0 +£ 0.5)x 107" 295 Heidner et al., 1979 [4] (d)

(2.2 + 0.4) X 107" exp( — (595 + 50)/T) 295-765 Heidner et al., 1980 [5] (d)

3.0+ 0.5 x10™" 295

L.OX 107 exp(— (433 &+ 50)/T) 190-373 Wurzberg and Houston, 1980 [6] (d)
. (2.27 4+ 0.18)xX 07! 296 :

Revicwa and Evaluations

2.0% 107" exp{ — 620/T) 200-400 NASA, 1979 [7] (e)

2.0X 1079 exp( — 620/T) 200-400 CODATA, 1980 [8] (e)

2.0% 107" exp( — 620/T) 200-400 INASA, 1981 [9] (e)

Comments

(a) These values were recalculated from the original data by
Warnatz et al. [2].

(b) No experimental details as the report was unobtainable.

{c) Chain reaction between CIF and H, initiated by uv light
(250-320 nm). £, determined by monitoring the rate of change
of CJF spectrophotometrically when [CIF]y > [H,],.

(d) Atomic fluorine generated from the infra-red multipho-
twu dissuciation of SFg. The reaction monitored by means of the
time-resolved infra-red emission from HF*.

(e) Based on the data reported by Homann et al., 1970 [1]
(uncorrected), Dodonov et al., 1971 [10}, Clyne et al.. 1973 [11].
Bozzelli, 1973 [12], and Igoshin et al., 1974 [13].

Preferred Values

k=2.8x10"" cm® molecule ™! s ! at 208 K.
kE=1.9%X10""exp(—570/T)  cm® molecule™'s™!
over range 190-770 K.

Reliability

Alogk= +0.1at298K.
AE/R)= +150K.

Comments on Preferred Values

The value of £ at 298 K seems to be well established with
the results reported by Homann et al. [1], Warnatz et al. [2],
Zhitneva and Pshezheskii [3], Heidner et al. [4], Wurzberg and
Houston. [5], Dodonov et al. [10], Clyne et al. [11], Bozzelli [12]
and Igoshin et al. [13], being in excellent agreement (range of £
being 2.3-3.3X 107" ¢m> molecule™'s™?). The preferred
value at 298 K is taken to be the mean of the values reported in

these references. The magnitude of the temperature dependence
i nat quite as well established with values of £ /R ranging from

433-775 K (references {1], [2], [5], [6], [13]). The preferred

. value of £ /R is taken to be the mean of the results from all of the

studies. The 4 factor was calculated by taking £ /R tobe 570K,
and k at 298 K to be 2.8 X 10" ¢m? molecule ™! s,
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BAULCH ET AL.

AH°= —29kJ mol™!

Low pressure rate coefficients

Rate coefficient data

ko/cm® molecule ™' s Temp./K B Reference Comments
Absolute Rate Coefficients
28+0 8)>< 10~ exp(906/T) [Ar] 223-203 Shamonima arnd Kotov, 1972 [1] (a)
6.1x10~* 293
Reviews and Evaluations
1.1x 10737 /300)2 [N,] 270260 CODATA, 1980 [2] ‘ (b)

Comments

(a) Discharge flow-ESR detection of atomic fluorine in the
presence of excess O, and Ar. Limited experimental conditions,
e.g. [0,] only varied by a factor of 2, and total pressure was
fixed. The third order rate constant reported for Ar as the di-
luent gas may be somewhat overestimated as the O, ranged from
~12-25% of the total pressure. Stoichiometry assumed to be 2,
ie., —d[[lde — 24 [F][O,)[M] due 10 secondary removal of
atomic fluorine by the primary product FO,.

(b) Based on experimental data (both He and N, data) re-
ported by Zetzsch, 1973 [3], Arotyunov et al., 1976 [4] and
Chen et al., 1977 [5].

Preferred Values

ko = 1.6X10732 [N,]} cm® molecule ™' s~ at 298 K.
ko= 16X 10734T /300) ~ 2° [N,] cm® molecule™!s™}
over range 223-360 K.

Reliability

Aky= +0.3a1208K.
4n= +1.0.

Comments on Preferred Values

The preferred value at 298 K is based upon the following
factors: (a) the average of the three determinations of
koM = He) reported by Zetzsch [3], Arntynmov et 2l {4] and
Chen et al., [5]; (b) the average of the three determinations of
ko(M == Ar) reported by Arutyunov et al. [4], Chen et al., [5] and
Shamonima and Kotov [1]; (c) the relative efficiencies of N,: He
and N,: Ar reported by Arutyunov et al. [4]. The temperature
dependence of %, has not been determined for M = N,, there-

J. Phys. Chem, Ret. Data, Vol. 11, No. 2, 1982

fore, the value of » is an average of that determined for M = He
(n~2) and that determined for M = Ar (n~=3).

High Pressure Rate Coefficients

No experimenta] data available. A value of %,
=3x%10"! cm?® molecule ™' s™! is estimated as calculated
forF |- NO + M—FNO + M[6]. This gives [Ny], =2.7 X 10™'
molecule em > at 300 K.

Preferred Value

k, =3X10"" cm®molecule™ s~" over range 200~
400 K.

Reliability
Alogk = =+ 0.5 over range 200-400 K.
Comments on Preferred Value

Rough estimate indicating fall-off effects only to occur in
the 10-100 atm range.

References

[1) Shamonima, N. F., and Kotov, A. G., Kinetika i Kataliz 20, 233 (1979).

[2} CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., Watson, R. T., J. Phys. Chem.
Ref. Data 9, 295 (1980).

[3] Zeisch, C,, First Europ. Sym. on Combust. {ed. Weinberg, V. 5., Academic
Press, London) p. 35 (1973).,

[4] Arutyunov, V. S., Popov, L. S., and Chaikin, A. M., Kinet. Katal. 17, 286
(1976) (Russ.); p. 251 (1976) (Engl.).

[8] Chen, H. L, Trainor, D. W_, Center, R. E., and Fyfe, W. L., J. Cl'mm Phys.
66, 5513 (1977).

[6] Quack, M., and Troe, J., Ber. Bunsenges. Phys. Chem. 81, 329 (1977).
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FO -+ NO-—F + NO,

AH® = — 239 kJ mol ™!

Rate coefficient data

I |

k /om® molecule ™ 5 Temp./K Reference Comments
Absolute Rate Coefficients
2.6 + 0.5)X 107" 298 Ray and Watson, 1981 {1] ()
Reviews and Evaluations
2.0x10™" 298 NASA, 1979 (2] {b)
20%X10~1 298 CODATA, 1980 [3] {b)
2.6x10" 298 NASA, 1981 [4] ()

Comments

(a) Discharge flow: mass spectrometric detection of FO.
Psuedo-first order conditions, [NO], > [FO],.
(b) Estimated.

(c) Based on reference {11.

Preferred Value
k=2.6X10"" ¢m® molecule ™" s~ at 208 K.

Reliability

Alogk= 4 0.3 at 298 K.

Comments on Preferred Value

The temperature dependence of & is expected to be small
for such a radical-radical reaction. The temperature depen-
dences of & for the analogous ClO and BrO reactions have been
reported to be negative with E /R values of —294 K and

— 260 K, respectively (CODATA preferred values).

References

{1} Ray, G. W., and Watson, R. T., J. Phys. Chem. 85, 2955 (1981).

{2 NASA Ref. Publ. 1049, “The Stratosphere: Present and Future,” Chapter 1,
R. I). Hudson and E. R. Reed, editors (1979).

{3] GODATA Task Group on Chcmical Kinetics, Baulch, D. L., Cus, R. A,
Hampson, R. F., Jr., Kerr, J. A, Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980)..

[4] NASA Panel for Data Evaluation, “Chemical Kinetic and Photochemical and
Data for Use in Stratospheric Modelling,” W. B. DeMore. L. J. Stief. D.
M. Golden, R. F. Hampson, M. J. Kurylo, J. J. Mrgitan, M. J. Molina, R.
T. Watson, JPL Publ. 81-3 (1981).

HF + Av—products
Primary photochemical transitions
Reaction AH°y/ k) mol ™! B A preshotd / AT
HF + Av—HB 4+ F 566.57 211
HF is optically transparent within the wavelength region of References

interest is this review, Le., A > 165 nm. Safary et al. [1] ob-
served the onset of a weak absorption continnum at 161.3 nm
where the absorption cross section had a value of ~1.5X 102

em? molecule !,

{1] Safary, E., Romand, J., and Vodar, B., J. Chem. Phys. 19, 319 (19561).

COF; + hv—products
Primary photochemical transitions
Reaction AH G/ ol = Chean/im
COF, + hv—CO + F, (1) 518 - AZ.';] T
—COF +F 2) 539 222
~CO + 2F {3) 679, 178
—CF; + OCP) @ 697 172
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Preferred Values
Absorption cross sections for COF, photolysis at 298 K

A (nm) 10%%0/cm? A (nm) 10%°g/cm?
184.9 497 205.1 0.86
186.0 5.5 207.3 0.65
187.8 5.2 209.4 048
189.6 4.5 211.6 0.36
1914 3.3 213.9 0.26
193.2 3.3 216.2 0.21
195.1 2.8 218.6 0.15
197.0 2.3 221.0 0.12
199.0 1.9 223.5 0.10
201.0 1.4 226.0 0.08
203.0 1.1

Quantum yields for COF, photolysis at 298 K.
No recommendation.

BAULCH ET AL

Comments on Preferred Values

The preferred values of the absorption cross sections are
those of Chou et al. [1], and by analogy with COCl, photolysis
process (2) would be expected to be the primary photolytic pro-
cess within the wavelength region of interest, 185 nm<A4<226
nm. These recommendations are unchanged from those given in
the previous evaluation, CODATA, 1980 [2] where detailed dis-
cussion can be found.

References
{1} Chou, C. C., Crescentini, G., Vera-Ruiz, H., Smith, W. S, and Rowland, F.
S., Presented at the 173rd American Chemical Society National Meet-
ing, New Orleans, March 1977.
[2] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

FONO; + hAv—sproducts

Primary photochemival transitivus

Reaction AH 555/k] mol ™! A rreshota /AN
FONO, + hv-+F0 4+ NO, {1) 182 9006
—F + NO, 2 140 854
—FONO + OCP) 3) 306 391
—FONO + 0('D) 4) 496 241

Note: AH ° 545 values are given since the heat of formation of FONO at 0 K is not known. No experimental data are available for either the absorption cross sections or

quantum yields for photodissociation of fluorine nitrate.

Preferred Values

No preferred values can be given in the absence of experi-
mental data. In all probability, the absorption cross sections will
be significantly lower than those of CIONO,, resulting in low
atmospheric / values.

5.7. Chlorine Compounds.

O + HOCI—-HO + CIO

AaH°

— 30 kJ mol™!
Rate Coefficient Data: no experimental data available.

Preferred Values
k=6x10""° cm® molecule ™' s~ ! at 298 K.
k=1x10"" exp( — 2200/T) cm® molecule™! s~ nver
range 200-300 K.
Reliability

Adlogk= +1.0at298 K.
A(E/R)= +1000K.

J, Phya. Chem, Hef. Data, Vol. 11, No. 2, 1982

Comments on Preferred Values

There are no experimental data. This is an estimated va,
based on rates of O-atom reactions with similar compounds, e.g.,
H,0, (CODATA evaluation).
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O('D) + CF,Cla—ClO + CF,Cl m

—O(3P) + CFCl;  (2)

—COF, + Cl, 3

—COFCI + FCI O))
AH(1)= — 112.2 k] mol™!
AH%2) = — 189.7 kJ mol ™!
AH(3) = — 580.3 kJ mol ™!
AF"d) = — 428 kJ mol™'

Rate coefficient data (k = &y -+ &y + k3 -+ k)
k/ 4:m3 molecule ™' 5! Temp./K Reference Comments

Absolute Rate Coefficients .
(1.4 -+ 0.2) 10~ 208 Force and Wiesenfeld, 1981 [1] {(a)
Branching Ratios
ky/k»0.47 298 Gillespie, Garraway, and Donovan, 1977 [2] (b)
ky/k=10.55 £ 0.15 298 Addison, Donovan, and Garraway, 1981 (3} (c)
bk =020 4 0.10 208
ky/k=0.14 + 0.07 295 Force and Wiesenfeld, 1981 [1] (a,d)
Reviews and Evaluations
1.4 1010 298 NASA., 1979 [41 (e)
2.8x1071° 298 CODATA, 1980 (5] ®
14X 107 298 NASA, 1981 [6] (e)

Comments

(a) Laser flash photolysis of O5 at 248 nm. The time re-
solved production of O(*P) monitored by resonance absorption
via the 3 35,2 3P, triplet at 130.2-130.6 nm.

(b) Flash photolysis: plate photometric detection (ultravio-
letabsorption) of C10 and O3. 4 [CIO] 40004 /4 [05] , moni-
tored. This value is a lower it as 4 [C10] may have been un-
derestimated due to removal by any OCP) formed in reaction (2).

() Flash photolysis. Plate photometric detection of ClO,
and resnnanee ahsarption detection of O(P) at ~ 130 am. Cor-
rections required for C1O formation via possible secondary reac-
tions such as CF,Cl -+ 0;—Cl0 + CF,0,. Channels (1) and (2)
have been shown to be the dominant, but not necessarily exclu-
sive, pathways.

(d) The rate constant for the quenching channel, &,, was
determined to be (0.2 4+ 0.1)X}107'° ¢m® molecule ™5™,
The overall rate constant for the reactive removal of
Ok, + &y + k) = (1.2 + 0.2) X 107 cm® mole-
cule™! s,

(e) Based on Davidson et al., 1978 [7].

(f) Based on Fletcher and Husain, 1976 [8], Davidson et
al., 1978[7], Jayanty et al., 1975 [9], Atkinson et al., 1976 [10],
and Green and Wayne, 1977 [11}.

Preferred Values
k=1.4%10"" cm® molecule ™! s~ ! at 298 K.
ky/k = 0.15 at 208 K.
Reliabilicy

Alogk= + 0.1 at 298 K.
Ak, k)= + 0.1 at298 K.

Comments on Preferred Values

Based on Force and Wiesenfeld [1] and Davidson et al. [7],
the results of which are in excellent agreement. This is consis-
tent with the recent data [12-14] on the reactions of O{'D) with
atmospheric gases (N,, 05, N,0, CO,, etc.) which have support-
ed the results from the NOAA Laboratories in preference to the
results from the Cambridge Laboratory (Fletcher and Husain
{8]). The results from the relative rate coefficient studies [9-11]
were not considered in this evaluation. However, combining the
values of & /£ (0'D + N,0) reported in references [9] and [11]
with the CODATA preferred value for £(0'D + N,0), i.e.
1.2X10 7" em® molecule ™! s, yields values of & in excellent
agreement with the preferred value. Both Addison et al. [3] and
Force and Wiesenfeld [1] report that the quenching channel (2)
is a significant removal pathway for O('D). Consequently pre-
ferred values are given for both the overall rate constant, £, and
for the branching ratio £,/k..
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O('D) + CFCl;—CIO + CFCl, m

—O(P) + CFCl;  (2)

—COFCl + Cl, (3)

—COCl, + FCI (@)
AH°(1) = — 148 k] mal—!
AH®2) = — 189.4 k] mol ™!
AH°(3)= — 581 kJ mol ™!
AH4) = — 424.8 kJ mol™'

Rate coefficient data (£ = &y + &, + k3 4 £,)
k /em® molecule ™" s~ Temp./K Reference Comments

Absolute Rate Coefficients
2.4+ 0.2)X 10710 205 Force and Wiesenfeld, 1981 [1] @
Branching Ratios
W 298 Gillespie, Garraway, and Donovan, 1977 [2] (b)
ky/k=0.6 +0.15 298 Addision, Donovan, and Garraway, 1981 [3] (©)
ky/k=0.2540.10 298
Kyl k= 0.13 3 0.04 295 Force and Wiesenfeld, 1981 [1] (a,d)
Reviews and Evaluations
2.2X10°1° 298 NASA, 1979 {4] O]
35X107 " 298 CODATA, 1980(5] o
2.2X10™1° 298 NASA, 1981 [6] )

Comments

{a) Laser flash photolysis of O; at 248 nm. The time re-
solved production of O(P) monitored by resonance absorption
via the 3351 — 23_P, triplet at 130.2-130.6 nm.

{b) Flash photolysis plate photometric detection (ultravio-
letabsorption) of Cl0 and 03.4 [CIO],,o4uced /4 [03);emovea moODI-
tored. This value is a lower limit as 4 {Cl0] may have been un-
derestimated due to removal by any O(P) formed in reaction (2).

{c) Flash photolysis. Plate photometric detection of ClO,
and resonance absorption detection of O(*P) at ~130 nm. Cor-

" rections required for CIO formation via possible secondary reac-
tions such as CFCl, 4+ 0,—~ClO + CFClO,. Channels (1) and
(2) have been shown to be the dominant, but not necessarily
exclusive, pathways.

(d) The quenching rate constant, k,, was determined to be
(0.3 + 0.1)X 107 '° cm® molecule ™! s~ *. The overall rate con-
stant for the reactive removal of O'D(@#, + k5 -+ £,)
=(2.1 +0.1)X107'° ¢m® molecule ™! s~ 1.

(e) Based on Davidson et al., 1978 [7].

(f) Based on Fletcher and Husain, 1976 [8), Davidson et
al., 1978 [7], Jayanty et al,, 1975 [9], and Atkinson et al., 1976
[10].
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Preferred Values

k=2.3%10"" cm® molecule ' s~ at 298 K.
ky/k = 0.16 at 298 K.

Reliability

Alogk= £0.1at298K.
A4 (ky/k)= +0.1at298K.

Comments on Preferred Values

Based on Force and Wiesenfeld {1] and Davidson et al. [7],
the results of which are in excellent agreement. This is consis-
tent with the recent data {11-13] on the reactions of O'D with
atmospheric gases (N, 0,, N,0, CO,, etc.) which have support-
ed the results from the NOAA Laboratories in preference to the
results from the Cambridge Laboratory. The results from the
relative rate coefficient studies [9] and [10] were not considered
in this evaluation. However, combining the values of %/
£ {0'D + N,0) reported in references [9] and [10] with the CO-
DATA preferred value for k (O'D + N,0), ie. 12X 10710

cm® molecule ™! s™, yields values which are ~25% smaller
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and greater, respectively, than the preferred value. Both Ad-
dison et al. [3] and Force and Wiesenfeld [1] report that the
qnenching channel (2) is a significant removal pathway for
O('D). Consequently preferred values are given for both the
overall rate constant, £, and for the branching ratio £,/%.
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AH(1)= — 161 kI mol™'
AH®(2) = - 189.7 k} mol ™"
AH(3)= — 563.2kJ mol™'
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n
(2)
3)

Raie coefficient data (4 = & + &y + &5)

Temp./K

k /cm® molecule” ''s®

Absolute Rate Coefficients
(3.5 +£03)x107"

295

Branching Ratios

kol =10.14 = 0.00 295

Reviews and Evaluations

48x1071° 298

Comments

(a) Laser flash photolysis of O at 248 nm. The time pro-
duction of O{P) monitored by resonance absorption 3°5,-2°P,
triplet at 130.2-130.6 nm.

(b) The quenching rate constant, £, was determined to be
(0.49 4+ 0.2) X 107'% ¢m® molecule ™' s ™. The overall rate
constant for the reactive removal of O'D(%, + k)
= (3.0 + 0.2) X 107 ° cm® molecule "' s\

(c) Based on Fletcher and Husain, 1976 [3], Davidson et
al., 1978 {4], and Jayanty et al., 1975 [3].

Preferred Yalues

k=3.3%10""°cm® molecule ™! 5! at 298 K.
ky/k = 0.14 2t 208 K.

Reliability

Aloghk= +0.1at298 K.
Ak kY= £0.7at 298 K.

Reference Comments
Foree and Wiesenfeld, 1981 (1] (a)
Force and Wiesenfeld. 1981 {1] {a,b)

CODATA, 1uBs {2y {c)

Comments on Preferred Values

Based on Foree and Wiesenfeld [1] and Davidson et al. [4],
the resulis of which are in excellent agreement. This is consis-
tent with the recent data [6-8{ on the reactions of 0’D with
atmospheric gases (Ny, 05, NyO, CO,, etc.) which have support-
ed the results from the NOAA laboratories in preference to the
results from the Cambridge Laboratory. The results from the
relative rate coefficient study [5] was not considered in this eva-
huation. Combining the value of £ /& (0'D + N,0) reported in
reference  [S] with the CODATA preferred value of
O 4+ N,0), ie. 1.2 107 em molecule ™! s 71, yields a
value ~25% lower than the preferred value. The observation of
a quenching channel in this reaction is consistent with the re-
sults from the O('D) with CF,Cl, and CFCl; reactions. Conse-
quently preferred values are given for both the overall rate con-
stant, k, and for the branching ratio k./k.

4. Phys. Chem. Ref. Data, Yol. 11, No. 2, 1882
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Cl+ HO,—HCI 4+ 0, (1)

AH1) = — 224 kJ mol ™!
AH2) = + 9 kI mol™!

—ClO +HO (2)

Rate coefficient data (k = &, + k)

k /cm® molecule™" s~! Temp./K Reference Comments
Relative Rate Coefficients
6.9 =+ 8.3)x 10~ " 274~.338 Cox, 1980 [1] {a)
Reviews and Evaluations
4.5x10! 298 NASA, 1979 (2] {b)
+.1x10" 298 CODATA, 1980 [3] (b)
4.8x10~" 298 NASA, 1981 [4] (e)

Comments

(a) Molecular modulation: ultraviolet detection of HO,. &
determined relative to & (Cl + H,). & /& (Cl + H,) = (3.0 )
exp( + (2120 4 370/T)). Combining the experimentally deter-
mined ratio of & /& (Cl + H,) with the CODATA preferred value
of £E(Cl+H,), ie. 4.7X107" exp(— 2340/T) cm® mole-
cule™'s™' yields the expression, £=141X10"1
exp( — 220/7) em® molecule ™" s . However, considering the
uncertainties in both & /% (Cl + H,) and £ (Cl + H,) a tempera-
ture invariant value was roported for 4.,

(b) Based on the relative rate coefficient studies of Leu and
DeMore, 1976 [5], Cox and Derwent, 1977 {6], Poulet et al.,
1978 [7] and Burrows et al., 1979 [8].

(c) Based on the relative rate coefficient data of Leu and
DeMore, 1976 [5), Poulet et al., 1978 [7], Burrows et al., 1978
[8], and Cox, 1980 [1], but not Cox and Derwent, 1977 [6).

Preferred Value

ky=4.8X107"" cm® molecule "' s™! over range 274~
338 K.

Reliability

Aloghk= 1332 at 298 K.
A(E/R)= 4+ 200K.

Comments on Preferred Value

The preferred value of 4.8 X 10~ cm® molecule™? s~
fork at 208 K was obtained by averaging the reevaluated values
of Leu and DeMore, 1976 [5], Poulet et al., 1978 [7), Burrows et

4. Phys, Chem, Ret. Data, Vol. 11, No. 2, 1982

al., 1978 [8], and the value of Cox, 1980 [1]. Cox, 1980 [1]
reevaluated the earlier work of Cox and Derwent, 1977 [6], to
determine a value of »>4.0X10™"" cm® molecule™* s~ for &
(due predominantly to a revised value for £ (Cl 4 Hy)) which is
consistent with the preferred value. The lack of a temperature
dependence (reference [1]) is consistent with that expected for
an atom-radical reaction. Based upon the data of Burrows etal.,
19798 an upper limit of 4.8 X 10" cm® molecule ™' s ™' can
be placed on &, (>>1% of the total rate constant). However, this
value is not given as a preferred valne as there is an inconsis-
tency between the values of k,(Cl+ HO~ClO + HO),
k_,(HO 4+ ClI0—HO, + Cl) and the thermodynamic equilibri-
um constant, K, = k,/k_, (see the HO + CIO data sheet for a

more detailed discussion).
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Cl 4+ CH;—HCI 4 CH;3

4H° = + 6.7 k] mol™!

Rate coefficient data

k /em® molecule ™! 7! Temp./K Reference Comments
Absolute Rate Coefficients
(3.2 + 0.44) X 10~ 12 exp( — (1063 + 34)/T) 221-298 Ravishankara and Wine, 1980 [1} (a)
9.65 + 0.55)x 10~ "* 298
(1.67 £ 0.45)X 10~ % exp( — (1542 - 88)/T) 298-375
Reviews and Evaluations
9.9%X 10~ "2 exp( — 1359/T) 200-300 NASA, 1979 2] (b)
9.03X10 2 oxp( 1360/7) 200 300 CODATA, 1980 [2] (b)
9.6 1072 exp({ — 1350/7T) 200-300 NASA, 1981 (4] {©)

Comments

(a) Flash photolysis: resonance fluorescence detection of
atomic chlorine. Non-linear Arrheniue behavior was observed.
At temperatures at and below 240 K the apparent bimolecular
rate constant was dependent upon the chemical composition of
the reaction mixture. Ravishankara and Wine suggested that
this was due to a non-equilibration of the “P,,, and “P5,, spin
states of atomic chlorine at high values of the pseudo-first order
rate constant, &£ ', i.e. if the mixture did not contain an efficient
spin equilibrator, e.g. Ar or CCly, the bimolecular rate constant
decreased at high CH, concentrations, i.e. high values of £ '. The
Arrhenjus expressions for k between 221 and 298 K, and
between 298 and 375 K were derived from the data shown in
their table II (excluding the high CH, data in the He/Cl,/CH,
system). '

{b) Based on the absolute rate coefficient data of Watson et
al., 1976 [5], Whytock et al., 1977 [6], Michael and Lee, 1077
{7}, Manning and Kurylo, 1977 [8), Zahniser et al., 1978 [9],
Lin et al., 1978 [10], and Keyser, 1978 [11], and the relative
rate coefficient data of Pritchard et al., 1954 [12], Knox, 1955
[13], Pritchard et al., 1955 {14}, Knox and Nelson, 1959 [5],
and Lin et al., 1978 [10]. ,

(c) Based on the same data as for NASA, 1979 [2] (see note
(h)) and Ravishankara and Wine, 1080 [1].

Preferred Values

k=1.0X10"" em® molecule ™! s~ at 2908 K.
k=9.6X10""2exp(—1350/T) cm® molecule ' s™!
over range-200-300 K.

Reliability

Adlogk= +0.1at298K.
"A(EJR)— + 250K.

Comments on Preferred Values

This reaction was discussed in detail in the previous CO-
DATA evaluation [3], i.e. the non-linear Arrhenius behavior
and the differences between the results from the absolute rate
coefficient studies and the relative rate coefficient studies. In-
clusion of the data of Ravishankara and Wine [1] results in

minor modifications to the earlier preferred CODATA values
[3].

The preferred value at 208 K was obtained by taking the
mean from the most reliable absolute (Watson et al. [5}, Why-
tock et al. [6], Michael and Lee [7], Manning and Kurylo {8],
Zahniser et al. [9], Lin et al. [10], Keyser [11}, and Ravishan-
kara and Wine [1]) and the most reliable relative (Pritchard et al.
[12], Knox [13], Pritchard et al. [14], Knox and Nelson [15] and
Lin et al. [91) rate coefficient studies.

The preferred Arrhenius expression was derived to best fit
all the reliable experimental data between 200 and 300 K. Data
obtained above 300 K were not considered due to the non-linear
Arrhenius behavior observed in the absolute rate coefficient
studies ([1], [6], {10] and [11]). The average values of £ at 230 K
are: 3.19%10™'* cm® molecule {flash photolysis
[1,5,6.8]); 2.67X 10" ¢m® molecule™" s™* (discharge flow
[9,11]); and 2.27X107'* cm® molecule™' s™' (competitive
chlorination [10,12-15)). These differences increase at lower
temperatures. Ravishankara and Wine have suggested that the
results obtained using the discharge flow and competitive chlor-
ination techniques may be in error at the lower temperatures
(T'< 240 K) due to a non-equilibration of the *P,;, and *P;,,
states of atomic chlorine. The chemical composition in each of
the flash photolysis studies contained an efficient spin equili-
brator, whereas this was not the case in the discharge flow stu-
dies. However, the reactor walls in the discharge flow studies
could have been expected to have acted as an efficient spin
equilibrator. Consequently, until the hypothesis of Ravishan-
kara and Wine is proven it is assumed that the discharge flow
and competitive chlorination results are reliable. The Arrhenius
expression is derived to yield the preferred values of k at 298 K
(1.04 10~ 1 230 K
(2.71X 107" cm® molecule ™" s™'—this is a simple mean of
the three average values obtained from each of the three techni-
ques). The preferred expression of 9.6X 10~ !? exp( — 1350/
T) em® molecule ™! s ™! essentially yields values of % similar to
those obtained in the discharge flow-resonance fluorescence stu-
dies. If only flash photolysis-resonance fluorescence results are
used then an alternate expression of 6.4 X 107'? exp( — 1220/
T)cm® molecule ™! s~ is obtained (£ at 298 K = 1.07 X107 '3
em® molecule ™' s™1), and (£ at 230 K = 3.19X 10~ " cm® mo-
lecule™" s7). :

-—)s—l

cm® molecule™'s™!)  and  at
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Cl + H2CO—HCI + HCO

AH® = — 67.4k] mol™!

Rate coefficient data

k Jem? molecule™! ¢! Temp. /K Rofcmn;; Conuneniy

Absolute Rate Coefficients

4.7 + 1.0)x 10~ " 298 Foon, LeBras, and Combourieu, 1979 {1] (a)
(744 07y 1071 2085 Fasano and Nogar, 1991 [2] Ly
Reviews and Evaluations

9.2%10™"" exp( - 68/T) 200-500 NASA, 1979 [3] (©)
7.09x10~ exp(— 34/T) 200-500 CODATA, 1980 (4] ®)
9.2X10~" exp(— 68/T) 200-500 NASA, 1981 [5] (c)

Comments

{a) Discharge flow: EPR detection of atomic chlorine.

{b) Pulsed CO, laser induced photodissociation of CFCl, to
produce Cl. HCl infrared chemiluminescence used to monitor
the reaction.

(c) Based on the absolute rate coefficient studies of Michael
el al., 1979 [0] and Anderson and Kurylo, 1979 [7], and the
relative rate coefficient study of Niki et al., 1978 [8].

Preferred Values

k=7.3%10""" ¢cm® molecule ™' s~ ' at 298 K.
k=7.9x10""" exp( — 34/T) cm® molecule ™! s~} over
range 200-500 K.

Reliability

Alogk = 4+ 0.06 at 298 K.
4(E/R)= + 100K.

J, Phys, Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Values

The results from Michael et al., 1979 [6], Anderson and
Kurylo, 1979 |7}, Niki et al., 1978 [8], and Fasano and Nogar,
1981 [2] are in good agreement at ~298 K, but ~50% greater
than the value reported by Foon et al., 1979 [1]. Therefore, the
data of Foon et al. is rejected, and the preferred values remain
unchanged from the previous CODATA evaluation.
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HO + HOCI—H,0 + ClO

AH® = — 101 kJ mol™'
Rate Coefficient Data: no experimental data available.

Preferred Values

£ =1.8X107'2 cm® molecule ™! s~ ! at 298 K.
k=3%X10"" exp( — 150/T) em® molecule™" s~! over
range 200-300 K.

Reliability

Aloghk= 1+1.0at298K.
A(E/R)= *330K.

HO + CIO-—HO, + Ci
—>HCI 4+ O»

Comments on Preferred Values

There are no experimental data for this reaction. This is an
estimated value based on the rate coefficient for the HO + H,0,
reaction (CODATA evaluation).

(n
(2)

HO + CIO + (M)—HOCIO + (M) (3)

AH°(1) = — 9 kJ mol™’
AH@) = — 234 kJ mol ™"

Rate coefficient data (k == k| + &, + &3)

k /em® molecule™! s~! Temp./K Reference Comments
Absolute Rate Coefficients
(3.9 £ 0.6)x10™'2 295 Garraway and Donovan, 1980 {1} (a)
Reviews and Evaluations
9.1 107" 208 NASA, 1979 [2] {v)
9.1x10~ "2 298 CODATA, 1980 [3] )
9.1x10~"% 208 NASA, 1981 [4] (b)

Comments
(a) Flash photolysis: resonance absorption detection of
HO. Total pressure was varied from 10-240 Torr (M = SF),
and & was observed to increase from (3.4-4.5)X 10~ % ¢cm® mo-
lecule ™" s~ !, possibly indicating the presence of a third-order
complex forming process.

(b) Based on the data of Leu and Lin, 1979 [5].
Preferred Value

k=9.1X10"" cm® molecule ™' s~ at 298 K.
Reliability

Alogk= +0.3at298K.
Comments on Preferred Value

The preferred value is that reported by Leu and Lin [5].
The results are not in particularly good agreement (a factor of
2.7 in the low pressure regime), but this may be partly accounted

for insofar as Garraway and Donovan only claimed a factor of
two accuracy in their determination of £ due to the complexity of

their reaction system. A lower limit of 0.65 was determined by
Leu and Lin for &,/k at 298 K. The approach was somewhat
indirect and the actual value of k,/% may possibly be unity. It
should be noted that the lower limit of 5.9X 10" ¢m® mole-
cule™! s™! reported for £, by Leu and Lin is not compatible with
the thermodynamic equilibrium constant, X, = ,(HO + ClO
—HO, + C)/k_ ,(HO, + Cl—HO + ClO), and the upper limit
of 3X107 "% em? molecule ™" s ™! placed on % _; by Burrows et
al. [6]. For all the data to be consistent it requires that either: (a)
ky is lower than reported by Leu and Lin (ie. <2X107'?
cm® molecule™ s™) or (b) k_, is greater than 3X 107"
cm® molecule ™! 5™ or (¢) AH °pes (HOp) <10.5 kI mol™'
(i-e.<7.5kJ mol™"). With the resulis of Garraway and Donovan
indicating a possible pressure dependence in £, it is clear that
additional studies of the rate constant and mechanism of this
reaction as a function of pressure and temperature are required.
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M. Golden, R. F. Hampson, M. J. Kurylo, J. J. Margitan, M. J.Molina,
and R. T. Watson, JPL Publ. 81-3 (1981).
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HO -+ CH3;Cl—H,0 + CHCI
AH® = — 74 k) mol™!
Rate coefficient data
k /em® molecule™" s™! Temp./K Reference Comments
Absolute Rate Coefficients .
(3.51 + 1.10)X 1012 exp{( — 1313 £ 111)/T) 247-483 Jeong and Kaufman, 1981 [1] (a)
(3.95 4 0.52)x 10~ 293
(4.10 = 0.68)x 10— " 297 Paraskevopoulos, Singleton, and Irwin, 1981 [2] {b)
Reviews and Evaluations
2.2X107 " exp( — 1142/7) 240-422 NASA, 1979 (3] (o)
2.2X 107" exp( — 1140/T) 240-4929 CODATA, 1980 [4) (©
1.8X 107 "2 exp( — 1112/7) ~220-300 NASA, 1981 [5] (d)

Comments

(2) Discharge flow: resonance fluorescence detection of
HO. Although an Arrhenius expression has heen entered in the
table, the experimental data was observed to exhibit a non-linear
Arrhenius behavior and was best described by a three parameter
equation of the form, £ = 47" exp(— B /T), where n>~2, i.e.
k=4.22X 10718 717 exp( — 599/T) cm® molecule™' s ™.

(b) Flash photolysis-resonance absorption detection of HO.

(c) These expressions were derived from the absolute rate
coefficient data of Howard and Evenson, 1976 [6], Davie et al.,
1976 [7], and Perry et al., 1976 [8].

(d) Derived using the absolute rate coefficient data of Jeong
and Kaufman [1], Howard and Evenson [6], Davis et al. [7], and
Perry et al. [8]. Data fit to an expression of the form,
k=BT? exp(— C/T), and then an Arrhenius expression
(k= A exp(— E /T)) centered at 265 K was derived, where
A=B Xe’XT?and E = C + 2T.

Preferred Values
k=4.2x%10"" cm® molecule ™! s ! at 298 K.

£=1.9X10""2 exp(— 1120/T) em”® molecule ™' s
over range 247350 K.

-1

Reliabilicy

Aloghk= +40.1 at298 K.
A(E/R)= +200K.

Comments on Preferred Values
The preferred values were obtained using the absolute rate

coefficient data of Howard and Evenson [6], Davis et al., [7],
Perry et al., [8], Jeong and Kaufman [1] and Paraskevopoulos et
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al. [2] which are in good agreement. Although the E /R values
vary from 1097 K (reference [7]) to 1359 K (reference [8}), the
discrepancy can possible be attributed to the reaction exhibiting
non-linear Arrhenius behavior (reference [1]) and being studied
over different temperature ranges, i.e. 250-350 K (reference
[7]) and 298-422 K (reference [8]). The preferred value of £ at
298 K was obtained by taking the mean of the values reported at
~~298 K in references [1] (normalized to 298 K) and [2,6-8].
Owing to the possible non-linear Arrhenius behavior of the reac-
tion the preferred Arrhenius expression was derived using only
data obtained at and below 350 K. An alternate expression
which allows for the possible non-linear Arrhenius behavior can
be obtained by fitting all of the absolute rate data from refer-
ences [1,2,6-8] 10 a three parameter equation of the form,
k=AT?exp(—B/T). This results in the equation
3.49X 1078 72 exp( — 582/T) em® molecule ™" s~ " over the
temperature range 247-483 K.
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HO + CH,FCI—H,0 + CHFCI

Rate coefficient data

k /em® molecule ™! 5! Temp./K Reference Comments
Absolute Ra§§ Coefficients
3.7+ 0.6)x10™™ 296 Howard and Evenson, 1976 1] (a)
(2.84 + 0.3)X 107 "2 exp( — (1259 + 50)/T) 245-375 Watson et al., 1977 (2] (b
(4.21 +0.41)x 107" 208
(8.1 + 0.9)X 10~ '* exp( — (1320 + 100)/T) 273-373 Handwerk and Zellner, 1978 [3] {c)
B35+ 07)x10™" 293 .
(2.44 4 0.64) X 107 % exp( ~ (1147 + 91)/T) 250-486 Jeong and Kaufman, 1981 {4] (d)
(4.94 + 0.60)x 10~ 295
(4.45 -+ 0.66)} 10~ 297 Paraskevopoulos, Singleton, and Irwin, 1981 [5] : (e)
Reviews and Evaluations
3.5X 107" exp( — 1322/T) 245-375 NASA, 1979 [6] ®
2.0X 107" exp(— 1134/7) ~220-300 NASA, 1980 [7] ®

Comments

(a) Discharge flow: laser magnetic resonance detection of

HO.
(b) Flash photolysis: resonance fluorescence detection of

HO.

(c) Flash photolysis: resonance absorption detection of HO. .

(d) Discharge flow: resonance fluorescence detection of
HO. Although an Arrhenius expression has been entered in the
table, the experimental data was observed to exhibit a non-linear
Arrhenius behavior and was best described by a three parameter
equation of the form k& = AT" exp(— B /T), where n=~2, i.e.
k=2.6X10""8 T2 exp( — 459/T) cm® molecule ! s™".

{e) Flash photolysis-resonance absorption detection of HO.

(f) This expression was derived from the absolute rate coef-
ficient data reported in references [1-3].

(g) Derived using the data reported in references [1-4].
Data fitto an expression of the form,k = BT ? exp( — C /T),and
then an Arrhenius expression, £ = 4 exp( — £ /T), centered at
265 K was derived, where 4 = B Xe?X T2 and E = C + 2T.

Preferred Valuves

k=44x10"" cm® molecule ™' s~ at 298 K.
k=2.6x10""2exp(— 1210/T) cm® molecule™ s~
over range 245-350 K.

1

Reliability

Alogk= 40.1at208K.
A(E/R)= +100K.

Comments on Preferred Values

The preferred values were obtained using the absolute rate
coefficient data from references [1-5] which are in good agree-
ment. Owing to the possible non-linear Arrhenius behavior of
the reaction [1] the preferred Arrhenius expression was derived
using only data obtained a1 and below 350 XK. An alternate
expression which allows for the possible non-linear Arrhenius
behavior can be obtained by fitting all the absolute rate datato a
three parameter equation of the form, & = AT? exp( ~ B /T).
This results in the equation 3.8X10~'® 7% exp(— 604/T)
cm® molecule™' s™! over range 245-486 K.
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BAULCH ET AL,

HO + CHF.Cl—H.0 + CF:Cl

AH® = — 66 k] mol™!

Rate coefficient data

k /om® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefgicierrts 7
{1.28 4 0.66) X 10~ exp( — (1671 + 191)/T) 293-482 Jeong and Kaufman, 1981 [1] (&)
(4.83 + 0.63)xX 10~ 293
(4.58 4- 0.58)x 10~'% 297 Paraskevopoulos, Singleton, and Irwin, 1981 [2] (b)
Reviews and Evaluations
1.2X 10712 exp( — 1666/T") 250-430 NASA, 1979 [3] (c)
1.3X 1072 exp( — 1670/T) 240400 CODATA, 1980 {41] ©
7.8X 107" exp( — 1530/7) ~220-300 NASA, 1981 [5] @

Comments

(a) Discharge flow-resonance fluorescence detection of HO.
Although an Arrhenius expression has been entered in the ta-
ble, the experimental data was observed to exhibit a non-linear
Arrhenius behavior and was best described by a three parameter
equation of the form, & = AT" exp(— B /T), where n~~2, i.e.
k=128 X107 7*°exp( — 946/T) cm® molecule ™' s .

(b) Flash photolysis-resonance absorption detection of HO.

(c) These expressions were derived from the absolute rate
coefficient data of Atkinson et al., 1975 [6], Howard and Fven-
son, 1976 [7], Watson et al., 1977 [8], Chang and Kaufman, 197
[9], and Handwerk and Zeliner, 1978 [10], but not Clyne and
Holt, 1979 {11].

(J) Derived using the absolute rate coefficient data of Jeong
and Kaufman (1], Atkinson et al., [6], Howard and Evenson [7],
Watson et al,, [8], Chang and Kaufman [9], Handwerk and
Zellner [10). Data fit to an expression of the form,
k=BT?exp(— C/T), and then an Arrhenius expression,
k=A exp(— E/T), centered at 265 K was derived, where
A=Bxe*XT?and £=C+ 2T.

Preferred Values

k= 4.7X107" cm® molecule ! s ! at 298 K.
k=11X10""exp( —~ 1620/T) cm® molecule™'s™
over range 250-360 K.

1

Reliability

dlogk= +0.1at298 K.
AE/R)= +100K.

Comments on Preferred Values

The preferred values were obtained using the absolute rate
coefficient data of Atkinson et al. [6), Howard and Evenson {7],
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Watson et al. [8], Chang and Kaufman {9], Handwerk and
Zellmer [10], Jeong and Kaufman [1] and Paraskevopoulos et al.
[2] which are in good agreement. Owing to the possible non-
linear Arrhenius behavior of the reaction [1] the preferred Arr-
henius expression was derived using only data obtained at and
below 360 K (if the data used were restricted to 7<350 K then
the expression derived was 1.2 10~ 12 exp( — 1653/7T)
em® molecule ™! s71). An alternate expression which allows for
the possible non-linear Arrhenius behavior can be obtained by
fitting al} the absolute rate data from references [1,2,6-10]to a
three parameter equation of the form, £ = 47 exp(— B8 /1').
This results in the equation 1.5X 107 72 exp( — 1000/T)
cm® molecule ™! s over range 250-482 K.
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Chem. Ref. Data 9, 295 (1980).
{5] NASA Panel for Data Evaluation, *“Chemical Kinetic and Photochemical
Data for Use in Stratospheric Modelling,” W. B. DeMore, L.]., Stief, D.
M. Golden, R. F. Hampson, M. J. Kurylo, J. J. Margitan, M. J. Molina,
and R. T, Watson, JPL. Publ. 81-3 (1981),
Atkinson, R., Hansen, D. A., and Pitts, J. N., Jr., J. Chem. Phys. 63, 1703
(1975).
[7] Howard, C. I, and Evenson, K. M., J. Chem. Phys. 64, 197 (1976).
[8] Watson, R. T., Machado, E., Conaway, B. C., Wagner, S., and Davis, D. D.,
J. Phys. Chem. 81, 256 (1977).

[9] Chang, J. S., and Kaufman, F., J. Chem. Phys. 66, 4989 (1977).

[10] Handwerk, V., and Zellner, R., Ber. Bunsenges. Phys. Chem. 82, 1161
(1978).

[11] Clyne, M. A. A., and Holt, P. M., J. Chem. Soc. Faraday Trans. IL. 75, 582
(1979).

18

(4

flnd

(6



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

465

HO + CHFCl,—H,0 + CFCl,

AH® = — 92 k] mol™!

Rate coefficient data

k /em® molecule™! s ™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.21 4+ 0.26)x 1012 exp{ — (1057 + 76)/T) 250-483 Jeong and Kaufman, 1980 [1] (a)
(3.37 # 0.44) X 10~ 295
(3.39 + 0.86)x 10~ ¢ 297 Paraskevopoulos, Singleton, and Irwin, 1981 {2] {b)
Reviews and Evaluations
1.5X 10~ "2 exp( — 1184/7) 240-420 NASA, 1979 [3] ©
1.5X107 "% exp( ~ 1180/7) 240-400 CODATS, 1980 (4] ©
8.9 10~ W exp(— 1018/7) ~220-300 NASA, 1981 |5] (dy

Comments

(a) Discharge flow-resonance fluorescence detection of HO.
Although an Arrhenius expression has been entered in the ta-
ble, the experimental data was observed to oxhibit a non-linear
Arrhenius behavior and was best described by a three parameter
equation of the form k = AT " exp( — B /T), where n~2, i.e.
k=1.22X10""8 T'*° exp( ~ 338/T) cm® molecule™" 571,

(b) Flash photolysis-resonance absorption detection of HO.

(c) These expressions were derived from the absolute rate
coefficient data of Howard and Evenson, 1978 [6], Perry et al,,
1076 [7], Watson et al., 1977 [9], but not Clyne and Holt, 1979
[10].

(d) Derived using the absolute rate coefficient data of Jeong
and Kaufman [1}, Howard and Evenson [6], Perry et al. [7],
Watson et al. [8], and Chang and Kaufman [9), but not Clyne and
Holt [10]. Data fit to an expression of the form,
k=BT?exp(— C/T), and then an Arrhenius expression,
k=4 exp( — E/T) centered at 265 K was derived, wheie
A=BXe*XT?and £ =C+2T

Preferred Values
k= 3.0X10"" ¢m® molecule™' s~ ar 298 K.

k=1.1x10""2 exp( — 1070/7)
over range 240-350 K.

cm® molecule ™! 5!

Reliability

Alog k= 4 0.1 at 208 K.
AE/R)Y+ 100K,

Comments on Preferred Values

The preferred value of £ at 298 K was obtained by taking
the mean of the ahsolute rate aneffisients reported by Howard
and Evenson [6], Perry et al. [7], Watson et al. {8], Chang and
Kaufman [9], Jeong and Kaufman [1], and Paraskevopoulos et
al. [2] which are in good agreement. Owing to the possible non-
linear Arrhenius behavior of the reaction | 1] the preferred Arr-
henius expression was derived using only data obtained at and
below 350 K. An alternate expression which allows for the pos-
sible non-linear Arrhenius hehaviar ean he obtained by fitting
all of the absolute rate data from references [1,2,6-9} to a three
parameter equation of the form, 4 = AT exp( — B /T'). This re-
sults in the equation 1.7 X107 '8 720 exp( — 483/T) cm® mo-
lecule ™! s ™! over range 241-483 K.
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|8} Watson, R.T., Machado, E., Conaway, B. C., Wagaer, S., and Davis, ). ).,
J. Phys. Chem, 81, 256 (1977).

[9] Chang, . ., and Kaufman, F., J. Chem. Phys. 66, 4989 (1977).
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HO -+ C;HCl3—Products
Rate coefficient data
& /em® molecule™ s~ Temp./K Reference Comments
Absolute Rate Coefficients
(2.0 + 0.4)X10~12 296 Howard, 1976 1) @
(5.32 3 0.71)X 10~ exp( + (445 + 41)/7) 234-420 Chang and Kaufman, 1977 [2] )
(2.37 + 0.10) X 10~ 12 296
Relative Rate Cuelficients
@5 + 1.3)x 10" 12 208 Winer et al., 1976 (3] ©
Reviews and Evaluations
5.0X107" exp(445/T) 234-420 NASA, 1979 [4] (d)
5.0X 107 exp(445/T) 234-420 NASA, 1981 [5] )

Comments

(a) Discharge flow-laser magnetic resonance detection of
HO.

(b) Discharge flow-resonance fluorescence detection of
HO. ]

(¢) Photochemical smog chamber. % /k(HO 4 iso-bu-
tene) == 0.088. Combining this ratio with the value of
5.1X107 " em® molecule ™! s fork (HO + iso-butene)yields
the value of £ entered in the table [6).

{d) Based on references [1] and [2]).

Preferred Valves

k=22 X 1072 ¢m® molecule ! s ! at 298 K.
k=5.0X10"" exp(445/T) cm® molecule™'s~? over
range 234-420 K.

Reliability

Adlogk= 40.12at298 K.
A(E/RYy= +445K.

Comments on Preferred Values

The preferred value at 208 K is 2 mean of the value report.
ed by Howard, and Chang and Kaufman. The value reported by
Winer et al. is a factor of 2 greater than the other values and is
not considered in deriving the preferred value at 298 K. The
preferred Arrhenius parameters are based on those reported by
Chang and Kaufman (the 4-factor is reduced to yield the pre-
ferred value at 298 K). )
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HO + C,Cl;—Products

Rate coefficient data

k /cm® molecule™ ' s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.70 4 034) X 1013 296 Howard, 1976 [1] {a)
{9.44 1 1.34)X 107" exp( — (1199 4 55)/T) 297-420 Chang and Kaufman, 1977 |2] (b)
(1.69 + 0.07) X 10~ ¥ 297
Relative Rate Coefficients
(2.2 +£0.7)Xx107" 298 Winer et al., 1976 3] (c)
Reviews and Evaluations
943107 "% exp( — 1200/7) 250-420 NASA, 1979 (4] )
DAX T exp(— L200/7) 250-420 NASA, 1981 [b] @
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Comments

(a) Discharge flow-laser magnetic resonance detection of
HO.

(b} Discharge flow-resonance fluorescence detection of
HO.

(c) Photochemical smog chamber. % /k(HO 4 iso-bu-
tene) = 0.044. Combining this ratio with the value of
5.1 X107 " ¢m® molecule ~* s~ fork (HO + iso-butene) yields
the value of k entered in the table [6].

(d) Based on reference [2].

Preferred Values
k=1.7X10"" cm® molecule "' s ™' at 2908 K.
k=9.4X10"" exp( — 1200/7) cm® molecule™'s
over range 297-420 K.

—1

Reliability

Aloghk= +0.1at298K.
A(E/R)y= +200K.

CIO + HO,—~HOCI + O,

467

Comments on Preferred Values

The preferred value at 298 K is a mean of the values report-
ed by Howard, and Chang and Evenson. The value reported by
Winer et al., which is more than a factor of 10 greater, is reject-
ed. The preferred Arrhenius parameters are those of Chang and
Kaufman.
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n

—HCI + O3 (2)
CIO + HO, + (M)—HOOCIO 4+ (M) (3)
AH*(1)= — 191 kJ mol ™"
AH°(2) = — 62 kJ mol™}
Rate coefficient data (k == &, + &, + &3)
k /em® molecule™' s ™! Temp./K Reference Comments
Absolute Rate Coefficients ) i
3.3X 10~ " exp(— 850/T) + 4.5 10~ T/
300) ™ *7 235-393 Stimpfle, Perry, and Howard, 1979 [1] {a)
6.3 + 1.3)X 107 298
(4.5 £ 0.9)x 107" 298 Leck, Cook, and Birks, 1080 [2] )
(5.4*4)x10" 1 298 Burrows and Cox, 1981 [3] (e)
Branching Ratio
ky/ k<002 298 Leck, Cook, and Birks, 1980 {2] (d)
k,/k<0.015 298 Leu, 1980 |4]
ky/k<0.03 248
k,/£<0.003 298 Burrows and Cox, 1981 [3] (c)
Reviews and Evalvations
52X107" 298 NASA, 1979 [5} (e}
5.2x10~ % 298 CODATA, 1980 |6] (v)
235-298

4.6X107 "% exp( + 710/7)

Comments

(a) Discharge flow: laser maguetic resonance detection of
HO,. Non-linear Arrhenius behavior was observed. The experi-
mental data were best fit by the four parameter expression
shown in the table. The value of £ at 298 K shown in the pre-
vious CODATA review is superseded by that entered in this
table.

(b) Discharge flow: mass spectrometric detection of CIO

NASA, 1981 (7} ]

and HOCL The value shown in the previonus CODATA veview ia
superseded by that entered in this 12ble.

() Molecular modulation: ultraviolet absor plion detection
of C10 and HO,. chemiluminescense detection of O at | atmos-
phere total pressure.

{d) Upper‘ limits of k.74 based on the discharge flow: mass

spectrometric detection of O
(e) Based on the absolute rate coetficient data of Reimann
and Kaufman, 1978 {8], Sunplle et al, 1979 [ 1], (provisional

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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value), and Leck et al.,, 1980 [2] (provisional value), but not
Poulet et al., 1978 [9).

(f) Based on the 298 K datwa of Reimann and Kaufman,
1978[7], Leck et al., 1980[2), and Burrows et al., 1980[3], and
the low-temperature data (T<298 K) of Stimpfle et al., 1979 [1].

Preferred Values

k=5.0%10"" cm® molecule™! s~ ! at 298 K.

k=4.6%X10"" exp( + 710/T)
over range 235-298 K.

£,<2.0X 107 cm® molecule ™' s at 298 K.

em® molecnle ! 5!

Reliability

dlogk= 4 0.15at 298 K.
A(E/R): + 250 K

— T00K -

Comments on Preferred Values

The preferred value at 298 K is based on the data of Rei-
mann and Kaufman, 1978 [8], Stimpfle et al., 1979 [1], Leck et
al., 1980 [2] and Burrows et al., 1980 [3] which are in good
agreement. The only temperature dependence study (Stimpfle et
al.) observed a non-linear Arrhenius behavior, Their data were
best described by a four parameter equation of the form,
k=Ae~#T+ CT", possibly suggesting that two different me-
chanisms may be occuring. Two possible preferred values can be

forwarded for the temperature dependence of %, (a) an expres-
sion of the form suggested by Stimpfle et al., but where the
values of A and € are adjusted to yield a value of 5.0 10~
cm® molecule ™' s ™" at 208 K, or a simple Arrhenius expression
which fits the data obtained at and below 298 K (normalized to
5.0X107"% ¢m® molecule™* s at 298 K). The latter expres-
sion is preferred. The upper limit of 2.0 X107 ¢m? mole-
cale™" 57! for k, at 208 K is based on the data of Burrows and
Cox [3]. The agreement between the low-pressure values (refer-
ences (1], {2], and [7]) and the one atmosphere value (reference
[3]) suggests the absence of a third-order complex forming pro-
cess.
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CiO + H,CO—HOCI + HCO

AH®° = — 34 k] mol™'

Rate coefficient data

k /em® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
<10—% 298 Poulet, LeBras, and Combourieu, 1980 [1] (a)
Comments constant, this reaction cannot be of any importance in stratos-

(a) Discharge flow-ESR detection of ClO.

Preferred Value
£<107" cm® molecule ™ s~ 1 at 208 K.,

Comments on Preferred Value

Preferred value is that given by the only published study of
this reaction. Un the basis of the upper limiting value of the rate

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

pheric chemistry.
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ClO + NO—Cl 4+ NO»

AH® = — 38.1 kJ mol™!

Rate coefficient data

k /em® molecule ™' 57! Temp./K Reference Comments
Absolute Rate Coefficients
(1.61 + 0.16) x 10~ 295 Clyne and MacRobert, 1980 [1] (a)
(7.1 + 1.4)X 1072 exp( + (270 + 50)/T) 202393 Lee et al., 1982 {2] {b)
(1.78 4 0.06) X 10~ 296
Reviews and Evaluations
7.8% 10712 exp(250/7T) 227-415 NASA, 1979 [3] {©
8.9X 10~ % exp(210/7) 227-415 CODATA, 1980 [4] (d
6.5X107 "% axp(283/T) 202 115 NASA, 1981 [5) (e)

Comments

(a) Discharge flow: mass spectrometric detection of Cl0.

(b) Discharge flow: laser magnetic detection of ClO.

{c) Based on the absolute rate coefficient data of Clyne and
Watson, 1974 [6], Leu and DeMore, 1978 [7], and Ray and
Watson, 1981 [8], and the relative rate coefficient data of Zah-
niser and Kaufman, 1077 [9]. The £ /R valuc was derived by
taking the average of the £ /R values reported in references [7]
and [9].

(d) Based on the same data used for NASA, 1979 (3] (see
note (c)). However, the £ /R value of Zahniser and Kaufman,
1977 [9] was re-evaluated prior to using it to derive the pre-
ferred £ /R value.

(e) Based on the absolute rate coefficient data of Clyne and
Watson, 1974 [6], Leu and DeMore, 1978 [7], Ray and Watson,

- 1981 [8], Clyne and MacRobert, 1980 [1], and Lee et al., 1982
[2}).

Preferred Values

k=1.7x10"" cm® molecule ™" s~ at 298 K.
k=6.2X10""? exp(294/T) cm® molecule™' s~ over
range 202-415 K.

Reliobility

Aloghk = + 0.1 1298 K.
A(E/R)= + 100 K.

Comments on Preferred Values

The absolute rate coefficient data reported by Clyne and
Watson, 1974-[6], Leu and DeMore, 1978 7], Kay and Watson,
1981 [8], Clyne and MacRobert, 1980 {1}, and Lee et al., 1982
[2] are in excellent agreement at ~298 K and are averaged to
yield the preferred value. The value reported by Zahniser and
Kaufman, 1977 [9] from a competitive study is not used in the
derivation of the preferred value at 208 K as itis ~ 33% higher
than the other values. The £ /R values reported by Leu and
DeMore, 1978 (7} and Lee et al., 1982 [2] are in excellent agree-
ment. Although the £' /R value reported by Zahniser and Kauf-
man, 1977 [9] is in fair agreement with the other values, it was
not considered as it is dependent upon the £ /R value assumed
for the Cl + O, reaction. The Arrhenius expression was derived
from a least squares fit to the data reported in references {1,2,6-
8].
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CiO + NO; + M—CIONO2 + M
—OCIONO + M
—CIOONO +M (3)

AH(1)= — 109 k] mol™!

BAULCH ET AL.:

m
(2)

Low pressure rate coefficients

Rate coefficient data (k = & + &, + &)

kof cm® molecule™ ' 57! Temp./K Reference Comments
Absolute Rate Coefficients
(1.50 + 0.12)x 1073 [N,] 298 Molina, Molina, and Ishiwata, 1980 [1] (a)
Reviews and Evaluations
1.6X 10731 (T/300)~** [N,] 200-300 NASA, 1979 [5], 1981 [7] )
3.5X 10732 (T /300) ~ ** [N,) (k) 200-300 (b)
1.7X 10731 (T /300) ~ 39 [N,] 250-450 CODATA, 1980 [6] (c)

Comments

{a) Flash photolysis-uv absorption technique monitoring
the ClO decay. Fourier transform infrared spectroscopy was alse
used to monitor reaction products. The rate coefficient was
found to decrease by about a factor of 3 when OCIO was added.
OCIO was postulated to be a scavenger for CINO; isomers other
than CIONO, which regenerates ClO. The results confirm the
earlier suggestion, that several isomers are formed. which was
based on inconsistencies between recombination-and thermal
dissociation data (refs. [2] and [3]). A theoretical analysis in ref.
[4] supports this conclusion by indicating that less stable pro-
duct isomers can be formed preferentially.

(b) Two recommendations for channel 1 to account for the
suggested isomer formation (refs. [2] and [3]).

(c) Average of several results which were in good agree-
ment.

Preferred Values

ko = 1.6X 103! [N,] em® molecule ™! s ™! at 298 K.
kg =1.6X1073" (T /300) ~3* [N,] over range 250-420
K. i :

Reliability

Alogko= 0.1 at298 K.

Arn = 7 1 .over range 250-420 K.
Comments on Preferred Values

The preferred value of k, is an average of the present and
earlier data which all agree quite well. The £, value is based on
measurements of the disappearance of C10. Based on the studies
of Molina ét al. [1] and Knauth [2] there is evidence for more
than ane reaction pathway. Hawever, itis diffienlt to give a firm
recommendation for the branching ratio on the basis of the data
available.

High pressure rate coefficients

Rate coefficient data

%, /om® molocule~1!o~! Tomp./K Reforonce Comments
Reviews and Evaluations
1.5%10* (7/300) = *° 200-300 NASA, 1979 [1], 1981 {3]
1.2x10~ " 200~300 CODATA, 1980 [6]
2.0x 10~ 298 Sander, Ray and Watson, 1981 [8] (a)

Comments

(a) New evaluation of earlier fall-off data from Cox and
Lewis [9] with theoretically calculated and empirically fitted
values.

Preferred Value

k, =20 10~ cm3 molecule™1 s~ ! over range 200—

400 K.
Reliability

Alogk, = + 0.3 over range 200-400 K.

J. Phvs, Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Value

The k, value derived here is preferred to the earlier value
since it was derived from a proper fit of the fall-off curve. The
temperature dependence chosen here corresponds to the normal
behaviour of analogous reactions.

Intermediate Fall -off Range

From the preferred values one derives [Ny,
= 1.25X 10%° molecule cm ~ at 298 K. The theoretically pre-
dicted F, value of 0.45 4+ 0.11 is'in good agreement with the
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fitted F, of 0.5 + 0.1[8]at 298 K. For typical T-dependences of
F_, see the NyOs—NO, + NO; data sheet.

€
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HOCI + Av—products
Primary photochemical transitions
Reaction AH k) mol ™! Aprestord /0
HOC! + kv—HCl + 0CP) (1) 230 520
—HO + Cl 2) 233 513
—ClIO+H 3 393 304
—HCl+0('D) (4 420 285
Absorption cross section data
Wavelength range/nm Reference Comments

311-352

Spence, Edney and Hanst, 1980 [1)

(a)

Comments

(a) HOCI formed by irradiation of H,0,/Cl,/ 05 mixtures
by light of wavelengths > 300 nm at 7" = 295 K. Optical path-
length of 13.5 m was used for the uv measurements. HOCI con-
centrations determined from the 1226 cm ™' infra-red band us-
ing an absorption coefficient of 45 atm ™" (Su et al., 1979 [2])..

Preferred Values

Absorption cross seetions for HOCI photolysis at 298 K.

A (nm) 10%/cm® A (nm) 10%%0/em?
200 5.2 310 6.2
210 6.1 320 5.0
220 11.0 330 3.7
230 18.6 340 2.4
240 22.3 350 14
250 18.0 360 0.8
260 10.8 370 0.45
270 6.2 380_ 0.24
280 4.8 390 0.15
290 5.3 400 0.05
300 6.1 410 0.04

Quantum yields for HOCI photolysis at 298 K.
@, = 1.0 for A > 200 nm.

Comments on Preferred Values

The preferred absorption cross sections are taken directly

from the study of Knauth et al. Y979 [3]. The studies of Jaffe and

DeMore, 1977 [4], Molina and Molina, 1978 [5], and Knauth ¢
al. [3] all derived absorption cross sections for HOCI from ga:
phase spectra of equilibrium mixtures of H,0-CL,0-HOCL It
order to derive accurate absorption cross sections for HOCI the
value of K, is required. The equilibrium constants determined
by Knauth et al., Jaffe and DeMore, and Niki et al., 1979 [6] are
in excellent agreement with a value of ~0.08 at 298 K. The
cross sections derived from Molina and Molina’s data recalculat-
ed using a value of ~0.08 for K, are in excellent agreement
with the results of Knauth et al. (Molina and Molira’s reported
values were derived using a value of 0.25 for X, .) The values of
the abserption cross sections reported by Spence et al. are ap-
proximately a factor of 2 greater than those preferred. These
recommendations are unchanged from those given in the pre-
vious evaluation, CODATA, 1980 [7] where detailed discussion
can be found regarding all experimental and theoretical studies
of the HOCI ultraviolet spectrum. The preferred quantum yield
values are based on the data reported by Molina et al., 1080 [8).
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COFCI + Av—products
Primary photochemical transitions
Reaction AH°;55/k] mol ™! A reshon /B
COFCl + hv—CO + FCl ) - 266 450
—COF -+ Cl 2) 378 316
—COCl+F (3) 489 244
—-CO0+F+C (@) 517 231
—CFCl + OCP) (5) 706 169

Note: AH °,oq values are given since the heat of fomration of COFCl at 0 K is not known.

Preferred Values
Absorption cross sections for COFCI photolysis at 298 K

A (nm)

186.0
187.8
189.6
1914
193.2
195.1
197.0
199.0
201.0
203.0

10%%/cm®

15.6
14.0
134
12.9
12.7
12,5
12.4
12.3
12.0
11.7

A (nm)

205.1
207.3
209.4
211.6
213.9
216.2
218.6
221.0
223.5
226.0

10%0/cm?®

Quantum yields for COFCI photolysis at 298 K.

No recommendation.

Comments on Preferred Values

The preferred values of the absorption cross sections are
those reported by Chou et al. [1]. Data attributed to Chou et al. in
Watson [2] hés since been revised. Although there have been no
quantum yield studies of COFCI photolysis it is reasonable to
assume that by analogy with COCl, photolysis process (2) do-
minates. These recommendations are unchanged from those
give in the previous evaluation, CODATA, 1980 [3].
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CIONO; + Av—products

Primary phatachemieal transitians

Reaction AH505/k] mol ™! Abresra /00
CIONQ, + hv--CI0 + NO, (1) 109 1100
—Cl + NO, ) 166 721
—CIONO +0CP)  (3) 306 391
—CIONO + O('D) (4) 496 241

Note: AH °,o5 values are given since the heats of formation of CIONO, and CIONO at 0 K are not known.,

J. Phys. Chem. Ref. Data, Vol. 11, Ne. 2, 1982
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Preferred Values
Absorption cress sections for CIONOQ, photolysis at 296 K, 243 K, and 227 K

10%0/ cm? 10%0/em?

A /om 296 K 243 K 227K A /nm 296 K 243 K 227K

190 589 553 325 0.0655 0.502 0.463
195 381 358 330 0.514 0.381 0.353
200 307 293 335 0.397 0.307 0.283
205 299 293 340 0.323 0.255 0.246
210 329 330 345 0.285 0.223 0.214
215 360 362 350 0.246 0.205 0.198
220 344, 348 355 0.218 0.183 0.182
225 286 282 360 0.208 0.173 0.170
230 210 206 365 0.179 0.159 0.155
235 149 141 370 0.162 0.140 0.142
240 106 98.5 375 0.139 0.130 0.128
245 71.0 70.6 380 0.122 0.114 0.113
250 57.7 50.9 52.6 385 0.108 0.100 0.098
255 1.7 39.1 30.8 300 0.090 0.083 0.082
260 34.6 30.1 30.7 395 0.077 0.070 0.069
265 26.9 23.1 23.3 400 0.064 0.058 0.056
270 21.5 18.0 18.3 405 0.055
275 16.1 13.5 13.9 410 0.044.
280 11.9 9.98 10.4 415 0.035
285 8.80 7.73 7.50 420 0.027
290 6.36 5.36 545 423 0.020
295 4.56 3.83 3.74 430 0.016
200 3.30 2.61 2.61 435 0.013
308 2.38 1.89 1.80 4490 0.009
310 1.69 1.35 1.28 445 0.007
315 1.23 0.954 0.892 450 0.005
320 0.895 0.681 0.630

Quantum yields for CIONO, photolysis at 298 K.
@, = 1.0 for 2 > 260 nm.

Comments on Preferred Values ) References

The preferred values of the absorption cross-sections are (1] Molina, L. T., and Molina, M. J., J. Photochem. 11, 139 (1979).

thosé of Molina and Molina, 1979 [1], and the preferred quan- 2] Cha';gvli-bﬁgfsk;:;g;;; Davenport, J. E., and Golden, D. M., Chem. Phys.
. - Lett. s .

tum yields are based on the data of Chang etal., 1979 [2] These (3} CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,

recommendations are unchanged from those given in the pre- Hampson, R. F., Ir., Kerr, J. A, Troe, J., and Watson, R. T., J. Phys.

vious evaluation, CODATA, 1980 [3] where detailed discussion Chem. Ref. Data 9, 295 (1980).

can be found.

COCIl; + Av—products
Primary photochemical transitions
Reaction AH 505/ k) mo}* Anreshord / T o
COCl, + Av—CO +- Cl, (1) 110 1087
—COC + Cl (2) 324 369
—C0 +2C1 3) 352 340
—CCl, + O¢P) (4) 707 169

Note: AH °,g4 values are given since the heat of formation of COCI at 0 K is not known..

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Preferred Values

Absorption cross sections for COCl, photolysis at 298 K

A (am) 10%g/cm? A (nm) 10%%/cm?®
184.9 204 211.6 12.2
186.0 189 213.6 11.7
187.8 137 216.3 11.6
189.6 117 218.6 119
101.4 93.7 221.0 12.3
193.2 69.7 223.5 12.8
195.1 52.3 226.0 13.2
197.0 41.0 240.0 12.2
199.0 31.8 250.0 8.36
201.0 .25.0 283.7 6.74
203.0 204 260.0 4.43
205.1 16.9 270.0 1.58
207.3 15.1 280.0 0.53
209.4 13.4

Quantum yields for COCI, photolysis at 298 K.
@, =1 for A > 184.9 nm.

Comments on Preferred Values

The preferred values of the absorption cross sections are
those reported by Chou et al. [4] for 184.9 nm<A<226 nm, and
Okabe [3] for 240 nm<A<280 nm. The values reported by
Heicklen |1] and Okabe |3} for the absorption cross section at
253.7 nm agree to within ~4%. The relative values of the ab-
sorption cross sections with wavelength reported by Moule and
Foo [2] are in good agreement with the preferred values. Gid-

BAULCH ET AL.

dings and Innes [6] reported an absorption maximum at 232 nm
which is in excellent agreement with the set of preferred values.

From the observations of Wijnen [5], Heicklen [1] and ear-
lier investigators [7], it can be assumed that process (2) is the
primary photolysis pathway. The photolytic product COCI is
assumed to undergo rapid thermal dissociation into CO and CI
due to the weak Cl-CO bond (~25 kJ [8]). Both Giddings and
Innes [6] and Henri and Howell {9] noted diffuseness in their
spectra of COCl,.

These recommendations are unchanged from those given
in the previous evaluation, CODATA, 1980 [10] where detailed
discussion can be found.

References

Heicklen, J., J. Am. Chem. Soc. 87, 445 (1965).

Moule, D. C., and Foo, P. D., J. Chem. Phys. 55, 1262 (1971).

Okabe, H., J. Chem. Phys. 66, 2058 (1977).

Chou, C. C., Crescentini, G., Vera-Ruiz, H., Smith, W. S., and Rowland, F.
S., Presented at the 173rd American Chemical Society National Meet-
ing, New Orleans (1977).

Wijnen, W. H. J., J. Am. Chem. Soc. 83, 3014 (1961).

Giddings, L. E., Jr., and Innes, K. K., . Mol. Spec. 8, 328 (1962).

See references listed under reference 213, Chapter 3, page 239 of Calvert,
J.G. and Pitts, J. N, Jr., “Photochemistry,” John Wiley and Sons, Inc.,
New York (1966).

(a) Bod in, M., Br W., and Sch her, H. I., Z. Physik.
Chem. A 178, 123 (1936). (b) Burns, W. G., and Dainton, F. S., Trans.
Faraday Suc. 48, 39 (1952).

[9] Henri, V., and Howell, O. R., Proc. R. Soc. London A 128, 178 (1930).

{10] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,,

Hampson, R. F., Ir., Kerr, I. A., Troe, J., and Watson, R. T., J. Phys.

Chem. Ref. Data 9, 295 (1980).

i
{21
(3l
(4]

{51
(6]
7

hed

{8l

CF.Cl; + Av—products

Primary photochemical transitions

Reaction AH*55/X) mol ™! Arreshold /1M

CF,Cl, + hv—CF, + Cl, 1) 311 385
—CF.Cl + 1 2) 346 346
—.CFCL+ FQl @) 473 253
—CFCL, 4+ F {4) 477 251
—CF, + 2C1 ) 554 216
SCFA+F+C (6 724 165

Note: 4H °554 values are given since the heats of formation of CFCl, and CF,Cl at 0 K are not known.
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Preferred Values

Absorption cross sections for CF,Cl, photolysis at 298 K

A (nm) 1020/ em?®
170 124
172 151
174 171
176 183
178 189
180 173
182 157
184 137
186 104
188 84.1
100 &2 R
192 44.5
194 30.6
196 208
198 13.2

A (nm) 10*%/cm*
200 8.84
202 5.60
204 347
206 2.16
208 1.32
210 0.80
212 0.48
214 0.29
216 0.18
218 0.12
220 0.068
225 0.022
230 0.0055
235 0.0016
240 0.00029

Absorption cross sections for CF,Cl, photolysis at tem-

peratures  below

208 K.

O7 = Oz95 exp(B (4 — 1849)

(T — 298)) for wavelength 4 (in Angstron units) and absolute
temperature, 7. The value of B is 4.1 X 1075,

Quantum Yields for CF,Cl, photolysis at 298 K

A {am) &, », 2 (am) o, @,
170 0.59 0.41 210 0.85 0.15
180 0.62 0.38 220 0.96 0.04
190 0.67 0.33 230 1.0
200 0.74 0.26 240 1.0

Comments on Preferred Values

The, preferred absorption cross sections at 298 K are der-
ived by taking the mean of the values reported by Rowland and
Molina, 1975 [1], Robbins et al., 1975 [2], Bass and Ledford,
1976 {3], Chou et al., 1977 [4], Hubrich et al., 1977 [5] and
Vanlaethem-Meurre et al., 1978 [6]. The temperature depen-
dence of the absorption cross sections can be adequately de-

scribed by the expression shown with a preferred value of .

4.1X 107> for B which is a weighted average of all the derived
values from references [3-6}, and Rebbert and Ausloos, 1975
[7]. At wavelengths shorter than 184.9 nm the absorption cross
sections are not expected to exhibit any significant temperature
dependence, indeed, Hubrich et al. [5] show slightly higher val-
ues for below 184.9 nm at 208 K. }

The preferred values for @,, the quantum yield for CF,Cl
production, were derived by fitting a smooth curve (s-shaped) to
the data points reported by Rebbert and Ausloos [7] at 163.3 nm
(@, = 0.56), 184.9 nm (@, =0.64), 213.9 nm (P, = 0.91),
and >230 nm (P, assumed to be unity) and interpolating

between these points. The values shown for ®s, the quantum
yield for CCl, production are calculated assuming that
¢2 + ¢5 = l.

These recommendations are unchanged from those given
in the previous evaluation, CODATA, 1980 [8), where detailed

discussion can be found.
References

[1)Rowland, F. 5., and Molina, M. J., Rev. Geophys. Space Phys. 13, 1 (1975).
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[5] Hubrich, C., Zetzsch, C., and Stuhl, F., Ber. Bunsenges. Phys. Chem. 81,
437 (1977).

{6} Vanlaethem-Meurre, N., Wi

berg, J., and Simon, P. C., Bull. Acad. R.
Belgique, Cl. Sci. 64, 42 (1978). .

[7] Rebbert, R. E., and Ausloos, P. I., J. Photochem. 4, 419 (1975).

{8} CODATA Task Group on Chemical Kinetics. Baulch. D. L.. Cox. R. A..
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CFCi; + Av—products
Primary photochemical transitions
Reaction AH 355/k] mol ™! Ahreshod / A
CFCl; + hv—CFCl, + Cl (1) 310 386
—CFCl + Cl, @ 315 380
—CCL +F @) 444 269
—CCl, + FCl (4} 472 253
—CFCl + 201 (5) 558 214
—CCL,+F 4+ 6) 724 165
Note: AH °,95 values are given since the heat of formation of CFCl, at 0 K is not known.
Absorption cross section data
Wavelenth range/nm " Reference Comments o
230-260 Hubrich and Stuhl, 1980 [1] {a)
Comments mined using a photochemical technique (rate of decay of NO in

(a) Absorption cross sections determined at 5 nm intervals
using both 10 and 100 c¢m long cells at 298 K. In addition,
absorption cross sections relative to those for CCl,, were deter-

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

NO/N,/CX, mixturcs) at 253.7 nm ond for the wavelength
range 280-375 nm. The photochemical technique produced re-
sults at A = 253.7 nm consistent with the results obtained using
the conventional approach, and it was shown that o was
< 107%° ecm® molecule ™" between 280 and 375 nm.



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY 477

Preferred Values

Absorption cross sections for CFCl, photolysis at 298 K

A (um) 10%g/em® A (am) 10%¢/cm?®
170 316 210 15.4
172 319 212 10.9
174 315 214 7.52
176 311 216 5.28
178 304 218 3.56
180 308 220 2.42
182 285 222 1.60
184 260 224 1.10
186 233 226 0.80
188 208 228 0.55
190 178 230 0.35
192 149 235 0.126
194 123 240 0.0464
196 99 245 0.0173
198 80.1 250 0.00661
200 4.7 255 0.00337
202 50.8 260 0.00147
204 388
206 293
208 21.2

Absorption cross sections for CFCl, photolysis at temperatures below 298 K

10%g/ em?*

A(om) 210K 225K 240 K 255K
190 178 178 278 178
195 105 107 108 109
200 58 a0 61 ‘62
205 28 30 31 32
210 10.8 11.9 13.1 13.6
215 3.8 42 4.8 5.2
220 1.2 14 1.5 1.7
225 0.48 0.48
230 0.18 0.18

Quantum yields for CFCl; photolysis at 298 K
A (nm) @, L2 A (nm) D, (8
160 048 ' 0.52 200 0.84 0.16
170 0.57 0.43 210 0.94 0.06
180 0.66 0.34 220 1.0
190 0.74 0.26 230 10

Comments on Preferred Valués

The preferred absorption cross sections at 298 K are der-
ived by taking the mean values reported by Rowland and Mo-
lina, 1975 [2], Robbins et al., 1975 [3], Bass and Ledford, 1976
[4], Chou et al., 1977 [5], Hubrich et al., 1977 [6), Vanlaethem-
Meuree et al., 1978 [7] and Hubrich and Stuhl, 1980 [1] for the
wavelength range ~ 180 nm<4 <230 nm. The values shown for
A = 230-240 nm are those reported by Hubrich et al. {6] and
Hubrich and Stuhl [1]. The recent results of Hubrich and Stuhl
[1] are preferred for A >240 nm. The temperature dependence
of the absorption cross sections cannot be fitted to a simple
expression relating o and T as was the case for CF,Cl,. However,
the magnitude of the temperature dependence of the CFC, ab-
sorption cross sections near 200 nm is much smaller than for
CF,Cl,. The temperature dependences reporied by Bass and
Ledford [4], Chou et al. [5] and Hubrich et al. (6] are in good
agreement and are used to derive the preferred values below

298 K. However, the low temperature data of Vanlaethem-
Meurre et al. [7] is in less satisfactory agreement and they re-
ported a temperature dependence for o even at short wave-
lengths, i.e., A<200 nm which is inconsistent with the data
reported in the other studies [4-6].

The preferred values for @, the quantum yield for CFCl,
production, were derived by fitting a smooth line to the data
points reported by Rebbert and Ausloos [8] at 163.3 nm
(@, = 0.5), 184.9 nm (&, = 0.7), 213.9 nm (P, = 0.98), and
230 nm (@, assumed to be unity), and interpolating between
these points. The values shown for ®s, the quantum yield for
CFCI production, are calculated assuming that @, + @5 = 1,

These recommendations are unchanged (except for 1>240
nm) from those given in the previons evaluation, CODATA,
1980 {91, where detailed discussion can be found.

References
[1] Hubrich, C., and Stukl, F., 1. Photochem. 12, 93 (1980).
2] Rowland, }. 5., and Molina, M. J., Rev. Geophys. Space Phys. 13, 1 (1975).
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[3] Robbins, D. E., Rose, L. J., and Boykin, W. R., Johnson Space Center 437 (1977).
Internal Note, JSC-09937 (1975). [7] Vanlaethem-Meurre, N., Wisemberg, J., and Simon, P. C., Bull. Acad. R.
[4] Bass, A. M., and Ledford, A. E., Jr., 12th Informal Conference on Photo- Belgique, Cl. Sci. 64, 42 (1978).
chemistry, NBS Special Publication 526, 282 (1976). [8] Rebbert, R. E., and Ausloos, P. ., J. Photochem. 4, 419 (1975).
[51 Chou, C. C., Smith, W. S., Vera-Ruiz, H., Moe, K., Crescentina, G., Molina, {9} CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,
M. ]., and Rowland, F. S., J. Phys. Chem. 81, 286 (1977). Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
[6] Hubrich, C., Zetzsch, C., and Stuhl, F., Ber. Bunsenges. Phys. Chem. 81, Chem. Ref. Data 9, 295 (1980).
CCl; + hv—rproducts
Primary photochemical transitions
Reaction AR/} mol ™! E—L
CCly + hv—sCCly + C (1) 294 407
—CCl, + Cl, (2) 332 360
—»CCly +2C (3) 572 209
—CCl+Cl, +Cl (4) 716 167

Absorption cross section data

Wavelength range/nm Reference Comments

160-275 Hubrich and Stuhl, 1980 [1] (a)

Comments

(a) Absorption cross sections determined at 5 nm intervals
at 298 K.

4, Phys. Chem. Ret, Data, Vol. 11, No. 2, 1982
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Preferred Values

Absorption cross sections for CCl, photolysis at 298 K

A {nm) 109/ cm?®
174 995
176 1007
178 976
180 772
182 589
184 450
186 318
188 218
190 144
192 98.9
194 74.4
196 08.2
198 66.0
200 64.8
202 62.2
204 60.4
206 56.5
208 52.0
210 46.6
212 39.7
214 33.3

216 27.2

A (nm) 10%%/cm?
218 21.8
220 17.0
222 13.0
224 92,61
226 7.19
298 5.49
230 4.07
232 3.01
234 2.16
236 1.51
238 1.13
240 0.764
242 0.579
244 0.414
246 0.314
248 0.240
250 0.183
255 0.0661.
260 0.0253
265 0.0126
270 0.0061
275 0.0024

Absorption cross sections for CCl, photolysis at 279 K

A (nm) 10%g/cm? A (nm) 10%g/cm?
190 ) 146.9 216 . 27.4
192 99.2 218 220
194 76.7 220 17.5
196 69.5 222 13.4
198 68.0 224 9.72
200 66.0 226 6.90
202 63.8 228 5.13
204 60.9 230 3.67
206 57.4 232 2.52
208 52.9 234 1.67
210 471 236 117
212 40.8 238 0.79
214 33.9

Quantum yeilds for CCl, photolysis at 298 K.

A (nm) P, D, A {(nm) D, (2N
170 0.3 0.7 210 0.83 0.17
180 0.36 0.64 220 0.96 0.04
190 0.46 0.54 230 1.0
200 0.63 0.37 240 1.0

Comments on Preferred Values

The preferrcd values of the absorption cross sections at

298 K are derived by taking the mean of the values reported by
Gordus and Bernstein, 1954 [2], Rowland and Molina, 1975[3},
Robbins et al., 1975 [4], and Vanlaethem-Meurre et al., 1978
-[5]. The agreement between the values reported in these studies
and that of Hubrich and Stuhl [1] is excellent, better than 10%,
over the entire wavelength range. The values of o at 4 > 250 nm
are from the study of Hubrich and Stuhl [1] alone (at 4 = 253.7
nm the value of 0 is in good agreement with that reported by
Davis et al., 1975 [6]). The preferred values of the absorption
cross sections at 279 K are those reported by Vanlaethem-
Meurre et al. [9] and represent the only data below ~298 K. A

comparison of the two sets of preferred values illustrates that &
exhibits no temperature dependence within the stratospheric
window, i.e., ~180-~220 nm. At wavelengths greater than 230
nm the results of Vanlaethem-Meurre et al. [5), Curie et al.,
1974 [7], and Rebbert and Ausloos, 1976 [8] all suggest that &
exhibits a strong temperature dependence

The preferred values for @, the quantum yield for CCI,
production, were derived by fitting a smooth s-shaped curve to
the data points reported by Davis et al. {6] at 184.9 nm
(@, = 0.4) and 253.7 nm (P, = 1), and by Rebbert and Aus-
loos [8] at 163.3 nm (@, = 0.25) and 213.9 nm (P, = (.9), and
interpolating between these points. The values shown for @,,
the quantum yield for CCl, production, are calculated assuming

that @, + @, = 1.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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The recommended values are unchanged from these given
in the previous evaluation, CODATA, 1980 [9], where detailed
discussion ean he fannd (the table has been expanded to include

the wavelength region, 250 nm<A<275 nm)."
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5.8. Bromine Compounds

Br + HO2—HBr + O,
AH° = — 159 k] mol™!
Rate coefficient data
k /em® molecule ™' 5! Temp./K Reference Comments
Absolute Rate Coefficients o
22X 10713 ( 4+ factor 2) 298 Posey, Sherwell, and Kaufman, 1981 [1] (a)
Relative Rate Coefficients
(4.0 + 0.8)xX 10~ "2 773 Clark, Simmons, and Smith, 1069 [2] (b}
Reviews and Evaluations
20X10"" 298 NASA, 1979 (3] ()
1.0x10~" 298 CODATA, 1080 [4] {c)
No recommendation 298 NASA, 1981 [5] (d)

Comments

(a) Discharge flow: mass spectrometric detection of HO,.

(b) Inhibition of the second limit in the thermal reaction
between hydrogen and oxygen in the presence of hydrogen bro-
mide. % /k (H + HO,—2HO}) reported to be (0.125 + 0.025) at
773 K. Combining this ratio with the CODATA preferred value
of 3.2X 10! em® molecule ™' s ! for k (H + HO,—2HO) at
298 K results in a value of 4.0 X 10~ '? cm® molecule ™" s~ for
k at 773 K (this obviously assumes that the H 4 HO,—2HO
rate constant is temperature invarient). The system is complex
and several of the rate constants of key reactions used to analyze
the data are now thought to be incorrect, e.g., £ (HO, + HO,)
and% (HO + H,0,). Besides varyingthe £ /% (H + HO,—2HO)
ratio, the value of & (Br + H,0,) was treated as an unknown (a
value of (1.7+0.8)X10™" c¢m®molecule™'s™! for
£ (Br + H,0,) at 773 K was reported).

(c) Estimate.

(d) No recommendation. Suggested range (1-300) X 1073

cm® molecule "1 s,

Preferred Values

No recommendation.
Comments on Preferred Values

No recommendation until there are further experimental
data. The previous CODATA [4] value was an estimate which

_J. Phys, Chem. Ref. Data, Vol. 11, No. 2, 1982

assumed that the reactivity of HO, with atomic chlorine and
atomic bromine would be similar, i.e., close to gas kinetic. The
experimental value reported by Posey et al. at 298 K seems
surprisingly low for such an atom-radical reaction although itis
not inconsistent with the value reported by Clark et al. for & at
773 K assuming that the E/R value is ~1400 K, i.e.
k~2.5%107"! exp( — 1400/T) cm® molecule ™! s™!. How-
ever, the value reported by Clark etal. is questionable due to the
uncertainty in several of the key rate constants needed to ana-
lyze the complex reaction system. The value of % reported by
Posey et al. may be approximately correct as their provisional
value for & (Cl + HO,) is within a factor of 3 of the CODATA
preferred value.
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Br -+ H02—HBr + HO,

AH° = — 2kJ mol™*

Rate coefficient data

481

& /em® molecule ™' s ™! Temp./K Reference Comments
Absolute Rate Coefficients
< 15X 10~ 298 Leu, 1980 [1] @)
<3.0x10™" 417
<20x10™"8 298 Posey, Sherwell, and Kaufman, 1981 {2] (@)
Relative Rate Coefficients
(1.7 - 0.8)x 10~ 773 Clark, Simmons, and Smith, 1969 3] b)
Reviews and Evaluations
2.0X107"2 exp( — (> 1400/T)) 200-300 NASA, 1979 [4] ©
<2x1074 298 CODATA, 1980 [5] {©)
1.0X107 " exp( — (> 2650/T) 200-300 NASA, 1981 [6] (d)

Comments

(a) Discharge flow: mass spectrometric detection of H,0,.

(b) Derived from a complex system. Inhibition of the sec-
ond limit in the thermal reaction between hydrogen and oxygen
in the presence of hydrogen bromidec. Scc comment (b) ou the
Br + HO, data sheet.

{c) Upper limits based upon provisional data reported by
Leu.

(d) Based on the data of references [1] and [2].

Preferred Valve
k<2X107% cm® molecule ™! s at 298 K.

Comments on Preferred Value

Based on the data of references [1] and [2]. This upper limit
at 298 K is consistent with value of 1.7X 107! em® mole-

cule™s™! at 773 K assuming a pre-exponential of

~1X 107" ¢m® molecule ™! s ! for the reaction.

References

[1] Leu, M. T., Chem. Phys. Lett. 69, 37 (1980).

{2] Posey, J., and Sherwell, J., and Kaufman, M., Chem. Phys. Lett. 77. 476
(1981).

[3] Clark, D. R., Simmons, S. F., and Smith, D. A,, Trans. Faraday Soc. 66,
1423 (1969).

[4) NASA Ref. Publ. #1049, “The Stratosphere: Present and Future,” Chapter
1, R. D., Hudson and E. I. Reed, editors (1979).

[5] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampson, R. F., Jr., Kerr, 1. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980}.

[6] NASA Panel for Data Fvaluation, “Chemical Kinetio and Photochemical
Data for Use in Stratospheric Modelling,” W. B. DeMore, L. J. Stief, D.
M. Golden, R. F. Hampson, M. J. Kurylo, J. J. Margitan, M. J. Molina,
and R. T. Watson, JPL Publ. #81-3 (1981).

Br 4+ H,CO—HBr + HCO

AH°= — 2.1 k] mol™?

Rate coefficient data

k /em® molecule ™' 5! Temp./K Reference Comments
Absolute Rate Coefficients
(1.6 + 0.3)x 10~ " 298 LeBras et al., 1980 [1] (a)
(144 + 0.62) X 10" exp( — (750 £ 112)/T) 223480 Nava, Michael, and Stief, 1981 [2] {b)
(1.08 £ 0.10)x 10~ 298
Reviews and Evaluations
14X107 " exp(— 750/T) 223-480 NASA, 1981 [3] (c)

Comments

(a) Discharge flow-ESR detection of atomic bromine.
(b) Flash photolysis-resonance fluorescence detection of

atomic bromine.
(c) Based on reference [2].

Preferred Values

= 1.1 X107 e¢m® molecule ™! s~ at 298 K.

k=1.4X10""" exp( — 750/T)

over range 223-480 K.

cm® molecule ™' s

-1

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982



482
Reliability

Alogk= +0.2at 298K,
AE/R)= +250K.

Comments on Preferred Values

There have been two determinations of £ at 298 K which
are not in good agreement. The preferred values are taken from
the study of Nava et al, as the value of
£ (Cl -+ H,CO—HCl 4+ HCO)determined by LeBras et al., in the

BAULCH ET AlL.

same study was ~ 35% lower than the CODATA preferred val-
ue.

References

(1] LeBras, G., Foon, R., Poulet, G., and Combourieu, J., Proceedings of the
NATO Advanced Study Institute on Atmospheric Ozone, Report FAA-
EE-80-20, 497 (1980).

[2] Nava, D. F., Michael, J. V., and Stief, L. J., J. Phys. Chem. 85, 1896 (1981).

[3] NASA Panel for Data Evaluation, “Chemical Kinetic and Photochemical
Data for Use in Stratospheric Modelling,” W. B. DeMore, L. J. Stief, D.
M. Golden, R. F. Hampson, M.J. Kurylo, J. J. Margitan, M. J. Molina,
and R. T. Watson, JPL Publ. #81-3 (1981).

BrO + NO, + M—BrONO, +- M
AH°= —138k] mol™!
Low pressure rate coefficients
Rate coefficient data
ko/ cm® molecule ™' s~ Temp./K Reference Comments
Absolute Rate Coefficients
(5.0 + 1.0)X 107" [N,} 298 Sander, Ray, and Watson, 1981 {1] &)
Reviews and Evaluations
3% 1073'(7/300) ~*° [N,] 200-400 CODATA, 1980 [3] (b)
5X 1073 (7' /300) ~ *°[N,) 200-300 NASA, 1981 [4] (c)
Comments Reliability

(a) Two independent studies, one using a discharge flow-
mass spectrometric technique for pressures 1-6 Torr, the other
using a flash photolysis-uv absorption technique for pressures
50-~700 Torr. BrO was formed by the reaction Br+ O,
—Br0 4 0,. A major part of the fall-off curve was observed and
analyzed hy the technique of ref. [2), a fit of F, giving the same
value as the theoretical prediction.

(b) Based on preliminary data by the authors of ref. [1].

(c) Based on ref. [1].

Preferred Values

ko = 5.0X 107> [N,] em> molecule ~'s 7! at 298 K.

ko =5.0X 103! (T /300) ~*° [N,] cm® molecule™!s~!

over range 200-400 K.

Alog ko= 4 0.3 at 298 K.
4dn = 4 1 over range 200-400 K.

Commenis on Preferred Values

This value is the result of two independent measurements
from the same authors, Therefore, independent confirmation is
required. The temperature coeffictent is estimated by analogy
with the Cl0 + NO, reaction. A measurement or a theoretical
calculation of the 7-dependence as described in ref. [2] is re-
quired.

High pressure rate coefficients

Rate coefficient data

k., /em® molecule ™' s Temp./K

Reference Comments
Absolute Rate Coefficients
@xrHx10" 298 Sander, Ray, and Watson, 1981 [1] } (a)
Reviews and Evaluations
1.2x10~" 200-400

CODATA, 1980 [3] b

4. Phys. Chem. Ret. Data, Vol. 11, No. 2, 1982
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Comments

{a) See comment (a) for k. Value obtained from a fit of the
fall-off curve.
(b) Estimated by analogy with the C10 + NO, reaction.

Preferred Value

k, =2%107" om® molecule™ s over range 200-
400 K.

Reliability

Alogh, = + 0.3 over range 200-400 K.

Comments on Preferred Palue

This is a reasonable value for a reaction of this type; how-
ever, an independent confirmation is required.
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Intermediate Fall -off Range

From the preferred values one calculates [N},
=4.0X10" molecule cm™> at 298 K. The fitted F,

=048l and the theoretically predicted value of F,

= 0.41 + 0.11 at 298 K from the analysis of ref. [1] agree very

well. Since no special analysis for the BrNO, system itself is
available, the temperature dependence of F, should be estimat-
ed by analogy with the N;Os—NO, + NO; reaction (see data
sheet).

References

{1] Sander, 5. ., Ray, . W., and Watson, R.’I', ). Phys. Chem. 85, 199(1981).

2] Troe, 1., J. Phys. Chem. 83, 114 (1979).

[3] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 205 (1080).

[4) NASA Panel for Data Evaluation, “Chemical Kinetic and Photochemical
Data for Use in Stratospheric Modelling,” DeMore, W. B., Stief, L. I,
Golden, D. M., Hampson, R. F., Jr.,, Kurylo, M. J., Margitan, J. J.,
Molina, M. J., and Watson, R. T., JPL Publ. 81-3 (1981).

BrO + hv-—products

Primary photochemical transitions

Reaction AH 5/ k] mol™! Ashreshota /DI
BrO + Av—Br + OCP) (1) 232 515
—Br+0('D) (2 422 283

Preferred Values

Absorption cross sections for BrO photolysis at 298 K.
No recommendation.

Quantum yields for BrO photolysis at 298 K.

@, = 1.0 for 1 >289 nm.

Comments on Preferred Values

This recommendation is unchanged from the previous eva-
luation, CODATA, 1980 [1] where detailed discussion of all
experimental absorption cross section studies can be found, i.e.,
Clyne and Cruse, 1970 [2], Brown and Burns, 1970 [3}, Basco
and Dogra, 1971 [4], and Sander and Watson, 1981 [5}. The

extensive predissociation observed by Durie and Ramsay {6]
indicates that the value of @, should be taken to be unity for all
vibrational bands within the 4-X system.

References

[1) CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,
Hampson, R. F., Jr., Kerr, J. A., Troe, J., and Watson, R. T,, J. Phys.
Chem. Ref. Data 9, 295 (1980),

[2] Clyne, M. A. A., and Cruse, H. W, Trans. Faraday Soc. 66, 2214 (1970).

(31 Brown, 1., and Burns, G., Can. I, Chero. 48, 3487 (L370),

14] Basco, N., and Dogra, 5. D., Proc. R. Soc. London Ser. A 323, 41 (1971).

[5] Sander, S. P., and Watson, R. T., In press, J. Phys. Chem., (1981).

[6] Durie, R. A., and Ramsay, D. A., Can. J. Phys. 36, 35 (1958).

HOBr + hv—products
Primary photochemical transitions
Reaction AH®y45/k) mol ™! /l,,,,m,,,,,._/_nrkr;w D
HOBr + hv—HO - Br ) 231 o 518 N
~HBr 4+ OCP) () 293 409
—BrQ + H 3) 423 283
—HBr + O('D) (4 483 248

Note: AH °55¢ values are given since the heat of formation of HOBr at 0 K is not known.
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Preferred Values

In the absence of experimental data for HOBr in the gas
phase, it is suggested that the modellers use the absorption cross
section data for HOCI (see table of preferred values) red-shifted
by 30 nm. Anbar and Dostrovski reported aqueous phase spec-
tra for both HOBr and HOCI. From this data it can be seen that
the values of o, were comparable, but the absorption maxima

BAULCH ET AL.

(HOCI (230 nm), HOBr (260 nm)) were displaced by 30 nm. By
analogy with HOCI it is probable that @, is unity for all wave-
lengths >200 nm.

References
[1] Anbar, M., and Dostrovski, L., J. Chem. Soc., London, Part 1, 1105 (1954),

BrONO; + Av—products

Primary photochemical transitions

Reaction AH 305/k} mol ™! p——i i
BrONO, + kv—BrO + NO, fe)) 138 866
—Br +NO, () 163 734
—BrONO + 0¢P)  (3) 306 391
—BrONO +0('D) (4) 496 241

Note: AH °)gq values are given since the heat of formation of BrONO, and BrONO at 0 K are not known.

Preferred Values

Absorption cross sections for BrONO, photolysis at 298 K

A (nm) 10?2 7/ em? A (nm) 1020 o/ om?
186 1500 280 29
190 1300 285 27
195 1000 290 24
200 720 295 22
205 430 300 19
210 320 305 18
215 270 310 15
220 240 315 14
225 210 320 12
230 190 325 11
235 170 330 10
240 130 335 9.5
245 100 340 8.7
250 78 345 8.5
255 61 350 77
260 48 360 6.2
268 39 370 4.9
270 34 380 4.0
275 31 390 2.8

Quantum yields.

No recommendation is given for the relative importance of
the possible pathways since there are no data which provide a

basis for a recommendation.

Comments on Preferred Values

The recommended values are taken from Spencer and
Rowland, 1978 [11 and are unchanged from those given in the
previous evaluation, CODATA, 1980 [2] where detailed discus-

sion can be found.

References

{1] Spencer, J. E., and Rowland, F. S., J. Phys. Chem. 82, 7 (1978).

[2] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A,,
Hampsen, R. F., Jr., Kerr, J. A,, Troe, J., and Watson, R. T., J. Phys.
Chem. Ref. Data 9, 295 (1980).

5.9. lodine Compounds,

O +10—-0; +1

4H° = — 314kl mol™!
Rate coefficient data: no experimental data available.

Preferred Value
k=5x10"" cm>® molecule ™! s~ at 208 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1882
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Comments on Preferred Value

This estimate is probably accurate to within a factor of 3,
and is based upon the assumption that the reactivity of 10 is
similar to that of ClO and BrO {this is true in the case of
X0 + NO where X = F, Cl, Br and I). The experimentally de-
termined rate constants for ClO and BrO at ~298 K are
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cule™'s™1, respectively [1]. The temperature dependence of
the rate constant is expected to be small.

References

[1] CODATA Task Group on Chemical Kinetics, Baulch, D. L., Cox, R. A.,
Hampson, R. F.. Jr., Kerr, J. A., Troe, J., and Watson, R. T., J. Phys.

5X10~"" ¢m® molecule™'s™' and 3X107'' cm® mole- Chem. Ref. Data 9, 295 (1980).
HO -+ HI-H0 1
AH° = — 200 k]I mol ™!
Rate coefficient data
k /em® molecule ™! 7! Temp./K Reference Comments
Absolute Rate Coefficients
(1.3 L 0.5)¢107 205 Takaos and Glass, 1073 [1} ()
Comments [2]. While the value determined for £ (HQ + HCl) is in excellent

(a) Discharge flow: EPR detection of HO. Psuedo first-or-
der conditions, [HI], > [HOJ,.

Preferred Value
k=1.3%X10"" cm® molecule ™! s~ ! at 298 K.

Reliability
A loghk = 4 0.5at 298 K.
Comments on Preferred Value

In addition to determining £ (HO + Hi), Takacs and Glass
also determined values for £ (HO + HCl)[1] and £ (HO 4 HBr)

agreement with several other values, and is used in the deter-
mination of the CODATA preferred value, their value for
k (HO + HBr)is a factor of ~2.5 lower than thatreported in the
only other study (Ravishankara et al., 1979 [3]) of HO + HBr.
At present the difference between the two values reported for
k (HO + HBr) cannot be explained and as such cast doubts about
the reliability of the value of HO + HI reported in ref. [1].

References

[1] Takacs, G. A., and Glass, G. P., J. Phys. Chem. 77, 1948 (1973).

[2] Takacs, G. A., and Glass, G. P., J. Phys. Chem. 77, 1060 (1973).

[3] Ravishankara, A. R., Wine, P. H., and Langford, A. O., Chem. Phys. Lett.
63, 479 (1979).

I + HO,—HI + O,

AH® = — 91 kI mol™!

Rate coefficient data: no experimental data available.

Preferred Value

No recommendation.
Comments on Freferred Value

No study of this reaction has been reported. Unfortunately
it is difficult even to estimate this rate constant roughly. For
such an atom-radical reaction the rate constant might be expect-
ed to be quite rapid, i.e., close to gas kinetic. However, while the
rate constant for the Cl+ HO, reaction is rapid, i.e.,

k=4.8%10""" cm® molecule ! s~ (CODATA preferred val-
ue), the only experimental study of the Br + HO, reaction at
298 K suggests a value of ~2X 107" ¢m® molecule ™" s~ for
£ (Posey et al. [1]). Consequently, there is nu reconnnendation
for & (1 + HO,). Clearly studies of this reaction are needed.

References

[1] Posey, J., Sherwell, J., and Kaufman, M., Chem. Phys. Lett. 77,476(1981).
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|14+ 0310 + 0,

AH°= — 78 kI mol™!

Rate coefficient data

k /cm® molecule™! s~ Temp./K
Absolute Rate Coefficients -
©3*5))x107" 293

Reference Comments

Clyne and Cruse, 1970 {1} {a)

Comments

(a) Discharge flow-ultraviolet absorption detection of 0.
Minimal discussion of experimental conditions. Data analysis
used the initial rate of decay of O; as the atomic iodine concen-
trations decreased with reaction time due to heterogeneous loss
of I on the flow tube walls.

Preferred Value
E=1.0%10"" ¢m® molecule ' s~ ! at 298 K.

Reliability

Adlogk= +1.0at298K.

Comments on Preferred Value

Limited experimental accuracy. The value of £ (Br + O,)
determined in the same system [2] was underestimated by a
factor of ~3 from the CODATA preferred value. Consequently
the accuracy of this determination of £ is questionable consider-
ing it presented additional experimental problems in this system
over those in the Br 4+ O, system. Obviously additional studies
are required both at 298 K and as a function of temperature.

References

[1] Clyne, M. A, A., and Crusc, H. W., Trans. Faraday Soc. 66, 2227 (1970).
{2} Clyne, M. A. A., and Cruse, H. W., Trans. Faraday Soc. 66, 2214 (1970).

10 +~ HO2—Products

Rate coefficient data: no experimental data available.

Preferred Valuve
No recommendation.
Comments on Preferred Value

No study of this reaction has been reported. The rate con-
stant can only be very roughly estimated from consideration of

similar reactions. There may be multiple reaction pathways (bi-
molecular and termolecular) as have been suggested for the
ClO + HO, reaction. A rate constant similar to that for
CIO + HO,, ie., k~5X 107 !2 ¢cm® molecule ! s~ at 298 K
may be expected. This value must be considered to be very un-
certain (to at least an order of magnitude). Clearly studies of this
reaction are needed.

1+ NO + M—INO + M

AlI° = — 75.8kJ mol™!?

Low pressure rate coefficients

Rate coefficient data

ko/cm® molecule ™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
(6.0 + 2.5)X 107 (T'/300)~ '° [He] 320-450 Van den Bergh and Troe, 1976 {1] (a)
(1.6 + 0.5) X 10~32 [N,] 330 Van den Bergh, Benoit-Guyot, and Troe, 1977 [2] {b)
9.5 4 3)X 103 [Ar] 330
(10.5 + 3)X 10737 [Ar] 298+
(6.0 & 22> 10733 [He] 330
(10.3 + 0.6)x 10~ (T /300) = "' [Ar] 298-328 Basco and Hunt, 1978 [3] ©

J. Phys. Chem, Reaf, Data, Vol. 11, No. 2, 1982



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

Comments

(a) Laser flash photolysis of I, at 694 nm in the presence of
NO and He. He pressures between 1 and 200 atm. Observation
of I, and INO spectra.

(b) As comment (a). Study of the effect of 14 different bath
gases. Value for M = Ar at 208 K calculated with the value for
330 K and the temperature coefficient from ref. [1].

(c} Flash photolysis of I, in the presence of NO and Ar.

Preferred Values

ko =1.8X10~2 (T/300) = ' [N,] em® molecule~ s~
aver range 200-400 K.
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ko= 1.0X 10732 (7 /300) ~ **° [Ar] em® molecule ™! s ™!
over range 200-400 K.

Reliability
Aloghy= +0.1.
An = +0.5.

Comments on Preferred Values

Values for M = Ar from refs. [2] and [3] agree remarkably
well and are taken as preferred values. Collision efficiencies for
He, Ar, and N, follow the usual trends.

High pressure rate coefficients

Rate coefficient data

k., /cm® molecule ™! s~! Temp./K Reference Comments
Absolute Rare Coefficients
»>L7x10™Y 330 Van den Bergh and Troe, 1976 [1] (a)

Comments

(a) As comment (a) for ko. At He pressures of 200 atm,
k=~0.4k_, sothatextrapolation of the fall-off curve is required.
The £, value given represents a lower limit of &, , it could be at
most a factor of 2 higher than given here.

Preferred Value

k, = 17X107" e¢m® molecule ™' s ™' over range 200-
400 K.

Reliability

Alogk,, = =+ 0.3 over range 200-400 K.

Comments on Preferred Value

Although there is only a single measurement of the fall-off
curve, we are reasonably confident that the preferred value is
. close to the lower limit from ref. {1].

Intermediate Fall off Range

From the preferred values one derives [N, ], = 1.0 X 10?!
molecule cm ™ at 298 K. The measured fall-off curve does not
allow F, to be derived with certainty. However, it should be near
t0 0.75 4+ 0.15 at 298 K.

References

{1} Van de Bergh, H., and Troe, J., J. Chem. Phys. 64, 736 (1976).

[2] Van der Bergh, H., Benoit-Guyot, N., and Troe, J., Int. J. Chem. Kinet. 9,
223 (1977).

[3) Basco, N., and Hunt, J. E., Int. J. Chem. Kinet. 10, 733 (1978).

I+ NO; + M—INO, + M

AH®° = —79.7 k] mol ™!

Low pressure rate coefficients

Rate coefficient data
kofcm® molecule™' ™! Temp./K Reference C;mems o
Absolute Rate Coefficients T
1.52X 1073 (T/300) ~ ' =° [He] 320-450 Van den Bergh and Troe, 1976 {1) (a)
1.62X 107 [He] 330 Van den Bergh, Benoit-Guyot, and (b)
Troe, 1977 [2]
2.60X 1073 [N,] 330

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982
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Comments

(a) From NO, catalyzed recombination of iodine atoms,
iodine atoms being produced by laser flash photolysis at 694
nm. Fall-off curve measured from 1 to 200 atm of He. Ouly a
short extrapolation to k, was required.

(b) As comment (a). Efficiences of 26 bath gases studied.

Preferred Values
ko =2.9x1073! [N,] em® molecule ™' s~ at 298 K.
ko=2.9%1073" (T/300)~" [N,] cm® molecule™*s~*
over range 298-450 K.

BAULCH ET AL.

Reliability

Alogky= + 0.3at 2908 K.
Arn = + 0.5 over range 298-450 K.

Comments on Preferred Values

Results from a single laboratory only. Independent confir-
mation is required. The value for M = N, at 298 K was derived
from the measurements at 330 K and the T-dependence for
M = He. The value of n is assumed to be identical for He and N,.

High pressure rate coefficients

Rate coefficient data

k., /cm® molecule ! ™! Temp./K Reference Comments
Absolute Rate Coefficients
6.6% 107" 320-450 Van den Bergh and Troe, 1976 {1} (a)

Comments

(a) See comment (a) for k,. Only a short extrapolation of the
fall-off curve toward the high pressure limit was required.

Preferred Value

k, =6.6X107"" cm® molecule " s ™! over range 300-

400 K.

Reliability

Comments on Preferred Value

Results from a single laboratory only. Independent confir-
mation is required.

Intermediate Fall off Range

From the preferred values for ky and &, at 298 K one
derives [N,], = 2.3 X 10%° molecule cm~>. The measurements

of ref. [1] gave F, = 0.63 at 330 K.

References

[1] Yan den Bergh, B. and Troe, J., J. Chem. Phys. 64, 736 (1976).
[2] Van den Bergh, H., Benoit-Guyot, N., and Troe, J., Int.J. Chem. Kin. 9, 223

4 logk,, = + 0.3 over range 300-400 K. 1977).
10 -+ NO—I + NO;,
AH = —122kJ mol™*
Rate coefficient data
k /cm® molecule™ ' s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.7 4+ 0.2)x 10" 298 Ray and Watson, 1981 [1] (a)

Comments

(a) Discharge flow: mass spectrometric detection of [0.
Psuedo-first order conditions, [NO]}»[10].

Preferred Value
k=1.7%X10"" ¢cm> molecule™! s~ ! at 208 K.
Reliability
Alogk= 40.3at298 K.

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

Comments on Preferred Value

The temperature dependence of % is expected to be small
for such a radical-radical reaction. The temperature depen-
dences of k for the analogous C10 and BrO reactions have been
reported to be negative with E /R values of — 294 K and

— 260 K, respectively (CODATA preferred values).

References
[1] Ray, G. W., and Watson, R. T., J. Phys. Chem. 85, 2955 (1981).
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Rate coefficient data: no available experimental data.

Preferred Values
ko= 5.0X1073! (7/300) ~° [N,] ecm> molecule ™' s~
over range 200-400 K.
k, =2X10"" cm® molecule™! s™! over range 200-
400 K.
F.=0.42at298K.

10 + 1021 + O,
—l2 4+ 02

AH°(1) = — 130 kJ mol ™!
AH°2) = — 219k} mol™!

489
Reliability
4 logky= +0.5.
Alogk, = +0.5.
dn= +1.

Comments on Preferred Values

The preferred values are those from the BrO + NO,
-»BrONOQ, reaction. On theoretical grounds the BrONO, and
the IONOQ, reactions should have similar properties.

m
(2)

Rate coefficient data (£ = &, + £,)

k /em® molecule ™" s~1 Temp./K Reference Comments
Absolute Rate Coefficients
(2.6 *35)x10712 293 Clyne and Cruse, 1970 1] (a)
Comments Reliability

(a) The value of £ shown in this table is derived using the
following equation: — d [10}/dz = 2k [10}?. In the original pub-
lication the authors used the following expression: — d[IQ}/
dt = k£ [10]%. Discharge flow: uv absorption detection of IO using
the band head of the 4 (*IT, v' = 4)—X (T, 0" = 0) transition at
~428 nm (the numbering of this transition may be in error as
the analogous ClO and BrO systems had to be re-assigned with
recent improved spectroscopic data). A value of 1 X 10%cm s
was reported for £ /o, which when combined with the estimated
value of 5X 107 '® cm? molecule ™ for & (based on o for Br0)
yielded the reported value. The value of o can only be consi-
dered to be known to within a fastur of ~ 3.

Preferred Valve
k=3%10""? cm3 molccule ™! s~ 1 at 208 K.

Alogk= +1.0ar298 K.
Comments on Preferred Value

This value is consistent with the preferred values for the
BrO + BrO and FO + FO reactions. No experimental informa-
tion is available concerning the branching ratio. However, if the
reaction mechanism is similar to the BrO 4+ BrO and FO 4 FO
reactions then channel (1) may be expected to be the dominant
reaction pathway.

References

11} Clyue, M. A. A., and Cruse, YL W, Trans. Faraday Suc. 66, 2227 (1970).

INO 4 INO—I; + 2NO

AH°= —8.4%] mol™!

Rate coefficient data

k /em® molecule ™' ™! Temp./K Reference Comments
Absolute Rate Coefficients
<6.7Xx107* 333 Porter, Szabo, and Townsend, 1962 (1] . (a)
8.4 X107 exp( — 2620/T) 320-450 Van den Bergh and Tree, 1976 (2] (b)
1.3x10™™ 208*
2.9 10™12 exp( — 1320/T) 298-328 Basco and Hunt, 1978 [3] (©
3.4X107™ 298
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Comments

(a) Flash photolysis of [, in the presence of NO. Although
the observations were interpreted with inadequate assumptions
about the mechanism, the results on the reaction INO 4 INQ
are consistent with later work, see ref. [3].

(b) Laser flash photolysis of I, in the presence of NO. Anal-
ysis of the time resolved I, absorption signals after the flash.

(c) Flash photolysis of I, in the presence of NO. Measure-
ments of the uv spectrum of INO.

Preferred Value
k=1.3X10"" cm® molecule ™' s~ at 298 K.

k=8.4X10"" exp( — 2620/T)
over range 300-450 K.

cm® molecule ™! 57!

Reliability

Aloghk= +0.4a1298 K.
AEIR)= +600K.

Comments on Preferred Values

Results from ref. [2] preferred over those from ref. [3]
because of a much wider range of conditions studied.

References
[1] Porter, G., Szabo, Z. G., and Townsend, M. G., Proc. Roy. Soc. A270, 493
(1962). :
[2] Van den Bergh, H., and Troe, J., J. Chem. Phys. 64, 736 (1976).
{3} Basco, N., and Hunt, J. E., Int. J. Chem. Kinet. 10, 733 (1978).

INO;3 + INOz—Iy + 2NO,

AH*= —8.1 kI mol™!

Rate coefficient data

k /em® molecule™! s™! Temp./K Reference Comments
Absolute Rate Coefficients
1.7x107"% 350 Van den Bergh and Troe, 1976 [1] (@)
Comments Comments on Preferred Values

(8) From NO, catalyzed recombination of iodine atoms,
iodine atoms being produced by laser flash photolysis of I,.
Temperature dependence probably similar as for INO + INO.

Preferred Vaives

k=4.7%X107" cm® molecule ™' s~ " at 298 K.
k=29x10"1" exp( — 2600/T)
over range 298-400 K.

em® molecule ™! 57!

Reliability

Alogk= +05at298K.
A(E/R)= + 1000 K.

Preferred value based on measured rate constant at 350 K
and an assumed value for £ /R equal to that for the reaction
INO 4 INO~—1, 4+ 2NO. In the analogous reactions for other
halogens this behavior appears to apply, see ref. [1].

References
[1] Van den Bergh, H. and Troe, J., J. Chem. Phys. 64, 736 (1976).

10 + Av—products

Primary photochemical transitions

Reaction

AH °55/k] mol ™!

P ——y

10 + Av—1 + OCP) 1)
—-1+0('D) (2)

374

651
320

Note: AH °,95 values are given since the heat of formation of 10 at 0 K is not known.

Absorption cross section data: no experimental data available.

Quantum yield data: no experimental data available.
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Preferred Valves

There are no quantative experimental absorption cross sec-
tion or quantum yield data. A number of red degraded bands
have been observed in emission, which are attributed to the
A *[T—X?IT transition of the 1Q radical by Vaidya, 1937 [1],
1938 [2], Coleman, Gaydon, and Vaidya, 1948 [3], and Durie,

Legay, and Ramsay, 1960 [4]. Absorption spectra of 10 have
been reported by Durie and Ramsay, 1958 [5} and Clyne and
Cruse, 1970 [6], but no absorption cross section data was ob-
tained. Extensive predissociation was noted in each of the bands
observedinthe X %17 (v” = 0)~>A *IT (v'»0) progression[5]. The
magnitude of the absorption cross sections at the band heads are
probably similar to those for equivalent transitions of BrO.

HOI + Av—products

Primary photochemical transitions

Reaction Al 595/ kI mol ' Anhreshold /M
HOI + Av—HO 4+ 1 1)
—HI + O¢P) 2)
—I0+H 3

—HI + 0('D) (]

Note: There are no thermodynamic data for HOL
Absorption cross section data: no experimental data avail.

able.
Quantum yield data: no experimental data available.

Preferred Valves

Neither qualitative absorption spectra nor absolute cross-
sections have been measured for HOL. Itis suggested that in the

absence of any experimental data that the modellers use the
absorption cross section data for HOCI (see table of preferred
values) red-shifted by 100 nm. By analogy with HOCl it is prob-
able that @ ~ unity for all wavelengths 3>200 nm.

INO + Av—products

Primary photochemical transitions

Reaction

AH /K] mol ™!

—

INO + hv—I 4 NO 1650
Absorption cross-section data
Wavelength range/nm Reference Comments
360-460 Porter, Szabo, and Townsend, 1962 [1] (a)
360-460, 220-320 Van den Bergh and Tree, 1976 [2] (b)
360-400, 220-320 Basco and Hunt, 1978 {3} (€}
360-460, 220-320 Forte, Hippler, and Van den Bergh, 1981 [4] (d)
No quantum yield data.
Comments Preferred Values
(a) Flash photolysis of I, in the presence of NO. Inadequate
- . . . 17 2 7
interpretation of the mechanism, o-values therefore uncertain. A /nm 1070/ cm 4 /om 1070/ cm?
(b) Laser flash photolysis of I, in the presence of NO. o~ 230 Y 360 0.045
values have been confirmed by later work of refs. [3] and [41. 935 =3 270 0.059
{c) Flash photalysis of I, in the presence of NO. o-values 238 7.0 380 0.065
derived from analysis of the mechanism. ‘;‘;; gg izg : gg;ﬂ
(d) Spectroscopic investigation of the I, 4 2NO=2INO 260 %4 410 010
equilibrium. Results in very good agreement with refs. [2] and 270 1.0 420 0.10
[3). 300 0.09 430 0.094
440 0.080
450 0.060
460 0.040
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Preferred Values for Absorption Cross Sections

The values are averages of the data of refs. [2]-{4]. The
deviations between the results of these studies are only small.
No quantum yield data are available. Presumably, the photoly-

References
{1} Porter, G., Szabo, Z. G., and Townsend, M. G., Proc. Roy. Soc. (London)
A270, 493 (1962). - .
[2] Van den Bergh, H., and Troe, J., J. Chem. Phys. 64, 736 (1976).
[3] Basco, N., and Hunt, J. E., Int. J. Chem. Kinet. 10, 733 (1978).
{4] Forte, E., Hippler, H., and Van den Bergh, H., Int.J. Chem. Kinet. 13, 1227

sis quantum yicld is unity over the whole wavelength range. (1981).
INO, + Av—products
Primary photochemical transitions
Reaction AH /K] mol™! a——,
INO, + Av—I + NO, 1560
Absorption cross-section data.
No absorption spectrum has been so far detected, although Reference

the spectrum has been searched for in the NO,-catalyzed recom-
bination of iodine atoms. Presumably a(ION,) <« a(NO,) over
the range 250-600 nm (ref. [1]).

[1] Van den Bergh, H., and Troe, J., J. Chem. Phys. 64, 736 (1976).

IONO; + Av—products

Primary photochemical trapsitions

Reaction AH °555/k] mol ™! Ahreshora /1M
10NO, + hv—I0 + NO, (1)
~14NO, @

—IONO +0¢P)  (3)
-IONO +0('D)  (4)

Note: there are no thermodynamic data for IONQ,.
Absorption cross section data: no experimental data avail-
able.

Quantum yield data: no experimental data available.

Preferred Values

Neither qualitative absorption spectra nor absolute cross-

J. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982

sections have been measured for IONO,. It is suggested that in
the absence of experimental data the absorption cross-sections
data for BrONO, be used (this will probably lead to an underesti-
mate of J as the IDNO, spectrum will probably be red-shifted
relative w the BrONO; spectrum by ~ 50 nm).
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Appendix |
Enthalpy data
AH; (298) AH (0)
(Substance) kJ mol ! kJ mol ™! Notes
H 217.997 216.03 1
H, 0 0 1
[¢] 249.17 246.78 1
o'D) 438.9 436.6 2
0, 0 0 1
0,'4) 94.3 94.3 2
0,('2) 156.9 156.9 2
¢ 142.7 145.4 3
HO 39.0 38.7 3
HO, 10.5 + 4.2 30
H,0 —241.81 —238.92 1
H,0, —136.32 —130.04 3
N 472.68 470.82 1
N, 0 0 1
NH 343 343 2
NH, 185 188 7
NH, - 45.94 - 38.95 1
NO 90.25 89.75 3
NO, 33.2 36.0 3
NO, 71 420 77+ 20 4
N0 82.05 85.50 3
N,0, 9.1 18.7 4
N.Os 11.3 923.8 2
HNO 99.6 102.5 4
HNO, —179.5 - 14 3
HNO, ) ~ 135,06 —125.27 3
HO,NO, — 54 4+ 20 8
CH §94.1 590.8 4
CH, 386 386 6
CH,4 145.6 149.0 4
CH, —74.81 — 66.82 3
Cco ~ 110,53 —113.81 1
co, - 393.51 - 393.14 1
HCO 37.6 37.2 9
CH,0 — 108.6 — 104.7 2
HCOOH — 378.6 —371.6 3
CH,;0 14.6 22.6 9
CH,0, 16+ 8 10
CH,0H -~ 259 20
CH,OH —200.7 — 189.7 3
CH,00H —1a1 9
CH,ONO ’ - 65.3 - 52,6 9
CH,0NO, -~ 119.7 - 103.4 9
C,H 536 20
C,H, 227.36 27
C,H, 52.09 27
CH, 107.5 2
C,H, —83.8 —68.3 2
CH,CO — 59.54 27
CH,CO — 24.3 20
CH,CHO — 166.2 27
C,H0 —17.2 20
CH,CO, - 207.5 20
C;H:0, — 175 0
CH,00CH, —125.5 9
S 276.98 274.72 1
S, 128.49 128.20 1
HS 146 + 4 145 + 4 11
H,S - 20.63 - 17.70 3
S0 5.0 5.0 5
S0, — 296.81 — 294.26 1
S0, — 395.7 - 390 3
SOH 21 +17 1
HSO, —481 425 12
cs 272 268 1!
CS, 117.2 116.6 3
CH,SCH, —372 11
CH,SSCH, —24.3 11
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Appendix |—con’t

AH; (298) AH(0)
{Substance) kJ mal ! kJ mol ™! Notes
0cs - 142 - 142 3
F 79.39 77.28 1
F. 0 0 1
HF - 273.30 - 273.26 1
HOF — 98 +4 ~95+4 6
FO 10948 10948 9
FO, 50+ 12 52412 9
FONO 67 13
FONO, 10 18 4
CF, - 182+ 8 —182+8 4
CF, — 470 4 4 ~ 468 + 4 4
CF, ~933 - 927 18
FCO - 170 £ 60 — 170 £ 60 4
COF, — 6347 - 631.6 3
al 121.30 119.62 1
Cl, 0 0 1
HCl ~92.31 —92.13 1
clo 102. 102 2,14
Cou 8945 91 2,14
0cI0 97 +8 100 48 14,15
CL0 814 83.2 15
HOC! - 18 -~75 2,16
CINO 51.7 53.6 6.
CINO, 12.5 18.0 3
CIONO 83 17
CIONO, 26.4 15
FCl —50.7 ~50.8 4
ccl 502 + 20 498 + 20 4
cc, 238 + 20 237 4+ 20 4
ccl, 79.5 80.1 4
CCl, —95.8 —93.6 18
CHCI, — 1029 —98.0 18
CH,Cl 125 19
CH,Cl, —95.4 —88.5 18
CH,CI — 820 —74.0
CICO —-17 9
cocl, —220.1 —218.4 2
CFCl 30425 30 + 25 24
CFCl, - 96 20
CFCl, —~284.9 —281.8 21
CF,Cl — 269 20
CF,Cl, —~493.3 —489.1 21
CF,Cl —707.9 — 7029 21
CHFCI, —284.9 —279.5 21
CHF,C —483.7 — 4774 21
COFCl ~ 427433 —423 £33 4
C.Cl, —-124 —11.9 4
C,HCl, —-1.8 —~4.3 3
CH,CCl, 45 + 30 25
CH,CCl, —142.3 —145.0 22
Br 111.86 117.90 1
Br, 30.91 45.69 1
HBr - 36.38 —28.54 1
HOBr —80+8 9
BrO 125 133 3
BrNO 82.2 91.5 3
BrONO, 20 + 30 26
BrCl 14.6 22.1 4
CH,Br 163 19
CH,Br ~37.7 -22.3 23
1 106.762 1
Ix(g) 62.421 1
HI 26,36 1
10 172 28
INO 121.3 124.3 29
INO, 60.2 66.5 29
. Phys. Chem. Ref. Data, Vol. 11, No. 2, 1982



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

495

Notes

1. CODATA Recommended Key Values for Thermodynamies, 1977, J. Chem.
Thermudyuasics 10, 903 (1978). Sec alvo CODATA Bulletin No. 28,
1CSU CODATA Paris (1978).

2. Domalski, E. 8., Garvin, D., and Wagman, D. D., Appendix 1 in Hampson,
R. F., and Garvin, D., Natl. Bur. Stand. (U.S.}, Spec. Publ. 513 (1978).

3. Wagman, D.D., Evans, W. H., Parker; V. B., Halow, I., Bailey, S. M., and
Schumm, R. H., Natl. Bur. Stand. (U.S.), Tech. Note 270-3 (1968).

4. JANAF Thermochemical T{ah]es, 2nd Edition, Stull, D. R. and Prophet, H.,
NSRDS-NBS'37, Catalog Ne. C. 48:37, U. S. Government Printing Of-
fice, Washington, D.C. (1971).

5. JANAF Thermochemical Tables, 1974 Supplement Chase, M.. W., Cur-
nutt, J. L, Huy A. T., Prophet, H., Syverud, A. N. and Walker, L. C., J.
Phys. Chem Ref. Data 3, 311 (1974).

6. JANAF Thermochemical Tables, 1975 Supplement, Chase, M. W., Cur-
nutt, J. L, Prophet, H., McDonald,:R. A. and Syvernd, A. N, J. Phys.
Cherm. Ref. Data 4,1 (1975). ) '

1. Tséng, W., Int. J. Chem. Kinet. 10, 41 (1978).

8. Based on activation energy values for decomposition reported in Graham,
R. A., Winer, A. M., and Pitts, J. N., Chem. Phys. Lett. 51,215 1977)
and J. Chem. Phys. 68, 4505 (1978); Cox, R. A., Derwent, R. G. and
Hutton, A.]J. L., Nature (London) 270, 328 (1977).

9. Benson, 5. W., Thermochemical Kinetics, Second Edition, John Wiley and
Sons, New York (1976).

16. Baacd on oquating O- H bond strengtho in HOOH and CH,00H.

11, Benson, S. W., Chem. Rev. 78, 23 (1978).

12. Based on equating S~OH bond strengths in HOS and H,50,.

13. Based on equating FO-N ‘strengths in FONQ and FONO,.

14. Clyne, M. A. A., McKenney, D. 1., and Watson, R. T, J. Chem. Soc. Faraday
Trans. 1 71, 322 (1975).

15. Alqasimi, R., Knuath, H.-D., and Roblack, D., Ber. Bunsenges. Phys. Chem.
82, 217 (1978).

16. Molina, L. T., and Molina, M. J., J. Phys. Chem. 82, 2410 (11978).

17. Based on equating CIO-N bond strengths in CIONO and CIONOQ,.

18. Rodgers, A: 8., Chao, J., Wilhoit, R. C., and Zwolinski, B.J.,J. Phys. Chem.
- Ref. Data 3,117 (1974).

19. DeCorpo, J. J., Baufus, D. A., and Franklin, J. L., J. Chem. Thermodynamu,s
3, 125 (1971).

20. Kerr, J. A., and Trotman-Dickenson, A. F., Strengths of Chemical Bonds in
CRC Handbook of Chemistry aod Physics, 61st Edition, R. C. Weast,
Editor, F-220-F-241, CRC Press, Inc. (1980).

21.Chen, S. S.; Wilhoit, R. C., and Zwolinsiki, B. J., J. Phys. Chem. Ref Data 5,
571 (1976).

22. Chao,]., Rodgers, A. S., Wilhoit, R. C., and Zwolinski, B. J., J. Phys. Chem.
Ref. Data 3, 141 (1974).

23. Kudchadker, S. A, and Kudchadker, A. P., J. Phys. Chem. Ref. Data 4,457
(1975)..

24. Estimated value. Based on average C—F and C-Cl bend strengths in CF, and
CCl,.

25. Estimated value. Based on equating H-CH, bond strengths in CH,CCL; and
CH,CHCl,.

26. Estimated value. Derived from bond energy considerations for CIONO,.

27. Cox,J. D., and Pilcher, G., Thermochemistry of Organic and Organometallic
Compounds, Academiec Press, Londou {1070).

28, Calculated from D(I-0) = 184 4 21 kJ mol ™ us listed in note 20.

29. Van den Bergh, H., and Troe, J., J. Chem. Phys. 64, 736 (1976); Hippler,
H., Luther, K., Teitelbaum, H., and Troe, J., Int. J. Chem. Kinet. 9, 917
(1977).

30. Howard, C. J., J. Am. Chem. Soc. 102, 6937 (1980).

Appendix Il

Conversion Tables

Equivalent second order rate constants

cm? dm? m? cm?® (mm Hg)"! atm™! ppm-! 2 LN-1 ot
A ! 'mol~*s~* | mol='s™ mol-! s! molecule™! s~! st Cos! min—! " ¢
1 cm?® mol- s=1= 1 t0-3 10-¢ 1.66 1.604 1.219 2.453 1.203
: X 10~ X10-3T-'| x102T7T-'| x10-¢ X10-4T-!
1dm3® mol-tst= 102 1 r10‘:‘ 1.66 1.604 12.19 7t 2.453 1.203
X 10-# X102t X 10-¢ X 10171 .
1 m* mol-* o=t = 104 100 1 1.66 16.04T-  11.219 2,450 1205 T
X 10-18 X104 T-1 X 10-2
1 cm® molecule~! s~ = 6.023 6.023 6.023 1 9.658 7.34 1.478 1.244
x 1023 X 1020 X 1017 x 1018 -1 X 1021 71 M 1015 % 10197~
1(mmHg)y's'= 6.236 62.36 T 6.236 1.035 . 1 760 4.56 7.500
X104 T X10-2T X10-¥T % 10-2
1atm—tg-? 82.06T 8.206 8.206 1.362 1.316 1 6x 10-3 9.869
‘X 102T X10-5T x10-2T X 108 x10-3
1ppm~! min~'= 4.077 14.077 407.7 6.76 . 21.93 1.667 1 164.5
at298K, 1 atm X108 X 10% . X 10-1¢ X 104
total pressure
T }
1m2kN-1s-t= 8314 T 8.314T 8.314 1.38 0.1333 101.325 6.079 1
x10-3T X102 T X 10-3

To convert a rate constant from one set of units A to a new set B find the conversion factor for the row A under column B and multiply the
old value by it, e.g. to convert cm® molecule~! s7! to m? mol~' s~! multiply by 6.023 X 10'7.

Table adapted from High Temperature Reaction Rate Data No._S, The University, Leeds (1970},
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Equivalent third order rate constants

B cmS$ dm® r mé cm® (mm Hg)-2 | atm-2 B ppm~2  Im*kN-2g-! .
A mol~2s-! | mol~2s~t | mol~2s~! |molecule~2g-? s7t 5! . min~! .
1 em®mol-2s!= 1 10-¢. 1072 2.76 X 10-14® 2.57 . 1.48 1.003 1.447
x10-10T~2| x10-3T-2| x10-1® x10-8T-2
1dm® mol-?g-'= 10¢ 1 10-¢ 2.76 % 1042 2.57 148 7% 1.003 1447
' X 10-4 -2 xX10-1 X 10~ T2
I mSmol-2g-1= 10t 108 1 2.76 X 10-38 |27 T2 148 1:003 1.447
X 10872 | x16-7 X104 T-2
1 em®molecule-2g-!= 3.628 3.628 3.628 1 9.328 5.388 - 3.64 5,243
X 1047 X 10" X 103 X103TT-21 X109 T2 X102 - X 1032 -2
1(mm Hg)23-1= 3.89 3.89 3.89 1.07x10-%72 |1 5.776 3.46 56.25
X 108 T2 X108 7? x10-37? . X 108 " X 10~
latm-2g-t= 6.733 6.733 6.7133 1.86 1.73 1 6x 1011 9.74
% 10372 X 10-3 T2 X 10-¢ T2 X 10-4472 X 10-¢ o X 10-3
1 ppm~2min-'=at 298 K, 9.97 9.97 9.97 - 2.75 2.89 1.667 1 1.623
1 atm total pressure X8 x10% X 10¢ X 10-% X100 |- X0 X 10¢
Im'kN-2g-1= 6.91 69.1 T 6.91 1.904 - 10.0178 1.027 6.16 - 1
X 10 T? ' X10-T% | X10-°T2 . X 104 L X 10~

See note to table for second order rate constants.

Conversion factors for units of optical absorption coefficients

B (2Cross section o) (atm at 273)"! em™! dm?® mol-! cm~! em? mol-! base 10
A cm? molecule base e base e base 10. - : L

‘ 1 (atm at 298);' cm~! base e = 4.06 X 102 1.09 10.6 106 X 104

1 (atm at 298)~! cm~! base 10 = 9.35x 10~ 2.51 24.4 2.44 % 104

1 (mm Hg at 298)~! cm~! base 10 = 7.11 X107 1.91 X 10° 1.86 x 104 1.86 X 107

1 (atm at 273)~* cm~ base e = 3.72 X 102 1 9.73 9.13x10%

1 (atm at 273)~! cm~* base 10 = 8.57 X 10— 2.303 224 2.24 X 104

1 dm?® mol~! em~! base 10= 3.82 X 10~ 0.103 1 100

1 cm? mol~! base 10= 3.82 X 10— 1.03 x 10—+ 10-° 1

1 cm® molecule™? base e = 1 2.69 X 101 2.62 X 10% 2.62 X 102

To convert an absorption coefficient from one set of units A to a new set B, multiply by the value tabulated for row A under column B, e.g.
to convert the value of the abaorption coefficient expressed in dm? mol - cm ™! base 10 to (atm at 273)~' cm~* base e, multiply by 0.103.

Units for Expressing Pressure

In this evaluation we have expressed pressures in terms of
Torr and atmosphere. These are defined in terms of SI units by
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the following equations:
1 Torr = 133.322 Pa
1 Atm = 101,325 Pa.



