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This paper updates and extends part of the previous data base of critical evaluations of
the kinetics and photochemistry of gas-phase chemical reactions of neutral species in-
volved in atmospheric chemistry [J. Phys. Chem. Ref. Data 9. 295 (1980): 11. 327
(1982): 13, 1259 (1984): 18. 881 (1989): 21. 1125 (1992): 26. 521 (1997)]. The present
evaluation is limited to the following families of atmospherically important reactions:

. O,. HO,. NO,. and SO,. The work has been carried out by the authors under the
auspices of the [IUPAC Subcommittee on Gas Phase Kinetic Data Evaluation for Atmo-
spheric Chemistry. Data sheets have been prepared for 151 thermal and photochemical
reactions. containing summaries of the available experimental data with notes giving
details of the experimental procedures. For cach thermal rcaction. a preferred value of the
rate coefficient at 298 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. For each
photochemical reaction the data sheets list the preferred values of the photoabsorption
cross-sections and the quantum yields of the photochemical reactions together with com-
ments on how they were selected. 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 Supplement VI to the original set of criti-
cally evaluated kinetic and photochemical rate parameters
for atmospheric chemistry, published by the CODATA Task
Group on Gas Phase Chemical Kinetics in 1980" and subse-
quently updated by Supplement I in 1982 and Supplement II
in 1984.% The original evaluation and Supplements I and I
were primarily intended to furnish a kinetic data base for
modeling middle atmosphere chemistry (10-55 km altitude).

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

This subcommittee produced Supplement III in 1989.*
Supplement 1V in 1992° and Supplement V in 1997.° in
which the original data base was extended and updated to
include more reactions involved in tropospheric chemistry.
Since it was not possible to cope with all of the very large
number of chemical reactions involved in tropospheric
chemistry. it was originally decided to limit the coverage to
those organic reactions for which Kinetic or photochemical
data exist for species containing up to three carbon atoms.

With the publication of Supplement V in 1997.° the data
base had become so extensive that the Subcomittee decided
that future supplements would be limited to dealing in turn
with parts of the set of over 700 gas-phase and heteroge-
neous reactions. To this end the present Supplentent VI is an
update and extension of the following families of gas-phase
HO, .
will deal with i} organic reactions. (i) halogen reactions.

reactions: O . NO, . and SO,. Future supplements
and (i) heterogencous reactions. Since the present and fu-
ture supplements will be much smaller than Supplement V. it
is intended that they will be published on a shorter ime scale
than those between Supplements [ through V.

Following the pattern ol Supplement V" here we provide
a data sheet Tor cach of the reactions of the families consid-
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ered. Supplement VI, however, contains the amendment o
listing the data used in the selection of the Preferred Value
for each reaction. This means that in Supplement VI some o
the earlier data, omitted during the evolvement of Supple
ments [V, have been re-entered on the data sheets. Thi:
change is intended to aid the reader in appreciating how the
Preferred Values were selected.

For each reaction, the data sheet includes a list of the datz
upon which the preferred rate coefficient is based togethe:
with a statement of the assigned uncertainty limits, a com-
ment giving the basis for the recommendation, and a list of
the relevant references. To the extent that this information
suffices, the reader can use the present publication without
need to refer to the previous publications in the series. How-
ever, it should be emphasized that in preparing the updated
data sheets. we have not listed all of the previous data con-
tained in the original evaluation' and Supplements [-v. ¢
Consequently for many reactions. to obtain the complete
data-set and background to the preferred rate parameters. it is
essential that the present supplement be read in conjunction
with its predecessors.'

The following reactions. relevant to the present supple-
ment for which data sheets were prepared in previous evalu-
ations. have now been omitted because they appear to be
unimportant in atmospheric chemistry:

0+0,— OFf
0f+M — 0, +M
O + O¥ — products

O:(li\i)* + O: — O:(I\_‘,_,y ) T 03
H-0,—HO+0,
H+~ 0, — HO* + O,

O ~+~H, — HO +-H

HO — Har=1) — H-O + H
HO* — M HO — M

HO* — Oy — products

O ~ N,05 — products

N —-HO — NO~H
N=-0.—-NO-0

N -0.0'A -NO -0

N -0, —NO = O,
N~=NO—N.~-0
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N+ NO,—N,0O+0O These reactions are no longer included in the present Sum-
NH. + HO — products maty of Reactions, and in referring o them in previous
NH, + HO, — products evaluations' ¢ it should be noted that the data sheets may no
NO + hv — products longer be up-to-date for any particular reaction.

0('D) + CN — products The cutoff point for literature searching for this supple-
CN + O, — products ment was September 1996. As in our previous evaluations,
O + H,S — HO + HS we also include data which were available to us in preprint
CH;0, + SO, — products form at that point.

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997



ATKINSON ET AL.

1332

use+ uUs ~UUC (L/ST5)AXD . (867/L )y 01 XH'L SI0% o 0IX6'1 O+ O°H-- Ol + ol SOt
00T 0S¥~00T (L/O01T—=)Ix2 7 01 XL 10+ o 01XL9 H+ O%F -1+ Ol oL
001 F 05€-00T 0 -01X7T 10 , 0IXTT OHZ - OTH + ()0 €9t
001 ¥ 05$£-00T a-01X1°1 10 L 0EXl H+ Ol 1 o O
0001 F 06£-08T (L0002 ;| 01%7'] 0T o 0IXLT TOH+ OH fOTH 1+ 0 19¢1
001 % 00¥-07T (L/vTodxe || 01X 80°0F o OLXg's O+ Ol fOH 40 0oyl
001+ 0050z (LTI | 01XeT o= TRUETAY M+ oo ot
004—-00C (867/L—)dxo ="4 ClrOFE="4V §C0="o
90F=uy 007—00T ) H-01%X5°L £0F ) TRU RS2 )
9OET=Uv 009002 I*NJ 41 (002/L)z¢ OXP'S 1'0F (“y) I*N] ;¢ OIXES W ,.C:w W4 O oSyt
0¥ =y301y 00£-StC 2 0IX7T SOF U RS O+ O~
1'0¥=y801y 00£~S¥T 1-0IXTL N W 0IXTL Ot
S0x=y301y 00£-$HT 21 -0IX)'S S0F 2 01X9'S O FH oM 1 NeEl
Suonopay Ol
100Y$ vjEp 20§ aif gty S8y
10048 RIEp 22§ toyy
O ¢
00¢F 09¢-$67 0 00XZT 90°0F g 0IXTT O T O -
O10r o0 ey
00T F 09¢-5¥2 01X 010F 0o =W q OIXIF
COF (O°H = ) o 0IX9t
£0F ((d)O = W) v DIXO'R
00T * 0S£-00T o 00XUT 01T (*N = W) o IXIT
0 F (FO = W) u 0LXUt oyl
008+ 09¢-08¢ (LOYRT—)x2 || 01XZ'§ 010F o 0IX8E DR
(F0D = W) 0 0IXTs
CHF (O'H = W) « O1%S
(N =W o OIXPTs o
00T ¥ 0St-001 (LAO0T—Wx2 ) 01 XD'E (4 = o = W) w 0IXY'1 W0 i LiY]
ags mep 938 W LA RT0 0 I LAYTRO0 otyl
WQaYs vep aag T O O b0 Oy
so0F =y801y 005—001 o -0IXFT 0% o 0IXT RO
10+ o 0IXT! (d)OT ¢+ fO0 - 'O 1 0 syl
001 ¥ 0S£-00T (L/LoMxa | 01XZ€ SONF n 0IX0t ‘O IO o ARy
00T ¥ 00P-002 (L/090T~Mx3 -, 01XD'8 800 T T 0Ux0R DT OO el
SOoF=uy 00£~001 [END gz - (O0E/L)pg 01 XIS SO0 (") [INT ¢ 01976
COoF=uy 00£-001 [F0] 4z . (00K/L ey . O1XYY SO0F 1) [foln 01x09 WO 1w oo R
SOOI ()
/Y M/28ury , 8| noajow .uty/y . %%y Sory [ §, dmoadjot wo uonataY 1aqumy
‘dway 30 2duapuadap -duay 0Ty 3

vIR(] 208y POLISJald PUR SUOTIDEDY JO AIPWHUNG——SUONDIRIY ISRy SBO) (B) T H1aV],

eleq sley paliajdld pue suoloeay jo Alrewwing ‘g

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997



1333

EVALUATED KINETIC AND PHOTOCHEMICAL DATA

00v—0ST (OpeL—~)dxa="4 b0="d
SoF=uy 00b—00T go- (00E/L)), .01 XS, 010F 1) 1 -01XSL
£0F=uv 00v-002 [*N] gz~ (00E/L )y 01 X977 0% ©y) [EN] .. 01X9°T W+ TONOH « - I + "ON + OH (81
00v—-05¢ (OTpliL—~)dxa ="y 18°0="4
Tox=xdo1y 00v—00C 01 XES Ak 1) 1y 0IXEE
SOF=uy 00-00T [*N) rz CO0ELL) ¢ 01X T L 010 “y) [IN]yy OIXFL W+ ONOH < W+ ON t OIl 98¢ |
ey ove-0re (L/09¢)d% | 01XS" Towx o 0IX0S stnposd + - FONTOH 1 OH Ryl
129Ys viRp 29§ o= (4vq 1) e 01XSL YON F OTH ¢ FONOH + OH 8¢
097 F 08£—06¢ (L/092)d%2 4 _0IXLT SIo¥x 2 OUXS9 CON P OHEC ONOLL + OH 8yl
0T F 0SY—0€T (L/sT6=)d¥%e o _01XS$°¢ 10+ o 0I%9] THN FOTHC TN OH Ny
ol ¥ 0S£—-00¢ W-0IXTL 10+ o 0IXTL ONC *
001 x 0S£-00Z 1 -0IXPY 10+ o OIXFY O FINTON T ADO (Y]
001 ¥ 0S€~001 (ZiLopdse || 0Ixg 10+ 1 0EX9°¢ N F DO N0 [IAS!
. S0F *y) [*N] 016 W HON W FN DO 8281
‘ €0 TREIA ON 50 'ON 1O A
00v-00¢ ©og1L—)dxa ="y R0="o
SOF =1y 007~002 1 -01XTT T0F y) o 0IXCT
|3 =uy 00002 [ENT gz - COOE/L ) 01 X 06 010F (y) [ENJ ¢ 0106 WHION* W SON 1O Ly
[V 09¢-02T (LIOTDd% - 01XS9 90°0F o 01XL6 ON + 0 "ON + O LAY
00£-00T ©s81L—)dxa="1 $80="d
COF =y 00§1-00T co(00E/L),, . 01 X0¢ (e (7 nOExot
COF =uy 00£-007 [END g (O0E/L) (e 01X 10 T ("y) IENT e 01X Wt ON: Wi ON O NZY
102y T ON
109Ys pIEp 022G OHT = 1O (LYl
IR ERHIMIIREIN H O - ay s Ol Yl
08¢-08T (LIOD9—Xixe | Ol X¥", TOF o 01X0T ‘OTH Ol o Ton LYl
OﬂI JOd9))0 ‘_3._ 1994s z::q [RRIN
Sro= [FO] ;¢ 0IXx$P
0E F 0Tyh—-0£T [EN] (L/086)%D o 01 X6 SI'0F [*NT¢ 01XTS W H O YO W1 Ot OIL
g+ 0Tr—0LT (LI009)x% | 01XTT SI0F o 0iX9t O ot o ton
0N * 05t-0CC (20001 =) - 01X’ SIOF w OIXL9 ‘OO OO
(0] = 09y—-0+T (LI091 )% | 01%67T 1'oF o 0IXLL ‘OH EOf O ON
o F 00F—-08T (LIOSDA% || 01X8 1ox am 01Xl OO O O
00r-00T SO="o SOOF="4Y S0="d
Tox ="y 301y 00P—00T 11 -0IX977 TOF y) 01%x9T
SOF =Y 00v—00T [3N) o COOEZL) | O1X69 10+ “'y) [EN] )y 01%6'9 WSO W OH + OH 90Y |
IV Sy/ofurd . QIEI[OW Uid /Y . 8oty Zo1y | 8 nddjou wd ERSITIIN]
‘duta], Jo asuopuadap dwa, ROl y

PABUNVODY—RIC] JINY PILAJIL] PUR SUOHDRIY JO AIRURUNS—SUONIRIY dsuY] Se1) (1) T 18V,

J. Phys. Chem. Ref, Data, Vol. 26, No. 6, 1997



ATKINSON ET AL.

1334

129ys vp 20§ stnposd =i 4 TONOLH Fitl
1934$ mep aag stnpoad -y ONOH STl
o O1XTx FONHT - OTH 4 SO'N cIrt
00€-00T {loep/L—)d% 60+ (L/0S61—)dxa ¢T)="y SFO="4
TOF=UY 00€-002 (/0RO T —)dxd | (00€/.L)0 01 XL 6 0¥ G sy ¢ 01X679
SOx=uy 00v—00¢ [EN] €000t E=)dxa o (00€/L); 01X’ T0F G sPy) [NFye 01%86 W ON +TON- IV GO L1
00S-00Z Logvir—)d% 60+ (L0561 —)dxa ¢g)="y SHO="d
90F =uy 005-002 20{00E/L), 01X0°T To= ()] o 01X07C
SOF=uy 00¥—-00T [*N] ¢y (00E/L)ye .01 X8'T 010F “y) ¢ O1XRT W 1 SO'N- W ON | TON oK
oro="11
00S = 00€-0$T (L109r9—)dxa , (I x$1°] POF (.s7Y) OIXE T
00§ ¥ 00S—-00¢ [EN] (L0079-)d¥%a o (00E/L)s.01XE" 1 £0F (G _sA) [INTg 01X19 W HON +SON- W1 O'N L0
Or0="41
0¥ =¥ 8oly 00£-05T o OIXO' £0F ) o 01X0
| F=uy 00$-00¢ [*NT gy - (00E/L)gy O1XF'1 CO0F (Oy) IINT 01t W TYO'NS W SON 1 TON
0S1+ 09€-0£T (LIOLYZ-)dxa ) 01 XY 900F o 01X$E O FTON PO 1 TON
001 = 0T+-00T (orndxa || 01x8°1 0% 0 01X9°¢ TONT* 'ON i ON
13 =uy 9=
001 % 00£E-$TT (LiOR8Y—)d¥Xa L (00€/L)s 01 XL €0F G sy QOIX9E
¥ =uy ‘
00TF 00£-52C [*N] (z/ogsp—)dxa .. (00E/L), 0IX6'1 rox G sPY [*NFp 01x971 W1 SON +ON- N1 ONN Lot
. 90="
SOF=uy 00€-00T w1 (008/L) - DIX6'L £0F (¥ o 0IX6'L
|F=uy 00£-00T [ENT 40 (O0ELL) v DIXEE £0F “y) IEN] . O01XIE W YO'N- W SON | ON
00z ¥ POE-S61 (LoLE1—)dxa o pIxg'l R00F r OIXRD ‘O 1 TON 'O ON
00r * 009-0LT (£LOg) X (o pIxEE 10+ (S ANdAOm D) (o O] XOT TONT- “O
LOF=uy 005082 oz (86T/L), DIXOT To0F L 0IX0T sianpordt- TON 00t
SOF=uy 00$-01¢ ¢ (86TLL), D1X9'] 0= b 0IX9'd st ©ON ¢ Loyl
00S ¥ 08€-0ST (L0001 =)dxa o) DIX6' SoF e 0IXLd sinpord -0 Vol
e 019 stanpoud - () Sorl
‘O LON O
A o 0IX0't , . s .
ONH ¢+ () ON + "OH toel
00£-09¢ 50="4 §0="d
008 00£-092 (LOLITT=)dX3 () IXL'S Cox G sy 0£°0
00s * 00£-09Z [EN] (205901 -)dxa ¢ )X 1'F 0¥ G sPY) [EN] 4 O1x¢01 W+ SON FSOH - IN § TONTOI Corl
Y0="o 90
¥ =uy 09¢-0zT a MXL¥ Atk y) NECIRYA
I F=uy 09£-02¢ [EN] ¢ (00E/L) ¢ MIX8' 010 *y) [FNT 4 01871 W HSONTOH - N T TON + Ol
00l 00r—00T (LoLDydxs o dixpe o= o OIXER Ol + “ON- ON 0l
£0F no0EXoT CON E SO TON Ol
MYV M/a3ura (- § ;. 9ndojow wd/y » %60y Sory S AvaOW A L va
dwa], J0 2ouapuadap dwiay, bty

PRNUNUOD)—RIEQ LY POLIJAld PUR SUONORIY JO AIRWWING—SRONIDY st ser) (v) T

19V ],

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997



1335

EVALUATED KINETIC AND PHOTOCHEMICAL DATA

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

o OIX13= stnpoid -9 1 TON LSt
g 01X sinpod - ST ON ustl
g1 OIX§™ sonpord - YOS 4 SOl NS
01Xt - snpoad - ST 1 TOH SNy
01X stanpoid -5 1 O] tor
o OIXgs sanpoud - ST fon torl
00T F 0LE=08T (LIOSEXXD |01 X0'L 0Oros e 01XET HIISSTHD F O Lerl
19948 BEp 29g £OF I o 0IXLl YHOHOISTHL -
0StF 00r—0tC (LIEST—dxo || 0Ix¢1] orox o 01X8F HOSTHD 1O HOSTHD O NS
001 0Er—0vT (L9$€)dx%d - 01X 676 010% o OIxey stnpoad - {STHD Ol N
SI'oF =y 30|y 0SE€~-0¥T +1- 01X8T Srox 1 OIXRT snpotd- 0TSO0 St
R0="4
00SF 00£-08¢T (L1091 —)dx2 0] XY S0F Gy LOEXYT
00S* 00£-08T [*N] (Lro91s-)dxa o 01x9'| SOx G SPy) [ENT 01x8t IN SOOI W SO0 ot
o 0IXT- SO S i OH Ot
RO="f
Scox=y30|y 00£—05T a 01X8 SOF ) o 01x8
$'0x =y 3oy 0TE-0ST [*N] - 01x8 SOF “y) [*N],, 01x8 INTSOOH - N S) O
008 ¥ 06¥—05T (LIOOTI—-)Ydxa | 0FX I £0x o 01X0T snpad - S0 Ol
00T ¥ 0Er—(6T (LI0gE —)dxa | 01xE'| 0ro« v OIXEE YOS FTOHE O oSO
SEO= "
£0F =y Jo1y 00£-(0T o 0IxT £0F oy o 0IxT
{¥=uy 00F—(0¢ [EN] ¢¢ (008D 01XOF £0F (°y) NIy 010t W TOSOH S W 1708 1 Ol ol
08 % 0T$—(TT (L/0g—)dxa ., 01x19 R00F o 0IXLt SH O ST+ on o1l
ST+ (°N feq 1) o OIXEE spnpoad - S 1) [yt
001 % 0Er=(61 (Zosndxa o1 xTl o= m 01X0T F1 Lyt
ey ) 01t = N RINN
. w OIXOT .- O S SHO 11D DISH
001 = 0EP—(0T (0D | 0IxLe 10F 0 01Xt SHEDH - STH 1D Syt
COF o OIXT ‘OTOS YOS RN
00T F OEP=$T o 01XI1T [40E= a 0IXI1T O1ros: ‘oS RN
00T 00P=C0T [ENT G000t =)dx . 01Xt COF (“y) I'NT,, 01Xt W IHOS: W10S 10 Cetl
0s1 T 008$—(£T (£L/0STT=)d%9 | 01x9| 0¥ p OLXT 0108 SO0 1O Cer
001 % 0LS—C6T (L/0STdXd | 01XE9 £0%F m 01XS] STHOY OSTHY - THISS'HY 1 O K5l
001 ¥ 005—CIT (LI0s9=)dxa || 0I1XT¢ 0% o 01X9Y S1npo NS gl
001 ¥ 09$~0LT (Li60p)dxXo | 01 Xg ] 1ox i 0IX0s T FOSTTERY S THDSTHY 1O 67t
08T+ 00£—0S1 (ZL/09L—)dxa  01xL'T 1o TR SO SOH1O 8THI
SHOHDPY O N
[RRIERHHINRRIY simpord - Ly 1 NN
120 Bep 20g AU O'N
120Ys e 20g df o TON
12ays mep 00y wd -y CON
122Ys eep 20§ spnpoad <y 8 CONTON
SN j/o3um |8 9ndvj0U Dy » 30Ty Jo1¢ |5 Amoajow wo Rl
duin 1O asuopuadap dway, RSy

PANUNUO Y - IR DY PALIJIIY PUr suononay Jo A

TN dsey ] sy




ATKINSON ET AL.

1336

£0F 1 0IX9t deFO + SSTHD L8T1
o 01X8s snpoad - COTHISTHD + TOTHISTHY) 98t
(I (1eq 1) o 01X6 W + FONTOTHOS HY * - W+ TON + FOTHIS HD 98t
yox 0 0IX6'l TON + OTHOS'HD = ON + OTHIS'HD Rt
FOx (aeq 1) o 0IXLE TOTHOSTHD ¢ FO + THISTHYD SRl
€0x=y 301y 9pT—1LTT 11-01X2T sponpord «- FON 4 OOSTHL) Rt
€0 =y30ly 95T-LTT 101Xl ON + OOSHTHD RH
(1 LT0) e 0IX8> YO 4 O0STHD et
SOE noOEXTH sinposd - CON 4 il
0w o 01X09 sionpoad - YO o8l
00€ ¥ 0SE-0VT (L0TEAX | 01X0°T S0F w 01X8'S ON # OS'HD " “ON 1 (8t
(08611 —)dxa =" 09°0="
§0F=y 801y 0SP—0ST 11-01X¥ ik ) -01XP
TF=Uy 05052 [*N] 5 {00€/L)s; 01 XT'€ €07 ) [N e O1XTE W 4 ONS'HO - N 1 ON +§Y 08t
00TF 09€-062 (L062)d%2 5, _01X0'T 70F o OIXFS 8 © O oLt
12948 BIRp 22§ W01 SHY WO AN
123ys Mep aag W+ OOSTHY - W+ O A
Sox 1w OIXEY spnposd - CON 9Lt
£0F 0 0IXEl . oLt
COF i 0IX$E i s AR
£0* o 01X99 stnpord - O ST tLtt
S0F a0 0IX9L ON + €0 TON 1 S VAR
SoF 01X0'¢ O 1S20 P01 S LT
90 o 0IX6'T sinp EOREE) TLtl
T0% 11 OIX8¢ spnpoxd < N TOS AN
193YS BIEP 228 [UONEPUIWLOIN ON O+ rOS 1411
001 * 09¢-01¢ 1 -0TXE 0¥ v 0 01X ON 1708+ TON OS oLt
0si = 0Tr—0£T (LIoL11=)dx3 ;| 0IXSy 105 f 0IX6'8 ‘O T0S T 008 091}
00S ¥ 0TP—0£T (L08TT—)d%a ¢ _01X9'[ ao0x o 0IxYL 0108 Ot 08 ROt
g0F e 01X0'¢ spnpoad - Ty 4 F 8ot
£0F o 01X96 stanpord - CON O8I LOF]
o 0IX0T1 > ON + OSH LOr1
T0F o 01XT0 E 'O 911
g 01 X 0Ts spanpoad « Ty Sot
00T * 0Tr—0TT (£L/oyodxe || _01x9'7 £0F o OIXRS ON + OSH* ‘ON ¢ Ol
90="y
$0F=y 3801y 00€-05T 1-01XL'T 0¥ y) no0IXLT
15 =uy 00£—05¢T [IN] gz~ (OOELL) ¢ 01 XbT £0F °y) [EN] 1 0IXPT W ONSIT- W1 ON I
Ose~ 0vy-06T (2087 -)d%2 ;) 01XS'6 0% o OIXLE O OSHT O
o 0IXF> N ‘O s
00S ¥ 08€-00¢ 101X L COF o 0IXL Aonpoad - OSSO ON
00T F 08£-08C (LIOTSMXD (| 01X6'] rox a 00Xy FONFE ¢ THDSHLY - THOSTHD ¢ TON 0ot
00r 0LE—0ST 1 -0IXT6 SO a 0IXTH s1 HS'1) 1P ON 081
o OIX1> ‘OS TON NNy
o OIX[> spnpaid < $HO FTON LSt
/A TV M/eduey 1S | .2IndMow wdsy . Rty ory (8, N0 WD [URIRIEN] AGUUINN
dwa] Jo aouapuadap ‘dway, 867 y

panunuoO)—EIR(] JvY PalIdjaid pue SUONITIY JO ARWUING-—SUONINAY aseyd st (v) g

J. Phys. Chem. Ref. Data, Vol. 26. No. 6, 1997



1337

EVALUATED KINETIC AND PHOTOCHEMICAL DATA

Wi UAPYUOD %66 ¢ o3 Aeunrosdde Juprodsaros K

aoun papuedya ue S AL PO oy e

123Ys mep aag HETONSTHD SOr
12ays wep A IDSSTHD fott
snpoad < ay g TG Lol
HY SO0 ot
S0x HOSTHD 1ol 1011
00¢F OTE-OPT (L/spR)dxa w1 01XETT T0F o 01X9°T 0611
SoF W-01X6 08t
« OIXT . O8E]
E0F o 0IXSH CON | OSS'THL) SN
E0F o 0IXR d CON ESSTHD NSF
N/QIAY M/e8ura | 8 aInasjow Wayy : ¥y 3ory 1S Ammadgeur s [TUTRIRN]
“dwag, 10 aduapuadop -duwiny, ¥oly

panu

) RIRC) DI PALIAJAL puR suoporay jo

T NUONINIY BATHIP IR HD] ::v

n

[REIASE B

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997



1338

3. Guide to the Data Sheets
3.1. Gas-Phase Reactions

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

3.1.1. Thermal Reactions

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

The available kinetic data on the reactions are summarized
under three headings: (i) Absolute Rate Coefficients, (ii)
Relative Rate Coefficients, and (iii) Reviews and Evalua-
tions. Under headings (i) and (ii), we include new data which
have been published since the last [UPAC evaluation® as
well as the data used in deriving the preferred values. Under
heading (iii) are listed the preferred rate data from the most
recently published NASA evaluation’ available at the date of
submission of this evaluation and our own IUPAC evalua-
tions, together with data from any new review or evaluation
source. Under all three of the headings above, the data are
presented as absolute rate coefficients. If the temperature co-
efficient has been measured, the results are given in a
temperature-dependent form over a stated temperature range.
For bimolecular reactions. the temperature dependence is
usually expressed in the normal Arrhenius form.
k=A exp(—B/T), where B=E/R. For a few bimolecular
reactions, we have listed temperature dependences in the al-
ternative form, k=A'T™" or CT" exp(—D/T). where the
original authors have found this to give a better fit to their
data. For pressure-dependent combination and dissociation
reactions, the non-Arrhenius temperature dependence is
used. This is discussed more fully in a subsequent section of
the Introduction.

Single temperature data are presented as such and wher-
ever possible the rate coefficient at. or close to. 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 authors. Rate coefficients at 298 K
marked with an asterisk indicate that the value was calcu-
lated by extrapolation of a measured temperature range
which did not include 298 K. The tables of data are supple-
mented by a scries of comments summarizing the experi-
mental details. The following list of abbreviations. relating to
experimental techniques. is used in the Techniques and Com-
ments sections:

A - absorption

AS - absorption spectroscopy

CIMS - chemical ionization mass spectroscopy/

spectrometric

CL - chemiluminescence

DF - discharge flow
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EPR - electron paramagnetic resonance
F - flow system
FP - flash photolysis
FTIR - Fourier transform infrared
FTS - Fourier transform spectroscopy
GC - gas chromatography/gas chromatographic
HPLC - high performance liquid chromatography
IR - infrared
LIF - laser induced fluorescence
LMR - laser magnetic resonance
LP - laser photolysis
MM - molecular modulation
° MS - mass spectrometry/mass spectrometric
P - steady state photolysis
PLP - pulsed laser photolysis
PR - pulsed radiolysis
RA - resonance absorption
RF - resonance fluorescence
RR - relative rate
S - static system
TDLS - tunable diode laser spectroscopy
UV - ultraviolet
UVA - ultraviolet absorption
VUVA - vacuum ultraviolet absorption

For measurements of relative rate coefficients, wherever
possible the comments contain the actual measured ratio of
rate coefficients together with the rate coefficient of the ref-
erence reaction used to calculate the absolute rate coefficient
listed in the data table. The absolute value of the rate coef-
ficient given in the table may be different from that reported
by the original author owing to a different choice of rate
coefficient of the reference reaction. Whenever possible the
reference rate data are those preferred in the present evalua-
tion.

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

This is followed by a statement of the uncertainty limits in
log k at 298 K and the uncertainty limits either in (E/R) or
in n. for the mean temperature in the range. Some comments
on the assignment of uncertainties are given later in this in-
troduction.

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

3.1.2. Conventions Concerning Rate Coefificients

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

A+A—-B+C
—1/2d[A]  d[B] d[C N
[A)_dB]_dC)_

dr dr de
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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[AT?) and as a power on the right-hand side.

3.1.3. Treatment of Combination and Dissociation Reactions

The rates of combination and the reverse dissociation re-
actions

A+B+M=AB+M

depend on the temperature 7, and the nature and concentra-
tion of the third body [M]. The rate coefficients of these
reactions have to be expressed in a form which is more com-
plicated than those for simple bimolecular reactions. The
combination reactions are described by a pseudo second-
order rate law

d[AB]
dr

~[A][B)

in which the second-order rate coefficient depends on [M].
The low-pressure third-arder limit is characterized by k),
ko=1lim k([M}])
(M]—0
which is proportional to [M]. The high-pressure second-
order limit is characterized by k.,
k.=1lim k([M])
IM]—>
which is independent of {M]. For a combination reaction in
the low-pressure range, the summary table gives a second-
order rate coefficient expressed as the product of a third-
order rate coefficient and the third body concentration, which
is expressed in molecule cm™*. The transition between the
third-order and the second-order range is represented by a
reduced falloff expression of ky/k.. as a function of

ko k. =[MVIM]..

where the *‘center of the falloff curve™ [M], indicates the
third-body concentration for which the extrapolated k
would be equal to k.. The dependence of k on [M] in gen-
eral is complicated and has to be analyzed by unimolecular
rate theory. For moderately complex molecules at not too
high temperatures. however. a simple approximate relation-
ship holds.

PR LU VR

= CF=k

/\-I)‘_l\"f.‘ " ]*/\‘(l/kf

where the first factors on the right-hand side represent the
Lindemann-Hinshelwood expression. and the additional
broadening factor F. at not too high temperature. is approxi-
mately given by

kolke
ETNTSA

=k

log F.
[ =[log (ky/k,]*

log F=

With increasing temperature. o better representation s
obtained™ 1 by replacing [loat ko /Loy by [lowk, JE VN -
yorep g log 3 qehy
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with N={0.75-1.27 log F }. In this way the three quantities
kg, k= . and F; characterize the falloff curve for the present
application.

Alternatively, the three quantities k.., [M],, and F_ (or kq,
[M]., and F,) can be used. The temperaturc depcndence of
F., which is sometimes significant, can be estimated by the
procedure of Troe.*~* The results can usually be represented
approximately by an equation

F.=(1—a)exp(~T/T***)
+aexp(—T/T*)+exp(—T**/T).

Whereas the two first terms are of importance for atmo-
spheric conditions, the last term in most cases becomes rel-
evant only at much higher temperatures. In Ref. 2, for sim-
plicity a=1 and T**=4T* were adopted. Often
F.=exp(—T/T*) is sufficient for low temperature conditions.
With molecules of increasing complexity, additional broad-
ening of the falloff curves may have to be taken into
account.*~'® For simplicity these effects are neglected in the
present evaluation. An even simpler policy was chosen in
Ref. 7 where a temperatuie independent standard value of F,
= 0.6 was adopted. This choice, however, often oversimpli-
fies the representation.

If a given falloff curve is fitted, changes in F_ require
changes in the limiting ko and k.. values. For the purpose of
this evaluation, this is irrelevant, if the preferred k, and k..
are used consistently together with the preferred F. values. If
the selected value of F. is too large, the values of k; and £.. ,
obtained by fitting the falloff expression to the experimental
data, are underestimated. Theoretical predictions of F_ have
been derived from rigid Rice. Ramsberger, Kassell. and Mar-
cus (RRKM)-type models including weak collision
effects.®!0

The dependence of k, and k. on the temperature 7 is
represented in the form,

kT

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

The few thermal dissociation reactions of interest in the
present application are treated by analogy with combination
reactions. and are assigned pseudo-first-order rate coeffi-
cients k([M]). The limiting low- and high-pressure rate co-
efficients expressed in units of s~ ' are denoted in the tables
by the symbols (ko/s™"y and (k,/s™ "), Obviously. F_ should
be the same in combination and dissociation reactions.

3.1.4. Photochemical Reactions
The data sheets begin with a list of feasible primary pho-

tochemical transitions for wavelengths usually down to 170

I Phve Cheam Ref Nata Ynal 78 Na ¢ 1007
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nm, along with the corresponding enthalpy changes at 0 K
where possible or alternatively at 298 K, calculated from the
data in Appendix 1. Calculated threshold wavelengths corre-
sponding to these enthalpy changes are also listed, bearing in
mind that the values calculated from the enthalpy changes at
298 K are not true ‘‘threshold values.”

This is followed by tables summarizing the available ex-
perimental data concerning (i) absorption cross-sections and
(i) 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 appropriate wave-
length intervals. For absorption cross-sections the intervals
are usually 1, 5 or 10 nm. Any temperature dependence of
the absorption cross-sections is also given where possible.
The aim in presenting these preferred data is to provide a
basis for calculating atmospheric photolysis rates. For ab-
sorption continua the temperature dependence is often repre-
sented by Sulzer—-Wieland type expressions.''

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

3.1.5. Conventions Concerning Absorption Cross-Sections

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

IMTy=exp(—a[N]!),
o={1/([N])}Hn(Iy/1),

where [; and [ are the incident and transmitted light intensi-
ties. o is the absorption cross-section per molecule (ex-
pressed in this paper in units of cm?), [N] is the number
concentration of absorber (expressed in molecule cm ™3 ). and
! is the path length (expressed in cm). Other definitions and
units are frequently quoted. The closely related quantities
‘‘absorption coefficient’’ and “‘extinction coefficient’’ are
often used. but care must be taken to avoid confusion in their
definition: it is always necessary to know the units of con-
centration and of path length and the type of logarithm (base
e or base 10) corresponding to the definition. To convert an
absorption cross-section to the equivalent Naperian (base e)
absorption coefficient of a gas at a pressure of one standard
atmosphere and temperature of 273 K (expressed in cm '),
multiply the value of o in cm® by 2.69%x 10",

3.1.6. Assignment of Uncertainties

Under the heading “'reliability.” estimates have been
made of the absolute accuracies of the preferred values of &
at 298 K and of the preferred values of E/R over the quoted
temperature range. The accuracy of the preferred rate coet-
ficient at 298 K is quoted as the term Alog k. where
Alogh=D and D is defined by the equation. log,
k=C=D. This is equivalent to the statement that & is uncer-
tain to a factor of F. where D=log ;, F. The accuracy of the
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preferred value of E/R is quoted as the term A(E/R), where
A(E/R)=G and G is defined by the equation E/R=H*G.
D and G are expanded uncertainties corresponding approxi-
mately to a 95% confidence limit.

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

AE[1 l
Alog k(T)=Alog k(298 K)+0.4343’ R (T 298)"

The assignment of these absolute uncertainties in k and
E/R is a subjective assessment of the evaluators. They are
not determined by a rigorous, statistical anlysis of the data
base, which is generally too limited to permit such an analy-
sis. Rather, the uncertainties are based on a knowledge of the
techniques, the difficulties of the experimental measure-
ments, the potential for systematic errors, and the number of
studies conducted and their agreement (or not). Experience
shows that for rate measurements of atomic and free radical
reactions in the gas phase, the precision of the measurement,
i.e., the reproducibility, is usually good. Thus, for single
studies of a particular reaction involving one technique, stan-
dard deviations, or even 90% confidence limits, of £10% or
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 involv-
ing different techniques, the rate coefficients often differ by a
factor of 2 or even more. This can only mean that one or
more of the studies has involved large systematic errors
which are difficuit to detect. 'L'his 1s hardly surprising since,
unlike molecular reactions, it is not always possible to study
atomic and free radical reactions in isolation, and conse-
quently 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 in-
dependent investigations carried out and the number of dif-
ferent techniques used. On the whole, our assessment of er-
ror limits tends towards the cautious side. Thus, in the case
where a rate coefficient has been measured by a single in-
vestigation using one particular technique and is uncon-
firmed by independent work. we suggest that minimum un-
certainty limits of a factor of 2 arec appropriate.

In contrast to the usual situation for the rate coefficients of
thermal reactions. where intercomparison of results of a
number of independent studies permits a realistic assessment
of reliability. for many photochemical processes there is a
scarcity of apparently reliable data. Thus, we do not feel
justified at present in assigning uncertainty limits to the pa-
rameters reported for the photochemical reactions.
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4. Gas-Phase Reactions—Data Sheets

4.1 Oxygen Species

0+0,+M—0,+M

AH®=—106.5 kJ-mol™!

Low-pressure rate coefficients

Rate coefficient data

Techmaque/
ko/cm® molecule™! 57" Temp./K Reference Comments
Absolute Rate Coefficients
6.75X 1073 exp[(635+ 18T [0,] 262-319 Arnold and Comes, 1979’ FP-RA
(5.69+0.40) X107 |0, } 298
1.82%X 107 exp[(995=37)/T] [N,] 262-309
(5.13x0.60)x 107> [N,] 298
(6.9 1.0)X 10 (7/300) " =02 [0,] 219-368 - Klais. Anderson, and Kurylo, 1980° FP-RF
(6.2+0.9)X 107 (F/300) 9299 [N,] 219-368
(5.69%0.34)X 1073 (T/300) ™ >¥7=037 [0, ] 227-353 Lin and Len, 1982} FP-RF
(5.7020.19yx 107+ (T/300) ~4*62=048 [N, 218-366
5.5%107* (7/300) "¢ [N,] 100-400 Hippler, Rahn. and Troe, 1990* PLP-UVA (@
5.2%107% (T/1000)™ 2 [N,] 700-900 .

Reviews and Evaluations
6.0 107> (77300) ™ (air) 200-300 NASA, 1997° b
5.6X107** (T/300) ™+ [N,] 100-300 IUPAC. 1997° (c)
6.0X 107 (77300) >* [0,] 100-300

Comments

(a) The O, product was monitored by UV absorption at
265 nm. Data for 7>400 K are based on dissociation
experiments. The reaction is suggested to follow the
energy transfer mechanism at high temperatures. At
low temperatures a radical-complex mechanism appar-
ently dominates with contributions from metastable ex-
cited electronic states of Os.

(b) Based on an average of rate coefficients from Refs. 2
and 3 in agreement with rate coefficients trom Ref. 4.

(c)  Based on the results from Ref. 4.

Preferred Values

ky=35.6X 107 (7730017 [Ny] em’ molecule ™" 57!
over the temperature range 100-300 K.

ko=6.0x 107" (77300)7* [0-.] em® molecule™ s
over the temperature range 100-300 K.

Reliabiliry

Alog ky==0.05 at 298 K.
An==0.3.

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

Comments on Preferred Values

The results from Ref. 4 obtained over extended tempera-
ture and pressurc ranges confirm the large negative values of
n and also confirm the absolute values of k, at 298 K from
earlier work. The experiments from Ref. 4 under low-
temperature and high-pressure conditions indicate anomalous
falloff behavior different from the formalism described for
the energy transfer mechanism in the Introduction. These
effects are not relevant for atmospheric conditions such that
they are not included in this evaluation. The preferred values
are identical to those in our previous evaluation, JUPAC,
1997.°

References

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

20, Klais. P. C. Anderson. and M. J. Kuryvlo. Int. J. Chem. Kinet. 12. 469
(19801

'C. L. Linand M. T. Leu. Int. J. Chem. Kinet. 14, 417 (1982).

*H. Hippler. R. Rahn. and J. Troe. J. Chem. Phys. 93, 6360 (19901
SNASA Evaluation No. 12,1997 tsee references in Introduction ).

“IUPAC. Supplement V. 1997 see references in Introduction).
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O+O3—r202

AH?=-3919 kJ-mol !

Rate coefficient data

Technique/
/e’ molecule™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
11x107 " exp(—2155/T) 269-409 McCrumb and Kaufman, 1972' (a)
20x107 " exp(—2280/T) 220-353 Davis, Wong. and Lephardt, 19737 PLP-RF
8.3x107" 298 West, Weston, and Flynn. 1978 PLP-RF
2.12x107 " exp(=2337/T) 262-335 Ammold and Comes, 1979* FP-RA
5.6X107" exp(—1959/T) 220-377 Wine et al., 1983° PLP-RF
8.26x10° " 297
Reviews and Evaluations
8.0X107" exp(—2060/T) 220-410 NASA, 1997° (b)
8.0X 10712 exp(—2060/T) 220-400 [UPAC. 1997 (c)

Comments

{a) Flow system used, with O(*P) atoms being produced
by the pyrolysis of Os.

(b) Obtained by Wine et al’ from an unweighted linear
least-squares fit of the data of Wine o7 al..? McCrumb
and Kaufman,' Davis et al.,” West er al* and Amold
and Comes.*

{c} See Comments on Preferred Values.

Preferred Values

k=8.0x10""* cm® molecule ™' s™' at 298 K.
k=8.0X 107" exp(—2060/T) cm® molecule™" s™' over
the temperature range 200-400 K.

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

Comments on Preferred Values

The study of Wine ef al.’ yields values of k in close agree-
ment with those from other studies, over the whole tempera-
ture range covered. Qur preferred values are based on the
least squares expression obtained by Wine er al’ from a fit
of their data plus those of McCrumb and Kaufman.' Davis
et al.,> West et al..” and Arnold and Comes." and are identi-
cal to those in our previous evaluation, [UPAC, 1997.7 Com-
puted rate constants® using variational transition state theory
are in satisfactory agreement with the experimental results.

References

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

*D. D. Davis, W. Wong. and J. Lephardt. Chem. Phys. Let. 22. 273
(1973).

1G. A. West. R. E. Weston, Jr.. and G. W. Flynn. Chem. Phys. Lett. 56,429
(1979).

*I. Amold and F. J. Comes. Chem. Phys. 42. 231 (1979).

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

®NASA Evaluation No. 12. 1997 (see references in Introduction).
"IUPAC. Supplement V. 1997 (see references in Introduction).

*N. Balakinshnan and G. D. Billing. Chem. Phys. Lett. 242, 68 (1995).
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O('D) + 0, —» OCP) + 05('Ey) (1)

—O0CP) + 0,('1Ay) (2

—0CP) + 0,(°%g) (3)

AH®(1)=—32.8kJ-mol™"
AH®(2)=—-954 kI-mol ™!
AH®(3)=—189.7 kJ-mol ™!

Rate coefficient data (k= ky+ k,+ K3)

3 -1

kfem® molecule™! s Temp /K Reference Technique/Comments
Absolute Rate Coefficients
2.9%10™" exp[(67+ 11)/T] 104-354 Streit et al., 1976 (a)
3.6x1074 298
(4.220.2)x10° " 295 Amimoto er al., 1979° PLP-RA (b)
(4.0=0.6)x107" 298 Brock and Watson, 1979* PLP-RF (b)
Branching Ratios
ki /k=077%0.2 300 Lee and Slanger, 1978* (c)
ky/k=0.05 300 Gauthier and Sneliing, 1971° : (d)
Reviews and Evaluations
3.2X107 " exp(70/T) 200-300 NASA. 1997° (e)
3.2x107 " exp(67/T) 200-350 IUPAC, 1997 G

Comments

(a) O('D) atoms were produced by flash photolysis of O;
and detected by O('D) — O(*P) emission at 630 nm.

(b) OC'P) atom product detected by resonance absorption*
or resonance fuorescence.’

(¢) O('D) atoms detected by O('D) — O(*P) emission at
630 nm. O,('¥;) was monitored from the
05('S7) — 0,(°S ) (1-1) and (0—0) band emis-
sion. O,( 'Eg) is only formed in the »=0 and 1 levels.
witlt £(1)/k¢0)~0.7.

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

(e} Based on the results of Streit e al..! Amimoto et al..”
Brock and Watson.” and Lee and Slanger.*

(f)  See Comments on Preferred Values.

Preferred Values

k=4.0x107" em® molecule™ s77 at 298 K.

E=32% 107 expt6?/Ty emt’ molecule™" <71 over the
temperature range 200-350 K.

Ay /k=0.8 at 298 K.

k~/h=<0.05 at 298 K.

Reliabiliry
Alog k= =005 at 298 K.
NE/Ry= 2100 K.
Mog thy /h1==0.1 at 2938 K.

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

Comments on Preferred Values

This data sheet is reproduced from our previous evalua-
tion, CODATA. 1982.% The earlier controversy between
measurements using O('D) emission at 630 nm and absorp-
tion at 115 nm has been resolved, since O(*P) atom detection
by absorption at 130 nm and fluorescence support the O(' D)
emission results. Apparently the y value in the Lambert—
Beer law used for the O('D) absorption results was foo
small. The preferred 298 K rate coefficient is the average of
the results from Streit ez al..! Amimoto et al.,* and Brock
and Watson.® The temperature dependence is that measured
by Streit er al.' The branching ratios of Lee and Slanger® and
Gauthier and Snelling4 are recommended. The preferred val-
ues are identical to those in our previous evaluation. ITUPAC.
19977

References

'G. E. Streit. C. J. Howard. A. L. Schmeltekopf. J. A. Davidson. and H. 1.
Schiff. J. Chem. Phy=. 63, 1761 11076,

*S.T. Amimoto. A. P. Force. R. G. Gulouy. Jr.. and J. R. Wiesenteld, J.
Chem. Phys. 7H 3640 (19791,

3. C. Brock and R. T. Watson. Reported at the NATO Advanced Swdy
Institute on Atmaspheric Ozone. Portugal (19791, See also G. K. Moort-
cat. in Report, Noo FAN-EE.80-20 119801

SLCloLee wnd T Slanger. Jo Chem. Phys, 69,4052 (19781

M. Gauthier and D. R, Snelling. J. Chem. Phys. 5404317 (1971).
CNASA Evaluation No, 20 (997 ¢eee references in Introductiony.
[UPAC. Supplement V. 1997 tsee references in Introduction).
CCODATA, Supplement 1. 1982 (see references in Introduction).
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Oo('D) + O; — O, + 20(°P) 1)
— 0(°P)+0, )
—20,('Ay) (3)

— 0('5]) + 0,(°%;) (@)

AH>=~-83.2 kJ-mol™!
AH°=—189.7 kJ-mol ™!
AH®=~393.0 kJ-mol !
AH°=—424.7 kJ-mol ™"
AH®=—581.6 kJ-mol™

Rate coefficient data (k= k,+ ky+ ks + ky+ k)

k/em® molecule ™! 57! Temp/K Reference Technique/ Comments
Absolute Rate Coefficients
(24£0.5)x 10710 103-393 Streit et al.. 1976' (a)
(2.5%0.5)x107'° 300 - Amimoto et al., 1978 1980° PLP-RA (b)
(2.28+0.23)x10710 298 Wine and Ravishankara, 1981* PLP-RF (h)
(25x0.2)X10 298 Greenblatt and Wiesenfeld, 1983° PLP-RF (b)
Branching Ratios
ky lky+ks+ks)=1 ~298 Davenport et al., 19726 FP_RF (h)
k, 1k=0.53 298 Cobos, Castellano, and Schumacher, 1983’ (c)
kslk=0.47
Reviews and Evaluations
2.4X10'° 200-300 NASA. 1997® (d)
kylk=ks k=05 298
2.4%10740 100-400 IUPAC, 1997° (e)
ky/k=ks/k=05 298
Comments Comments on Preferred Values

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

(b)  The product O(’P) atoms were detected by resonance
absorption® or resonance fluorescence.*

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

(d)  Based on the data of Streit er «l..! Amimoto er af..>
Wine and Ravishankara.” and Davenport er al.°

(e)  See Comments on Preferred Values.

Preferred Values

k=2.4x107" cm® molecule ™! s independent of tem-

perature over the range 100-400 K.
kyTk=k</k=10.3 at 298 K.

Reliubiliry
Alog £==0.05 over the temperature range 100-400 K.
Ak lk=Aks/k==0.1 at 298 K.

The recommendation for the rate coefficient is based on
the data of Streit et al,! Amimoto et alA.Z'3 Wine and
Ravishankara,” and Greenblatt and Wiesenfeld.® The branch-
ing ratios are based on these studies plus the work of Dav-
enport et al.® and Cobos ef al.” The preferred values are
identical to those in our previous evaluation. IUPAC. 1997.°

References

'G. E. Streit. C. J. Howard. A. L. Schmeltekopf. J. A. Davidson. and H. 1.
Schiff. J. Chem. Phys. 65. 4761 (1976): J. A. Davidson. C. M. Sadowski.
H. 1. Schiff. G. E. Sweit. C. §. Howard. D. A. Jennings, and A. L. Schmelt-
ekopf. ibid. 64. 57 (19761

“S. T. Amimoto. A. P. Force. and J. R. Wiesenfeld, Chem. Phys. Lett. 60.
40 119781

*S.T. Amimoto. A. P. Force. J. R. Wiesenfeld. and R. H. Young. J. Chem.
Phys. 730 1244 (19801,

‘P H. Wine and A. R. Ravishankara. Chem. Phys. Lett. 77. 103 (1981).
“G. D. Greenblat and 1. R. Wiesenteld. §. Chem. Phys. 789, 4924 (1983,
"J. Davenport. B. Ridley. H. L. Schiff. and K. H. Welge. J. Chem. Soc.
Faraday Disc. 83, 230 11972,

C. Cobos, E. Castellano. and H. J. Schumacher. J. Photochem. 21. 29]
119830,

TNASA Evaluation No. 12, 1997 tsee references in Introduction),
“TUPAC. Supplement V. 1997 tsee references in Introduction .
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Comments

These Comments are reproduced from our previous evalu-
ation, [UPAC, 1997." Arnold and Comes™ have studied this
reaction of vibrationally excited oxygen molecules in the
ground electronic state with ozone and they report a rate
coefficient of 2.8X107!% cm® molecule™" s™! at 298 K. The
vibrationally excited oxygen molecules were produced in the
reaction of O('D) atoms with O; following the UV photoly-
sis of ozone. This is the only reported study of this rate

coefficient, and we make no recommendation. For further

discussion the reader is referred to the review by Steinfeld
4

et al.

References

'"IUPAC. Supplement V, 1997 (see references in Introduction).

°1. Amold and F. J. Comes, Chem. Phys. 47, 125 (1980).

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

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

0,(325.v) + M- 0,3 ,v) + M

Rate coefficient data

kfem® molecule ! 57! M v Temp./K Reference Comments
Absolute Rate Coefficients

(4.7%£0.3)x107"" 0, 19 295 Price et al., 1993} (a)
(3.2+0.3)x10° 20

(5.8 1.2)x107 " . 21

(5.420.8)x107 " 22

(1.2+04)x10™ " 23

(0.84=0.04)x 107" 24

(1.8£0.05)x10™"" 25

(4.720.2)x10™ ™ 26

(2.3x0.1)x10™ " 0, 19 460

(3.120.08)x107'* 20

(22x0.9)x107™ 2]

(3.70.3)x107 ™ 2

4.1=06)x107 " 23

(6.9=0.5)x10" " 24

(rL7xonxig 25

(16.4=x2)x 10" M 26

>83x10~ M 27

>12x107" i 28

6.5x10" " 0, 8 300 Park and Slanger. 1994° (b)
>13x10° " He »

(1.53£0.25)x 107" 0. 22

2x107 8 CO- 14

9x10™"* 2n

Comments Reliabiliry

fa)  Vibrationally highly excited electronic ground state O,
molecules were generated by stimulated emission
pumping. and detected by LIF.

(b} Vibru/lionall_\' highly excited electronic ground state O,
molecules were formed by ozone photodissociation at
248 nm (Hartlev band). The excited molecules were
detected by LIF. Rate coefficients were evaluated using
a cascade madel. in which relaxation through single-
quantum V-V and V-T steps was assumed.

Preferred Values

See table.

J. Phys. Chem. Ref. Data. Vol. 26, No. 6, 1997

Alog k==0.5.
Comments on Preferrved Values

The results given from Ref. 1. and more results presented
in graphical form from Ref. 2. appear consistent with each
other.

References

JoM. Price. Jo AL Mack. Co AL Rogaski. and AL M. Wodtke, Chem. Phys.
173083 (19931
“H. Park and T. G. Slanger. J. Chem. Phys. 100. 287 (1994
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02(1Ag) + M — 02(32;) +M
34 =-943 kI-mol™!

Rate coefficient data

cem’ molecule™ 7! Temp/K Reference Technique/ Comments
yhsolute Rate Coefficients
11.5120.05)x107 '3 0, 298 Borrell. Borrell. and Pedley, 1977" DF-CL (a)
(1.4720.05)x107!3 0, 298 Leiss et al., 1978" (b)
11.6520.07)x107 18 0, 298 Raja, Arora, and Chatha, 1986° DF-CL (a)
315X 107" exp(—205/T) 0. 100—450 Billington and Borrell, 1986 PE-CL (a)
157x107 298 .
14x1071° N, 300 Collins, Husain, and Donovan, 1973 FP-VUVA (c)
sexI107" H.O 298 Findlay and Snelling, 1971° (d)
<1.5x107% CO, 298
= 1X107 H,O 298 Becker, Groth. and Schurath, 19717 (e)
Reviews and Evaluations
36%107 exp(—220/T) 0. 100-450 NASA. 1997% (f)
<107 N, 298
48x10° W H,0 298
<2x107% CO., 298
30x107 "™ exp(—200/T) 0, 100-450 IUPAC. 1997° (g)
<1.4x107" Na 298
5.0X10718 H,0 298
=2x107% CO, 298
Comments Reliability

Alog k=0.2 for M=0, at 798 K.
A(E/R)==*200 K for M=0,.
Alog k=x0.3 for M=H-O at 298 K.

ta} Discharge flow system. O2('A) was monitored by di-
mol emission at 634 nm or from O,('S) emission at
762 nm.

tb) Large static reactor. O-('\) was monitored by emis-
sion at 1.27 pm.

(c) O,('A) was detected by. time-resolved absorption at
144 nm.

(d)  Flow system. with photolysis of C4H,—0, mixtures at
253.7 nm to produce O,('A). O5('A) was measured
by .27 um emission.

(¢)  As (b) but using dimol emission.

(f) The rate coefficients are based on the studies of: O,,
Steer eral..'” Findlay and Snelling.® Borrell er al..'
Leiss et al..” Tachibana and Phelps.!! Billington and
Borrell.* Raja er al..* and Wildt er al.:'* Ns. Findlay
eral.” and Becker eral:’ H,O. Becker eral’ and
Findlay and Snelling:" and CO-. Findlay and Snelling®
and Leiss et al.”

tg)  See Comments on Preferred Values.

Comments on Preferred Values

The preferred value for k(M=0,) is based on the data of
Borrell et al..' Leiss et al..? Raja et al..* and Billington and
Borrell.! which also gives the temperature dependence
adopted. For other quenching gases the recommendation for
k(M=N,) is based on the data of Collins et al..® for k(M
—H,O) on the data of Findlay and Snelling® and Becker
et al..” and for k(M=CO,) on the data of Leiss e a/.” and
Findlay and Snelling.® The preferred values are identical to
those in our previous evaluation. UPAC, 19979

References

"P. Borrell. P. M. Borrell. and M. B, Pedley. Chem. Phys. Lett. 51, 300

(1977).
“A. Leiss. U, Schurath. K. H. Becker, and E. H. Fink.J. Photochem. 8. 211
(19781
Preferred Values ‘\]L)s{]l’]l PoKo Arorasand J. P. S, Chatha. Int. ). Chem. Kinet. 18. 505
- 3 T “AL P Billington and P. Borrell. J. Chem. Soc. Faraday Trans. 2 82. 963
E=1.6<107"™ em® molecule ™ 7! for M=0- at 298 K. (19861, c © e : B
k=30x<10"" expl=200/Ty cm® molecule™ <7 for “R.J. Collins. D. Husain. and R. J. Donovan, 1. Chem., Soc. Faraday Trans.
M=0, over the temperature range 100-430 K. 269, 145 11973

_FoDoFindlay and DR Snelting. J. Chem. Phyvs. 55, 543 11971,

=LA 107 ™M em® molecule 7' s for M = NL ar 298 K.
K=LA10° T em® molecule ™' s for it K. H. Becker. W. Groth, and U, Schurath. Chem. Phys. Lett, 8. 259

=5-107 ™ em molecule P <7 for M= H-0 at 298 K.
k=27107""¢m’ molecule ' <77 for M = CO- at 298 K.

BREE
TNASA Evaduation No. 120 1997 tsee references in Introduction.
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9IUPAC, Supplement V, 1997 (see references in Introduction). 12], Wildt, G. Bednarek, E. H. Fink, and R. P. Wayne, Chem. Phys. 122,
'OR. P. Steer, R. A. Ackerman, and J. N. Pitts, Jr., J. Chem. Phys. 51. 843 463 (1988).

(1969). *F. D. Findlay, C. J. Fortin, and D. R. Snelling, Chem. Phys. Lett. 3, 204
UK. Tachibana and A. V. Phelps. J. Chem. Phys. 75. 3315 (1981). (1969).

0,('Ag) + 03 — 20, + O
AH°=122 KJ-mot ™"

Rate coefficient data

k/cm® molecule™! 57! Temp./K Reference Technique/ Comments
Absolute Rate Coefficients LT
4.5x107" exp(—2830/T) 283-321 Findlay and Snelling, 1971 F-CL (a)
3.4x107% 298
6.0x107 M exp(—2850/T) 296-360 Becker, Groth, and Schurath, 19727 S-CL (b)
42x107% ‘ 298

Reviews and Evaluations

5.2% 107" exp (—2840/T) 280-360 NASA, 1997 o)
5.2x107 " exp(—2840/T) 280-360 IUPAC. 1994* (d)
Comments _ Comments on Preferred Values

The preferred values are mean values from the studies
listed."? While the data of Clark er al. are in good agree-
ment with these studies' for the room temperature value,
their temperature coefficient® is substantially lower. In view
of the consistency of the results from Findlay and Snelling’
and Becker ef al.,” which were obtained by two completely
different techniques, we favor their temperature coefficient
over that from Ref. 5. The preferred values are identical to
those in our previous evaluation. [UPAC, 1997.*

(a) O,('A,) produced by photolysis of Oy at 253.7 nm.

(b) OZ(IAE) produced by a microwave discharge of O, and
flowed into the large static reaction vessel.

(c) Based on the data of Clark eral,” Findlay and
Snelling,' Becker et al.,” and Collins et al.®

(d) See Comments on Preferred Values.

Preferred Values References
k=3.8X10"'5 cm® molecule™! s7! at 298 K. 'F. D. Findlay and D. R. Snelling. J. Chem. Phys. 54. 2750 (1971).
_ ~11 _ 3 -1 -1 “K. H. Becker. W. Groth. and U. Schurath. Chem. Phys. Lett. 14, 89
k=52X107"" exp(—2840/T) cm” molecule™ s~ over (1973).
the temperature range 280-360 K. *NASA Evaluation No. 12. 1997 (see references in Introduction).

*IUPAC, Supplement V. 1997 (see references in Introduction).
*[. D. Clark. I. T. N. Jones. and R. P. Wayne. Proc. R. Soc. London Ser. A

Reliability 317, 407 (1970).
Alog k=*0.10 at 298 K. ®R. J. Collins. D. Husain. and R. J. Donovan. J. Chem. Soc. Faraday Trans.
A(E/R)= %500 K. 269, 145 (19730

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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0,('EH) + M- 0,32 +M (1)

S 0,('A) + M (2)

AH(1)=—156.9 kJ-mol™!

AH°(2)=—62.6 kJ-mol™!

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

t/em® molecule™" 57! Temp./K Reference Technique/ Comments
Ahsolute Rate Coefficients
6= 1)x107" 0, 294 Thomas and Thrush, 1975’ DF-CL
46 x1071 H,0 294 ’
4.020.4)x107"7 0, 298 Martin, Cohen, and Schatz, 1976 FP-CL
(2.220.1)x107 "7 N, 298
(3.8*0.3)x10°"7 0. 300 Lawton et al., 1977° FP-CL
(2.5+0.2)x107"7 0. 298 Chatha er al., 1979* DE-CL
(1.720.1)X107 1 N, 298
1.7% 10715 exp(42/T) N. 203-349 Kohse-Hoinghaus and Stuhl, 1980° PLP (a)
{8.02£2.0)X107 "4 O¢P) 300 Slanger and Black, 1979° FP (a)
44x1078 Co, 298 Filseth, Zia, and Welge, 19707 FP (a)
(3.0+0.5)%10713 Co, 298 Noxon, 1970% EFP (a)
(1.1£0.3)x10713 co, 7298 Davidson. Kear. and Abrahamson. 1972° FP (a)
(453+0.29)x107 " CO, 298 Avilés, Muller, and Houston, 1980 PLP (a)
(5.020.3)x107 " CO, 298 Muller and Houston, 1981"! PLP (a)
(3.4+04)X1071 Co, 293 Borrell, Borrell, and Grant, 1983 DE-CL
(1.7£0.1)x10713 N, 208 Choo and Ieu, 198513 DF (a)(h)
(4.6%0.5)x1071 Co, 245-262
5.6%x107"7 0, 302 Knickelbein et al., 1987" PLP (a)
(22+0.2)X1071 N, 298 Wildt et al., 1988" PLP-CL (c)
(24+04x107 " CO, 298
<1.0x107' 0, 298 Shi and Barker, 1990'¢ PLP-CL (d)
2.32+0.14)x 1071 N, 298
+.0x0.1)x10™ " CO, 298
Reviews and Evaluations
39x107 " 0, 298 NASA. 1997"7 (e)
21x107"8 N 200-300 (f)
<10~ OC'P) 298 (g)
S4x107"1 H.O 298 (h)
14.2x107 "1 CO. 200-300 (i)
40x107" 0, 298 IUPAC. 1997" )
2.0x10°1° N, 200-350
8.0x10™ " OC'P) 298
10x107 4 H-0 298
$1x107 1 CO- 245360
Comments Welge?' Filseth eral. Martin eral.’ Kohse-

(a)

Time-resolved emission from O.('S) measured near
762 nm.

Negligible temperature dependence observed for
quenching by CO, over the range 245-362 K. with

Direct laser excitation of O-('S) from O, by photoly-

(b}

E/R< =200 K.
(¢l

sis at 600-800 nm.
tds

0-'S) formed by the reaction O 'D) - 05 — O¢°P)
- 0.('S).

Based on the data of Martin er af..” Lawton ef al..” and
Lawton and Phelps."”

Based on the data of Izod and \\';1}'11@.:" Stuhl and

Hdinghaus and Stuhl.’ Choo and Leu® Wildt er «l.."?
and Shi and Barker.'®

Based on the data of Slanger and Black.®

Based on the data of Stuhl and Niki.** Filseth er al..’
Wildt er al.."" and Shi and Barker.'®

Based on the data of Filseth ef al..’ Davidson er al..’
Avilés er al.."’ Muller and Houston.'' Choo and Leu.'”
Wildt ef al.."” and Shi and Barker.'®

See Comments on Preferred Values.

Preferred Values

=2 1x 1077 em® molecule™! <71 for M=0, at 298 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6. 1997
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k=2.1x10"15 cm* molecule™" s™' for M=N, over the
temperature range 200-350 K.

k=8.0x10""* cm® molecule™' s™! for M=O(*P) at 298
K.

k=4.6X10"'2 cm® molecule™ s™' for M=H,O at 298
K.

k=4.1x10""3 cm® molecule™! s™! for M=CO, over the
temperature range 245-360 K.

Reliability
Alog k=%0.3 for M=0,, O(*P) and H,O at 298 K.
Alog k=*0.10 for M=N,, CO, at 298 K.
A(E/R)= =200 K for M=N,, CO,.

Comments on Preferred Values

The preferred value for k<(M=0,) is based on the data of
Thomas and Thrush,! Martin e al.,> Lawton er al.,® Chatha
et al.,* and Knickelbein er al."* For M=N, the value is based
on the data of Kohse-Hoinghaus and Stuhl,®> Martin ef al.,”
Chatha er al.,* Choo and Leu."* Wildt ef al..'> and Shi and
Barker.'® The value of Slanger and Black® is adopted for
M=0(’P) and the value of Thomas and Thrush' for
M = H,O0. For k(M = CO,) the results of Choo and Leu,"
Filseth eral,” Noxon®? Davidson eral.’ Avilés eral '
Muller and Houston,'' Borrell ef al.,'> Wildt ef al.," and Shi
and Barker!% arc uscd.

0,('E}) + 0320, + 0

ATKINSON ET AL.
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(1)

- 0,("Ag) + 03 (2)

—0,(%5) +0; (3)

AH(1}=-—350.4 kJ-mol™'
AH?(2)=-62.6 kl-mol ™!
AH°(3)=—156.9 kJ-mol "'

Rate coefficient data (k=k,+ ky+ k3)

klem’ molecule ' g Temp /K Reference Technique/ Comments
Absolute Rare Coetficients
(23z0500 0" 295 Gilpin. Schiff. and Welge, 197} FP-CL ()
(23205 10" 295 Snelling. 19747 FP (a)
(2202 <10 200 Slanger and Black. 1979 ) (b)
(1R=00 . 1o Cf 293 Amimota and Wiecenfeld. 10804 FP-RA
(222037 107 295-361 Choo and Leu. 1935 DF-CL (¢}
(1960090 < 10+ 300 Shi and Barker. 1990° PLP-CL (d)
(206=022 - 107 30 Turnipseed er al., 1991 ) PLP-RF (e)
Reviews and Evaluaiions
22400 ¢ 200-330 NASAL 19977 "
22400 295360 IUPAC, 19977 ]
ko=1.5-10 298
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Comments

0a( ]2 ) detected in emission.

PHOTOCHEMICAL DATA 1351

Reliabiliry
Alog k=+0.06 at 298 K.

l:l) Al -
Alog k;==0.10 at 298 K.
(b} Flow system with 0,('%7) being produced- by the el
A(E/R)= %300 K.
modulated photolysis of 07 at 147 0 nm to produce
atoms, followed by O('D) + 0O, — OC’P -
2( ODz IS ) © y O('D) ? C°P) Comments on Preferred Values
B <l . The preferred value at 298 K is based on all of the studies
tc) Negligible temperature dependence was observed, with o 17 .-
E/R<%300 K. cited in the table, ™" which show very good agreement at
room temperature. The temperature independence reported in
) Oy(! Z ) generated by the reaction O('D) + 0,— O p p p p
the study of Choo and Leu’ is adopted in the evaluation. The
+ O,( 2 ), with O('D) atoms being produced from
308 nm pulsed laser photolysis of o preferred values are 1dent1cal to those in our previous evalu-
P p y 3 ation, I[UPAC. 1907 Channel (1) accounts for 70+ 20% of
t¢)  Rate cocfficient for global reaction uf O(' 2 ) with
the total reaction.™
O; was derived by modeling the temporal behavior of
OC’P) and O('D) atoms. , References
(f)  Based on the data of Gilpin et al., Slanqer and Black,
Choo and Leu,” and Shi and Barker.® 'R. Gilpin. H. 1. Schiff. and K: H. Welge. J. Chem. Phys. 55. 1087 (1971).
{g) See Comments on Preferred Values. *D. R. Snelling. Can. J. Chem. 52, 257 (1974).
*T. G. Slanger and G. Black. J. Chem. Phys. 70. 3434 (19791,
*S. T. Amimoto and J. R. Wiesenfeld. J. Chem. Phys. 72. 3899 (1980).
Preferred Values ;K Y. Choo and M.-T. Leu. Int. J. Chem. Kinet. 17. 1155 (1985).
J. Shi and J. R. Barker, Int. J. Chem. Kinet. 22. 1283 (1990).
k=22x10"" em? molecule™! s l’ independent of tem- A A Turnipseed. G. L. Vaghjiani, T. Gierczak, J. E. Thompson, and A.
R. Ravishankara. J. Chem. Phys. 95, 3244 (1991).
perature over th? range 295-360 K. “NASA Evaluation No. 12, 1997 (see references in Introduction).
k=1.5X107" cm® molecule™ s7! at 298 K. IUPAC, Supplement V. 1997 (see references in Introduction).
O, + hv — products
Primary photochemical transitions
Reaction AH"/kJ-mol™! N hreshata/ M
Os+he — OCP) + OC'P) 494 242
— OC'P) = O('D) 683 175
— O('D) = O'D) 873 137
— 0C'P) = 0('S) 898 132
Absorption cross-section data
Wavelength range/nm Reference Comment
230-280 Oshima. Okamoto. and Koda, 1995" T
210-270 Yoshino er af.. 1995° th
205-240 Yoshino e af.. 198° (el
Comments to measure photoabsorption cross-sections of O- in the

(a)

(hi

The effect of pressurized foreign gases on the photoab-
sorption of O in the Ierzberg bands and Herzberg
continuum (230-280 nmt was studied. The values of
the cross-sections in O and O-=N- mixtures under
various pressures were in good agreement widi die pre-
vious literature.

High resolution FT spectrometry (0.06 cm 1 was used

Herzberg [ bands (240-270 nmy. Precise band oscifla-
tor strengths of the (4.01—011.0) bands were obtained.
which were significantly higher than previous experi-
mental values.

*and

et Analysis and combination of duta of Cheung o1 ol

Jenouvrier ¢f al.
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Preferred Values-

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

Mnm 10* ofem® A/nm 10* ofcm?
205 7.35 223 3.89
207 7.05 225 345
209 6.68 227 2.98
211 6.24 229 2.63
213 5.89 231 2.25
215 5.59 233 1.94
217 5.13 235 1.63
219 4.64 237 1.34
221 4.26 239 1.10
240 1.01

Comments on Preferred Values

The recommended absorption cross-section values for the
Herzberg continuum are taken from the study of Yoshino
et al.,* where values are tabulated for every nm from 205 to
240 nm. These values were derived from an analysis and
combination of the data of Cheung er al.* and Jenouvrier
et al> These data are in agreement with the results of
Johnston et al..® and are consistent with the lower absorption
cross-section values inferred from balloon-borne measure-
ments of solar irradiance attenuation in the stratosphere by
Frederick and Mentall,” Herman and Mentall,® and Anderson
and Hall.’ Herzberg continuum cross-section values under
thc Schumann-Runge (5-R) bands (<200 nm) have recently
been determined more accurately by Yoshino er al.'® and are
significantly smaller than any previous values. The new data
from Oshima eral' and Yoshino eral” relate to the
Herzberg bound system in the region beyond the photodis-
sociation threshold for O,. and do not affect the preferred
cross-sections for the photolysis of atmospheric O,.

In the Schumann-Runge wavelength region (175-200
nm), a detailed analysis of the penetration of solar radiation
requires absorption cross-section measurements with very
high spectral resolution. Absorption cross-section values for
the (0. 0)-(12, 0) S-R bands measured by the Harvard—
Smithsonian group'’~'" are the first set of values which are
independent  of  lnstiumental  resolution. Band  oscillator
strengths for these bands have been determined by direct
numerical integration of these absolute cross-section values.
Minschwaner er al. ™! have fitted O- cross-sections for the
frequency range 49 000-57 000 cm™' (175-204 nm) with
temperature-dependent polynomijal expressions for the tem-
perature range 130-500 K using the latest laboratory spec-
troscopic data. This model provides an efficient and accurate
means of determining S-R band absorption cross-sections at
0.5 em ™! resolution. These high resolution calculated values
difter from the WMO™ recommendations by up to 10-20%
at some wavelengths, Mean-band parameterizations of O-

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997
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absorption in the S-R bands for calculating UV transmission
and photolysis rates have been presented by Murtagh® and
by Nicolet and Kennes.?*

The effect on ozone formation in the 214 nm photolysis of
oxygen due to O,-0, collision pairs at high O, pressure and
the effect of high N, pressure has been studied by Horowitz
et al.”® Greenblatt ef al.>® studied the absorption spectrum of
O, and 0,-0, collision pairs over the wavelength range
330-1140 nm for O, pressures from 1 to 55 bar at 298 K.
Band centers, bandwidths, and absorption cross-sections
were reported for the absorption features in this wavelength
region,”®
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O; + hv — products
Primary photochemical transitions

Reaction AH/K]-mol ™! A threshole/nM
O:+hv — OCP) + 0,(°S,) m 101 1180
— 0CP) + 0x('3) @ 196 611
— OC'PY + 0x(')) 3) 258 163
— 0('D) + 0,(*E ) &) 291 A1
— O('D) + 054, (5) 386 310
— 0('D) + 04('%;) (6) 448 267
— 30(°P) 7) 595 201

Absorption cross-section data

Wavelength range/nm Reference Comment
215 350 Bacs and Paur. 1085! (a)
185-350 Molina and Molina. 1986 (b
2537 Mauersberger ef al.. 1986™* (c)
175-360 WMO. 1986° (d)
410--760 Burkholder and Talukdar, 1994° (e)
195-345 Malicet e al.. 19957 (f)

Quantum yield data

Mecasurcment ' N/nm Reterence Comment
& [0C°P)] 275 Fairchild er al.. 1978° (g)
& [0¢'P)] 266 Sparks et al., 1980° th)
& [0('D)] 297.5-325 Brock and Watson. 1980" (i)
o [0('D)] 266 Brock and Watson. 1980" G
& [0'D)] 248 Amimoto ez al., 1980" (k)
¢ [0('DY] 248 Wine and Ravishankara, 1983" )
& [0('D)] 275-325 Trolier and Wiesenfeld. 1988" (m)
@ [0('D1] 222,193 Turnipseed er al.. 1991 n
@ [0('DY] 221-243.4 Cooper ef al.. 1993'° (o)
& [0:('A )] 300-322 Ball and Hancock. 19957 ip)
4 [0.,'2,] 287321 Ball or al., 10951% o
¢ [0:'A )] 300322 Ball. Hancock. and Winterbottom. 1995" ()
& [0¢'D] 300335 Armerding. Comes. and Schulke, 1995% (s)
& [0('DLOCP1O,] 193 Stranges e¢r al.. 19957 )
& [0'DLOCPY] 208 226 Takahashi. Matsumi. and Kawasaki, 19967 ()
& [OC'D1] 301236 Silvente ¢1 al.. 19967 )

Comments (e Measured with a diode array spectrometer. The cross-

ta)

(b

ey

tdt

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

Measured at 200-300 K with a spectral resolution of
0.025 nm. Relative values were normalized to a value
of 1147x107™ em” at the 233,635 nm mercury line.
Measured at 297 K and. in a later study.” over the
temperature range 193-351 K at the 233.65 nm mer-
cury line.

Critical review ot all published data. Recommended
values were given for standard spectral intervals from
175-360 nm for 203 and 273 K.

(f)

sections were independent of temperature.

Absolute cross-sections for O absorption in the range
195-345 nm were measured at high resolution
(AXN=0.01-0.02 nm) using a conventional absorption
cell - monochromator combination. with ozone being
measured manometrically. The temperature depen-
dence of absorption in the Hartley and Huggins bands
was also measured over the range 218-295 KU A small
increase in o with decrcasing temperature (1.0% over
the whole temperature  range)  was  observed  at
A =233.6 nm. near the maximum in the Hartley band.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997



1354

(£
&)
i

G

(k)

g

{m

n

o)

p

[

in agreement with earlier data:* at 298 K. 0{253.65
am)=(H3.05% LUXIG om” molecule ' In the
Huggins bands (300345 nm) there was a larger tem-
perature dependesnce {up to S0%), which increased pro-
gressively to longer wavelengths. In contrast to the
Hartley band there was a decrease i o with decreasing
temperature.

spectroscopy of O,. The co-product is
0,(’S7) with & value of ¢(1)=0.£.

High i
S()=0.1.

Lases photolysis of 0;-N,O mixtures. The NO prod-
uct of the O('D) aom reaction with N.O was mea-
sured by chemiluminescence from NO,.

Pylsed faser photatysis. OC'P) aoms were monitored
by RE. (1)=0.1220.02 a1 266 pm.
Pulsed faser photatysis. OF'F) atoms were

giving

g P P

{r]

(s

)

ATKINSON ET AL,

The data for the temperature dependence of
$104('2)] reported in earfier publications' ™% were
compared with earier data fac (O('D}]. At 300-309
nm there is no temperature dependence of the yield of
either photoproducy. In the falioff regian, at 307-319
am there is good agreement between the measured
yietds of 0,('4) and recent modeling calculations by
Michelson er al.,* which take info account dissociation
of internally excited ozone motecules Sor the formation
of O('D) atoms.

SO D)] in the wavelength range 300-33Q am and at
355 nm were determined by ehservation of the LIF of
OH radicals produced by the reactiog of photofragmeat
OU'D) with Ha0. #{O('DY] was determined to be
urity at 302.5 nm, decreasing to 0.6 at 310 nm with a
characteristic “‘saddle’” point at 315 am and with a

by RA. $(13=0.15%0.02 at 248 nm.

Pulsed laser ghotolysis. OC'P) atoms were monitored
by RA. SfOCPI=6093x0.028 and SfO1'D)}
=0.907x0.028 at 248 nm.

Pulsed laser photolysis of O3~N,O mixtures. O('D}
atom quenching by C0, was monitored hy infrared
chemiluminescence from CO;.

Pulsed laser photwlysis. Of*P) atoms wese monitored
by RE. 6{0CP)]=0.122002 and 4{O('DY}=0.87 at
227 am.

Pulsed laser phototysis. Q') atoms werte detecied by
weak 630 nm fluorescence emission from OC'D}
— O(*P}. Relative measurements of ¢[O('D] were
normafized 10 ¢{Of'D}]=0.87 at 222 nm using she
data of Turnipseed ef af.."”

Relative quantum yiedds of Os(*2) from palsed laser
photolysis of Oy in the range 300<h <322 nm were
weasured by {2+1] resonance enhanced multiphaion
ionization (REMPI} at 227 K. For A>309 nm.
$[0,('A1] au 227 K falls more rapidly tian observed
at 298 K. confirming that the internal energy of Os
contributes 1o formation of Oa('4). just beyond the
310 nm threshold for spin allowed production of the
o singlet produers of channel 15). At A>320 nm.
S{0.1' 3y} was approximatety equal at the wo tem-
peratures, and substantially fasger than receat measwre-
ments of HO'D. s 2 spin-forbidden charnel
for O.i'Ay production channel il with
BH(23=1.1 ag 320 pm.

swred by time-of-flight
30K and 31X nm. dissociation is dominated by the spin-
atfowed dissociation channet 151 AU longer wave-
lengths, photofragments with higher Kinetic- energies
are produced. consistent with the occartence of the spin
farhidden pracess. channel 121,

J. Phys. Cham. Ref. Data, Vol. 26, No. §. 1397
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long leagth it extending 10 4 threshold between
331 and 333 nm. No OC' D} was detected at 355 am.
Photadissociation of Oy at 193 nm studied using high

Time-of-flight spectsa for O, and O were detestuined.
0, production in '3, ‘L. and highly excited triplet
Siales Was DDSErves. Lvidence was seer 10T & Smai
contribution from chassel (7).

The photofragment yield spectra of OC'D) and OC'P)
atosns produced in whe photodissociation of 05 in the
Huggins band system over the range 308326 nm were
derermined using vacuum ultraviolet LYF. The OCP)
atom yield exhibited vibrational structure as in the ab-
sorption spectrum in the Huggins band, while O{'D}
showed a smooth dependence on waveleagih. The
quantum yield of OC'D}, cateutated using the absorp-
tion spectsum of Moling and Molina showed a dis-
tinct il for the region beyond the threshold for
channel (5) at 310 sm, as has been reported in sowme
previous studies.”” and for the co-product from the
spin allowed channet (5). Oa(* A}, reported by Ball and
cowarkers."”" " The il in GO D} in the wave-
tength range 310-321 am is awributed 1a hot band ex-
citation of the repulsive limb of the excited state
('8, or *A,) correlating to the singlet products. The
non-zera formation of OC' D ac k> 321 am was eata-
tively atributed 10 the spin forbidden process producs
ing OUDYH0LT 4.
Refative uantum yrelds for Of'D) measured indire
via LIF detection of vibrationally excited OH radiculs
produced in the Of'Di+¥, mavtion. Use of blue-
shifted LIF gave high detection sensitivity and elimi-
nated probe faser interference. A significont Ot'Dy
quantus ield at A>320 am was contismed. A mea-
surable quantum vield of ~0.03 was observed out ©
336 nm. whivh wis assigned o the spin-forbidden
channel (41,
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Preferfed Values

0zone absorption cross-sections averaged over spectral inter-
vals

10% 10?107
ofem® o/cm®  olcm®
Int # A/nm 273 K Int # A/nm 273 K 203K
1 175.4-177.0 81.1 31 238.1-241.0 797 797
2 178.6 79.9 32 2439 900 900
3 180.2 78.6 33 246.9 1000 1000
4 181.8 76.3 34 250.1 1080 1085
5 183.5 729 35 253.2 1130 1140
6 185.2 68.8 36 256.4 1150 1160
7 186.9 62.2 37 259.7 1120 1130
8 188.7 57.6 38 263.2 1060 1060
9 190.5 52.6 39 266.7 965 959
10 192.3 47.6 40 270.3 834 331
11 194.2 4238 41 274.0 692 689
12 196.1 38.3 42 277.8 542 535
13 198.0 34,7 43 281.7 402 391
14 200.0 323 44 285.7 277 267
15 202.0 314 45 289.9 179 173
16 204.1 326 46 2941 109 104
17 206.2 36.4 47 298.5 62.4 585
18 208.3 434 48 303.0 343 31.6
19 210.5 542 49 307.7 18.5 16.6
20 212.8 69.9 50 3125 9.80 8.67
21 215.0 92 51 317.5 5.01 4.33
22 217.4 119 52 3225 249 2.09
23 219.8 155 53 3275 1.20 0.937
24 2222 199 54 3325 0617 0471
25 2247 256 55 3375 0.274  0.198
26 2273 323 56 34235 0.117 0.077
27 229.9 400 57 3475 0.059 0.017
28 232.6 483 58 3525 0.027 -
29 2353 579 59 357.5 0.011 -
30 238.1 686 60 362.5 0.005 -

o=(1143%15)xX107* cm® molecule ' at 253.7 nm at 298 K.
o=(1154%15)X107*" cm® molecule™" at 253.7 nm at 220 K.

Ozone absorption cross-sections in the visible spectral region

Nnm 10% glem® A/nm 107 ofem?
410 1.2 560 394
420 20 S8R0 159
430 1.2 600 St
460) 328 620 400
480 68.4 640 296
500 122 660 209
320 182 680 126
540 291 700 91

o is independent of temperature in the wavelength region 410-700 nm.

1355

Quantum yields for O('D) production from O, photolysis at 298 K

Wavelength/nm o[O('D)] Wavelength/nm #[0'(D)]
300 0.950 314 0.238
301 0.965 315 0.235
202 0.975 316 0.221
303 0.985 317 0.209
304 0.990 318 0.194
305 0.980 319 0.178
306 0.950 320 0.148
307 0.877 321 0.121
308 0.773 322 0.097
309 0.667 323 0.092
310 0.600 324 0.080
31 0.388 325 0.070
312 0.303 330 0.050
313 0.262 335 0.050

271<A<300: ¢ [O('D)}={1.98—(301/\)} where X is the wavelength in
nm. ’
222<A<271: & {O('D)]=0.87.

222<A<271: ¢ [OCP)]=0.13.

Comments on Preferred Values

Absorption cross-sections. The recommended absorption
cross-section values at 273 K for the wavelength range 175~
362 nm are averaged values for the standard spectral inter-
vals used in atmospheric modecling calculations. These val-
ues have been adopted from earlier evaluations (NASA
1994;% [UPAC, 1997”") which accepted the values tabulated
in the WMO review.’ except for the region 185 225 nm
where the values were taken from the study of Molina and
Molina.> Recommended values at 203 K in the Huggins
bands are also taken from the WMO review” and are based
on the data of Bass and Paur.'

The new work of Malicet er al.” provides detailed data on
the absolute absorption cross-sections of ozone and their
temperature dependence (218-295 K) over the wavelength
range 195-345 nm. The measurements are at sufficient reso-
lution to resolve the vibrational structure in the Hugging
bands. The data are generally in excellent agreement with
earlier measurements. although there are small differences in
detail in specific regions of the spectrum. At wavelengths
below 240 nm the cross-sections are identical with those of
Molina and Molina.” confirming the basis of the recom-
mended values in this range. In the range 240-335 nm the
new data are between 1.5% and 3.0% lower than Molina and
Molina® but about 1.5¢ higher than Yoshino er al..** and are
very close to the data of Bass and Paur' up to 310 nm. In the
Huggins bands (A>310 nm). shifts of +0.05 nm in the vi-
brational structure are apparent in the Bass and Paur' data.
which may be due to error in the wavelength calibration.
This gives rise to small but significant differences in the
individual cross-sections and their temperature dependence.
Nevertheless the small differences do not influence the aver-
aged cross-sections sufficiently to warrant revision of the
recommended values for calculation of the atmospheric pho-
toabsorption rates ot ozone in the Huggins bands. For cross-
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FiG. 1. Recent measurements of the quantum yields for production of O('D)
and O,('A) from photolysis of ozone. ¢{O('D)]: (+)=Brock and Watson
(Ref. 10); (X)=Trolier and Wieseneld (Ref. 14); (A)=Armerding er al.
(Ref. 20); (M)=Takahashi et al. (Ref. 22): (O)=Silvente er al. (Ref. 23);
#[0.('A)); (O)=Ball et al. (Refs. 19 and 24); (A)=Ball and Hancock (Ref.
17) (298 K); (<) Ball and Hancock (Ref. 17) (222 K). (—) shows our
previous recommendation (IUPAC, 1997) (Ref. 27) which is the same as in
the NASA 1994 evaluation {Ref. 26).

sections at high resolution, the data of Malicet er al.,” which
is availablec in digital form from thc authors, is rccom-
mended.

Malicet er al.” observed a weak temperature dependence
near the maximum in the Hartley band, leading to an in-
crease of approximately 1% in o between 295 and 218 K, in
agreement with earlier work of Molina and Molina® and Bar-
nes and Mauersberger.* The values recommended for the
cross-section at 253.7 nm have been obtained by averaging
the data of Daumont er al..* Malicet er al..” Hearn,™® Molina
and Molina” and Mavuersberger and coworkers™* The new
recommendation is slightly lower than previously given on
the basis of the latter three studies.

Ozone cross sections in the Chappuis bands (450-750
nm), which are independent of temperature. are taken from
Burkholder and Talukdar.

Quantum Yields. Recent data for the quantum yield for
O('D) atom production and its co-product in the spin-
allowed dissociation channel (5) give clear evidence for sub-
stantially enhanced dissociation into electronically excited
products bevond the threshold at 310 nm. This warrants a
complete revision in the recommended quantum yields for
O('D) production. compared to previous NASA™ and
IUPAC® evaluations. which neglected the “tail’” in
H[OC'D1] observed in some studies at wavelengths bevond
312 nm.

The recent data for O'D) atom and O~('A,) quantum
vields at room temperawure as a function of wa\"elength are
given in Figures 1 and 2. together with earlier data from
Brock and Watson'" and Trolier and Wiesenfeld."! Several
points relevent to the evaluation can be noted. Firstly.
O[O D] at 303 nm as measured by Brock and Watson.'
Trolier and Wiesenfeld.'* and Armerding er al™" is close to
unity. te.. higher than the value of 0.95 which was previ-
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FiG. 2. Quantum yields for production of O('D) and O,('A) from photolysis
of ozone. (@)=¢{O(1D)], preferred values from this evaluation at 298 K;
(O)=¢[0,('A)] at 227 K, Ball and Hancock (Ref. 17). (—) calculated
curve for zb[O(‘D)] from Michelson er al. (Ref. 25) at 298 K- (---) calcu-
lated curve for #{O('D)] from Michelson er al. (Ref. 25) at 227 K.

ously recommended for the range 280-305 nm. In the *‘tail”’
region (A>310 nm) there is a distinct shoulder between 314
and 318 nm where ¢[O(!D)] and qS[Oz(lAg)] are approxi-
mately invariant with wavelength. At A>318 nm both quan-
tum yields decline; ¢[02(1Ag)] remains in excess of 0.1 out
to 325 nm, while ¢{O('D)] declines to between 0.05 and 0.1
at 325 nm and the provisional data of Silvente ez al.,” using
a sensitive indirect technique, indicate ¢[O('D)] of ~0.05
out to 336 nm.

The recommended values for ¢[O('D)] covering the
range 300-335 nm at 298 K, are obtained by taking a
smooth curve through the mean of the experimental values
reported by Brock and Watson,'® Trolier and Wiesenfeld, '
Armerding et al..™® Takahashi er al.,”* and Silvente et al.”®
(for A>325 nm only).

There are several studies (Brock and Watson,'! Amimoto
et al.* Wine and Ravishankara,'® Turnipseed er al.’® and
Cooper et al.'®) which show that in the wavelength range
222-275 nm #[O('D)] is between 0.85 and 0.90 without
significant variation. Fairchild er al.® and Sparks er al.” re-
port significant O('P) production in the Hartley Band at 275
and 266 nm. Brock and Watson.!” Trolier and Wiesenfeld'*
and Armerding er al.™ observed a decline in ¢{O('D)] be-
low 305 nm. The preferred values for ¢ [O('D)] at wave-
lengths below 300 nm follow the recommendation of Mich-
elson eral™® on the basis of these data. ie., for
271<A <300 the expression is a linear fit to the data of
Trolier and Wiesenfeld:'" o[O('D)]={1.98—(301/\)} where
N is the wavelength in nm: for 222<A <271 nm. S[O('D)]
=().87. These are in much better overall agreement with ex-
periment than the previous NASA®™ and IUPAC* recom-
mendations. :

There are currently no direct measurements of &[O( D]
at lower temperatures. Recent data on the temperature depen-
dence of &[O-171,)] show a more rapid fall off at wave-
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lengths >310 nm at 227 K compared to room temperature
(see Figure 1). However, at both temperatures ¢>[02('Ag)]
declines to a limiting value of ~0.13 which, together with
the evidence from the time-of-flight experiments of Ball
eral'® strongly points to a contribution from the spin-
forbidden channel (2). This precludes making a recommen-
dation for the temperature dependence of ¢[O('D)] on the
basis of the ¢[O,('A,)] measurements. Earlier indirect mea-
surcments of Lin and DeMorc?! (275-320 nm) at 233 K and
Kuis et al.* (313 nm) in the range 221-293 K show that
#{O('D)] falls off more rapidly at wavelengths >310 nm at
low temperature. These temperature effects have recently
been considered in a model in which vibrationally and rota-
tionally excited ozone molecules contribute to excited prod-
uct formation in channel (5).%° This model® gives a reason-
able description in the region between 310 and 320 nm of the
recommended 298 K data as well as the low temperature data
for d)[O:(lAg)] at A<<315 nm, as shown in Figure 2. The
model does not include any contribution from the spin-
forbidden channels, which are likely to show much less tem-
perature dependence. Very recent data reported by Takahashi
et al.,33 who have observed Doppler profiles of the nascent
O('D) atom photofragments at 227 K, confirm that the
O('D) atoms formed by photolysis at wavelengths corre-
sponding to the peaks in the O absorption spectrum in the
range 317-327 nm arise from the hitherto unobserved spin-
forbidden predissociation O('D)+Oz(32g) products. Earlier
recommendations for the temperature dependence were
based on the work of Moortgat and Kudszus.** but these are
not considered reliable in the light of the recent work. How-
ever. in the absence of experimental data no preferred values
are given for ¢[O('D)] at low temperatures. For atmospheric
modeling, the parameterization for ¢[O('D)] given by Mich-
elson er al.™ is recommended. with an additional term of
0.05 for A>320 nm to account for the spin-forhidden com-
ponent. At wavelengths below 305 nm, experiments show
that #[O('D)] is invariant with temperature.

In view of the indications that both spin-allowed and for-
bidden dissociation channels occur in parallel. it is not pos-
sible to assign the yields of O('D) or O(*P) atoms to specific
reactions over much of the range. In the Hartley band. time-
of-flight measurements indicate that the spin-allowed chan-
nels (1) and (3) account for the observed products. In the
Huggins bands. additional minor contributions from (2) and
(4) are evidently occurring. In the Chappuis bands. dissocia-
tion to ground state products is generally assumed.

Two field studies in which chemical actinometer measure-
ments of &(O' D) have been compared with values calculated
from simultaneousty measured actinic flux spectra have been
reported recently by Muller er al..* and Shetter ¢r al..™ Both
support the existence of the long wavelength tail in #(0Q'D)
in atmospheric photolyvsis rates.
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4.2. Hydrogen Species

}1 + }1()2 — }*2 + ()2 (1)
— 2HO (2)
—+H,0+0 (3)

AH°(1)=-232.6 kJ-mol™!
AH?(2)=—154.0 kJ-mol™'
AH®(3)=—225.2 k}-mol !

- Rate coefficient data (k=k; 1 ky I k3)

Technique/
kiem® molecule ™" 7! ] Temp./K Reference Comments
Absolute Rate Coefficients

(74 1.2yx 10" 245-300 Sridharan, Qiu, and Kaufman, 1982' DF-RF
8.7+ 1L.51x10" 245-300 Keyser. 10867 DF RF
Branching Ruatios
ki Tk=0.08%0.04 245-300 Keyser. 1986°
k+7k=0.90=0.04
k3 /k=0.02%0.04
Reviews and Evaluations
8.1x107 1 245-300 NASA. 10973 (@)
8.0x107 " 245-300 IUPAC, 1997* (b}

Comments

(a) Based on the data of Sridharan ez al.' and Keyser.”
(b) See Comments on Preferred Values.

Preferred Values

k=8.0X10 " cm” molecule 's ', independent of tem-
perature over the range 245-300 K.

ky =5.6X107" cm® molecule™! s7' independent of tem-
perature over the range 245-300 K.

k2=7.2x 107" ¢m® molecule ™ 57!, independent of tem-
perature over the range 245-300 K.

ky=24X10"" em® molecule™ 71 independent of tem-
perature over the range 245-300 K.

Reliability
Alog k==0.1 over the temperature range 245-300 K.
ACE/RYy==200 K.

Alog k;==0.5 over the temperature range 245-300 K.
Alog k= =0.1 over the temperature range 245-300 K.
Alog k= 0.5 over the wemperature range 245-300 K.

Comments on Preferred Values

The study of Kevser™ is the most detailed to date. Several
species were monitored and the possible eftects of side reac-
tions were carefully analyzed. Values obtained for the over-
all rate coetlicient and the branching ratios agree with the
vidues obtained by Sridharan ez ol who used @ similar tech-
nigque. The recommended values for & and the hnmchihg ri-

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

tios are the means of the values from these two studies.'* In
both cases,'? k, /k was not measured directly but obtained
by difference. A direct measurement of this branching ratio
is desirable.

The yield of Ol(lig) has been measured by Hislop and

Wayne,” Keyser er al..® and Michelangeli et al.” who report
values of (2.8 1.3) X107 ", <8X 1077, and <2.1X 10 2, re-
spectively.

Keyser” observed no effect of temperature on the rate co-
efficient & over the small range studied. This suggests that
the value of k,=3.3x107"" cm® molecule™ s™' at 349 K
obtained by Pagsberg er al.® is too low or there is a substan-
tial negative temperature coefficient. We provisionally rec-
ommend E/R=0 but only over the temperature range 245-
300 K. The preferred values are identical to those in our
previous evaluation. [UPAC, 19977
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H+02+M—>H02+M

4H =—-203.4 kJ-mol™!

Low-pressure rate coefficients

Rate coefficient data

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

Absolute Rate Coefficients
5.33%x107% (77298) 77 [N,] 226-298 Kurylo, 1972 FP-RF
15462 0.7)X 107 (77298) "0 [N, ] 220-298 Wong and Davis. 1974° FP-RF
6.5%107* [N,] 298 Cobos. Hippler. and Troe. 1985 PLP-UVA (a)
6.2X107% (T/300) ™% [N, ] 298-639 Hsu et al., 1989* DE-RF
2.9%107* exp[(825= 130)/T] [N.] 298-580 Carleton. Kessler. and Marinelli. 1993° PI.P-1 IF/RA
4.6X107% [N,] 298
3.9X107% exp[(600% 1050)/T] [H,0] 575-750

Reviews and Evaluations
5.7%107% (T/300) ™' [air] 220-600 NASA. 1997° (b)
54X107% (17300) 7" [N,] 200-600 IUPAC. 1997’ ()

Comments

(a) Measurements of the falloff curve between | and 200
bar, with determination of kg, k.., and F.
(b) Based on the data of Kurylo,! Wong and Davis.” and

Hsu er al.*
(¢)  Scec Comments on Preferred Valucs.

Preferred Values

kg=5.4x10"* (7/300)""* [N,] cm’ molecule™" 57!
over the temperature range 200-600 K.

Reliabiliry
Alog kg==0.1 at 298 K.
An==0.6.

Comments on Preferred Values

The preferred values are an average of the results from
Refs. 1-5. There is a single study of the full falloff curve®
which leads to k,=7.5X 107" ecm® molecute™ s~ at 298
K and a broadening factor of F.=0.55+0.15 at 298 K. The-
oretical modeling gives F.=0.66 at 298 K and suggests a
practically temperature-independent value of k. over the
temperature range 200-400 K.

References
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O+HO—~0,+H

AH°=-70.5 XJ-mot™'

Rate coefficient data

k/em® molecule™' 57! Temp./K Reference Technique/Comment:
Absolute Rate Coefficients

2.01x107 " exp[(112£29)/T] 221-499 Lewis and Waison. 1980' DF-RF

6.65x 10710 T(~030=0.12 250-500 Howard and Smith, 1981° DF/FP-RF
Reviews and Evaluations

2.2%107 " exp(120/T) 220-500 NASA, 1997 (a)

2.3x107 " exp(110/T) 220-500 IUPAC, 1997' . (b)

Comments studies at ambient temperatures® are also in excellent

(a) Based on the data of Westenberg and deHaas,” Lewis
and Watson,' and Howard and Smith.>
(b) See Comments on Preferrcd Values.

Preferred Values

k=3.3x10""" cm® molecule™! s™! at 298 K.
k=2.3X10"" exp(110/T) cm® molecule™' s™! over the
temperature range 220-500 K.

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

Comments on Preferred Values

The recommended temperature dependence is based on a
least-squares fit of the data of Lewis and Watson' and
Howard and Smith,> which are in close agreement. Other

agreement with these results. The reaction has been the sub-
ject of a number of theoretical studies; see Troe’ and
Miller.'” The preferred values are identical to those in our
previous evaluation. [IUPAC, 1997.*
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O + HO, — HO + O,

AH°=-2245 kl-mol™'

Rate coefficient data

klem® molecule ™! 57! Temp./K

Reference

Technique/ Comments

Absolute Rate Cocfficients

30x107 ! expl200= 28WT 229-372 Keyser. 1982° DF-RF
6.1=0.4x107 299 .
(54209107 296 Sridharan. Qiu. and Kaufman. 1982~ DF-RF
62=1. =107 298 Ravishankara. Wine. and Nicovich. 19837 PLP-RF
(3.2=081< 101 300 Brune. Schwab. and Anderson. 19837 DF-RF
291107 exp[i228 = 7301/T] 266-391 Nicovich and Wine. 1987 PLP-RF
6.30=091x 1) 298

Reviews and Evaluations
20X 10T expi 20007 220-400 NASA, 9™ G
27107 exp 2247 200-400 IUPAC. 1997 thy
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Comments

a) Based on the data of Keyser,! Sridharan et al.,? Ravis-
hankara et al.,”> Brune ef al.* and Nicovich and Wine.’
b} See Comments on Preferred Values.

Preferred Values

k=5.8x10""" c¢m® molecule™! s7! at 298 K.
k=2.7X10"" exp(224/T) cm’ molecule™ s™' over the
temperature range 220-400 K.

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

Comments on Preferred Values

The recommended rate coefficient at 298 K is the mean of
those obtained in the studies of Keyser,' Sridharan er al..
Ravishankara er al.,> Brune er al.,* and Nicovich and Wine.’
all of which are in excellent agreement. The temperature
coefficient is the mean of the values obtained by Keyser' and
Nicovich and Wine,” with the pre-exponential factor being
based on this value of E/R and the recommended value of &
at 298 K. The preferred values are identical to those in our
previous evaluation, [UPAC, 1997.7

1361

In the two most recent studies of the reaction mechanism,
Keyser et al.® have shown that the yield of 0,('3.") from
the reaction is <1X1072 per HO, radical removed and
Sridharan et al.® have shown, in an '80 labeling experiment,
that the reaction proceeds via formation of an HO,—'30 in-
termediate which dissociates to HO and '*00 by rupture of
an O-O bond rather than via a four center intermediate
yielding H'®0 + 0O.
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JA. R. Ravishankara, P. H. Wine, and J. M. Nicovich. J. Chem. Phys. 78.
6629 (1983).

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

3J. M. Nicovich and P. H. Wine, J. Phys. Chem. 91, 5118 (1987).

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

"IUPAC, Supplement V, 1997 (see references in lntroduction).

8L. F. Keyser, K. Y. Choo, and M. T. Leu, Int. J. Chem. Kinet. 17, 1169
(1985).

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

0 + H202 g HO + H02

AH°=—59.0 kJ-mol ™"

Rate coefficient data

kliem® molecule™ s~} Temp./K

Reference Technique/Comments

Absolute Rate Coefficients

2.75%107 1% exp[— (212526 1)/T] 283-368

2.1x107% 298

113X 1072 exp[—(2000= 160)/T] 298-386

(1.45=0.29)x 107" 298
Reviews and Evaluations

LAX 1071 expl(=2000/T) 280-390

14X 107" exp(—2000/T) 250-390

Davis. Wong, and Schiff. 1974/ FP-RF
Wine er al.. 1983° FP-RF
NASA. 1997 (a)
IUPAC, 1997* (b1

Comments

{a) Based on the data of Davis ef al.' and Wine et al.”
(b} See Comments on Preferred Values.

Preferred Values

k=1.7x107"" cm® molecule ™" 57" at 298 K.
k=14x107"7 exp—=2000/Ty ¢m’ molecule ™" <% over
the temperature range 280-390 K.

Reliabiliry
Alog k==*0.3 at 298 K.
\(F/Ry=+1000 K

Comments on Preferred Values

The preferred values are based on the results of Davis
er al." and Wine er al.” and are identical to those in our pre-
vious evaluation. TUPAC. 1997 These two studies are in
agreement with regard to the temperature coetticient of the
rate coefticient. but the absolute values of & difter by a tactor

of 2 throughout the range. In both cases the pre-exponential

factor obtained is low compared with other atom-molecule

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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reactions. To obtain the preferred values the temperature co-
efficient is accepted and the pre-exponential factor adjusted
10 obtain agreement with the recommended value of & at 298
K, which is the mean of the values found in the two studies.

Roscoe’ has discussed earlier work on this reaction, which
was invalidated by secondary reactions affecting the mea-
surements.

ATKINSON ET AL.

References
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O('D) + H, — HO + H (H

—OCP) +H, (2)

AH®(1)=-181.6 kJ-mol ™’
AH°(2)=—189.7 kJ-mo] ™!

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

Technique/
klem® molecule™ 57! Temp./K Reference Comments
Absolute Rare Cocfficients

(0.0+3)x 101! ’ 204-352 Davidson er al.. 1976;' 1977* (a)

(1.18*0.12)x 10710 297 Wine and Ravishankara, 19813 PLP-RF (b)

(1.0x0.1)x107 ' 298 Force and Wiesenfeld, 1981* (c)

(1.2x0.1)x107'° 298 Talukdar and Ravishankara, 1996° PLP-RF (d)
Reviews and Evaluations

1.1x107" 200-350 NASA, 1997° ()

1.1x10710 200-350 IUPAC, 19977 (f)

Comments

(a) Pulsed laser photolysis of O; at 266 nm, with o('D)
atoms being monitored by time-resolved emission at
630 nm.

{b) OCP) atoms were monitored by time-resolved reso-
nance fluorescence.

(¢) Pulsed laser photolysis of O, at 248 nm. H and O(*P)
atoms were monitored by time-resolved absorption
spectroscopy.

td)  OC'P) and H atom products were monitored by reso-
nance fluorescence.

{e) Based on the data of Davidson eral.” Wine and
Ravishankara.™ Force and Wiesenfeld.! and Talukdar
and Ravishankara.’

tfy  See Comments on Preferred Values.

Preferred Values

E=1.1% 107" em® molecule ™ <7 'L independent of tem-
periature over the range 200-350 K.

Reliabiliry
Alog &==0.1 at 298 K.
ME/Ry==100 K.

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997

Comments on Preferred Values

The recommended value is the mean of the values of
Davidson ef al.'? Wine and Ravishankara,’ Force and
Wiesenfeld.* and Talukdar and Ravishankara,” all of which
are in excellent agreement. Channel (1) appears to be the
dominant pathway (>95%)® for the reaction. The preferred
values are identical to those in our previous evaluation,
IUPAC. 1997

Absolute rate constants and isotopic branching ratios have
recently been reported’ for the reaction of O('D) with HD.
The k values were insigificantly different from the recom-
mendation for H,. with a branching ratio OH/OD=1.35
+0.20°

References

'J. AL Davidson. C. M. Sadowski. H. L. Schiff. G. E. Streit. C. J. Howard.
D. A. Jennings. and A. L. Schmeltekopf. J. Chem. Phys. 64, 57 (1976).
J. A. Davidson. H. L. Schiff. G. E. Streit. J. R. McAfee. A. L. Schmelt-

ckopl. and C. J. Howard. J. Chem. Phys. 67. 5021 (1977).
*P. H. Wine and A. R. Ravishankara, Chem. Phys. Lett. 77. 103 (1981).
*A. P. Force and J. R. Wiesenfeld. J. Chem. Phys. 74. 1718 (1981).
CROOKL Talukdar and AL Ko Ravishankara, Chem. Phys. Lett 253, \77
(19961,
“NASA Evaluation No. 1201997 isee references in Introduction).
TIUPAC. Supplement V. 1997 (see references in Introduction).
"P.H. Wine and A, R. Ravishankara, Chem. Phys. 69. 363 (1982).
“T. Laurent. P. D. Naih. H.-R. Volpp. J. Wolfrum. T. Arusi-Parpar. 1. Bar,
and S Rosenwaks, Cheme Phys, Lett. 2360 343 (19951,



AH(1)=-118.5 kJ-mol™!
AH(2)=-197.1 kJ-mol ™!
AP(3)y=—189.7 kJ mol~!

EVALUATED KINETIC AND PHOTOCHEMICAL DATA 1363
0o('D) + H,0 — 2HO (1)
—H; + 0, (2)

—OCP) + H,O (3)

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

Temp./K

t/em® molecule™ s7! Reference. .Technique/Comments
Absolute Rate Coefficients
12.3+0.4x10710 253-353 Streit ot af . 19761 PLP (a)
(195+0.3)x10°10 295 Amimoto et al.. 1979° PLP-RA (b}
(2.6%0.5)x107 300 Lee and Slanger. 1979° PLP (c)
£, =(2.02+041)x 10710 298 Gericke and Comes, 1981* PLP-RA
(195+02)x 107 9% Wine and Ravishankara. 1081° PLP-RF (d)
Branching Ratios
kath=0.01(25%%) 298 Zeliner. Wagner, and Himme, 1980° FP-RA (e)
by lk=0049+0.032 798+ Wine and Ravishankara. 19827 PLP-RF (d}
ka [k =0.006( ~5%7) 298 Glinski and Birks. 1985° (f)
Reviews and Evaluations
2a%in710 200-350 NASA. 1007Y )
2.2x10°1 200-350 IUPAC, 1997" (h)

Comments

(a)  O('D) atoms were monitored by time-resolved emis-
sion from the O('D) —O(*P) transition at 630 nm.

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

(¢c) O('D) atoms were measured by emission at 630 nm
and. indirectly by O5('S [ —*2 ) emission at 720 nm.

{d) OC*P) atom formation was monitored by RF.

(e} The H- yield was measured by GC. together with the
OH radical concentration by resonance absorption.

(f)  Photolysis of O;—H,O mixtures at 253.7 nm. The H,
yield was measured by GC.

(g) Based on the data of Streit er al.." Amimoto et al..” Lee
and Slanger." Gericke and Comes.* and Wine and

Ravishankara.™

thy  See Comments on Preferred Values.

Preferred Values

k=22 107" cm® malecule ™' s
perature over the range 200 350 K.

ky=22x10""em® molecule ™' s
. D N R

k<2229 107 em’ molecule " s

RN s

k< 12010 em® molecute

' independent of tem-

“hat 298 K.
at 298 K,
Pt 298 K.

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

Comments on Preferred Values

The preferred value for k is a mean of the values of Streit
etal,' Amimoto eral.’ Lee and Slanger.’ Gericke and
Comes.* and Wine and Ravishankara.® all of which are in
good agreement. Our recommendations for k,/k and k;/k
are based on the data of Zellner eral® and Glinski and
Birks® (k-/k). and Zellner eral® and Wine and
Ravishankara’ (k3 /k). The preferred values are identical to
those in our previous evaluation. [UPAC. 1997."
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AH°—= ~63.1 kI-mol™!

Rate coefficient data

k/cm® molecule™! 7 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
7.0x1071 300 Greiner, 1969' FP-RA
(T1x1.hx 107" 298 Stuhl and Niki, 1972° FP-RF
7.6%x 107 1% 298 Westenberg and deHaas. 1973} DF-EPR
1.8X 107" exp(—2330/T) 210-460 Smith and Zeilner, 1974* FP-RA
7.0x107 1
(5.79+0.26)x 1073 . 300 Overend. Paraskevopoulos, and Cvetanovic. 1975% FP-RA
5.9%107 12 exp[— (2008 = 151)/T] 298-425 Atkinson. Harisen, and Pitts. 1975¢ FP-RF
(6.97£0.70)X 107 1% 298
412X 107" T2 * exp(— 1281/7) 298-992 Tully and Ravishankara. 19807 FP-RF
(6.08+0.37)x 107V 298
6.1X107" 298 Zeliner and Steinert. 1981° DE-RF
49X 107 % exp{—(1990+ 340)/T] 250-400 Ravishankara er al., 1981° FP-RF
(5.640.60)x 107 295
7.2X1072° 7299 expt—1150/T) 230-420 Talukdar er al.. 1996'° FP/PLP-LIF (a)
(6.65+0.36)x 107 298

Reviews and Evaluations
5.5X 107" exp(—2000/T)
7.7X107 "2 exp(—2100/T)

200-450
200-450

NASA., 1997" (b)
IUPAC, 19972 (b)

Comments

(a) Both flash lamp and pulsed laser photolysis were used.
The OH radical reactions with HD and D, were also
studied.

(b) Based on the data from Refs. 1-9.

Preferred Values

k=6.7X10"" cm’ molecule™" s™! at 298 K.
k=7.7X107"% exp(—2100/T) cm® molecule™ s™' over
the temperature range 200-450 K.

Reliability
Alog k==0.1 at 298 K.
AE/RYy==200 K.

Comments on Preferred Values

There are several swudies in good agreement concerning
both the temperature dependence and absolute values of the
rate coefficient. The preferred value of & at 298 K is the
mean of the results of Greiner." Stuhl and Niki.” Westenberg
and deHaas.” Smith and Zeliner.* Overend et al..® Atkinson
ef ol tullv and Ravishankara, Zellner and Stemert.” and
Ravishankara ¢r «f.” The preferred value of E/R 1s the mean
of the values of Smith and Zellner. Atkinson er «l..” and
Ravishankuara ¢f «l.” The pre-exponential factor in the rate

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997

expression is calculated to fit the preferred value of k at 298
K and that of E/R. The preferred values are identical to those
in our previous evaluation. IUPAC. 1997.'* The recent re-
sults of Talukdar er al.' are in excellent agreement with this
recommendation. There have been several recent quantum
mechanical calculations of the rate coefficient for this reac-
tion, and these are in reasonable agreement with
experimen[.”‘H
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HO+HO -H,0+O
AH7=~-T71.2 kl-mol™!

Rate coefficient data
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1 .-t

{em’ molecule™ s Temp./K Reference

Technique/Comments

shsolute Rate Coefficients

(2.3=0.3)X107"2 350 Westenberg and de Haas, 1973 DF-EPR
(2.1=0.5)x107 "2 298 McKenzie, Mulcahy. and Steven, 1973 DF-EPR
(1.4=0.2)x107" 300 Clyne and Down, 19743 DF-RF/RA
(2.120.1)x107 12 300 Trainor and von Roscnberg, 1974% FP-RA
(1.7£0.2)x107"? 298 Farquharson'and Smith, 1980° DF-RF
3.2x107 12 exp(—242/T) 250-580 Wagner and Zellner, 1981° FP-RA
11.4320.3)x107 " 298

Reviews and Evaluations
£2x107 2 exp(—240/T) 200-500 NASA. 19977 (a)
1.9x10712 298 IUPAC. 1997 (b)
19X 107" (T72981%¢ exp(943/T) 200-500

Comments — H,0, to be separated. The temperature coefficient ig

(a) Based on an average of the data from Refs. 1-6, with
the temperature dependence from Ref. 6.
(b) See Comments on Preferred Values.

Preferred Values

k=19x10"" cm® molecule™" s~ at 298 K.
k=7.9x10"" (T/298)%° exp(945/T) cm® molecule™

s~ ! over the temperature range 200-500 K.

Reliability
Alog k=*0.15 at 298 K.
A(E/R)= =250 K.

Comments on Preferred Values

There are a number of measurements of k at temperatures
close to 298 K.'"%%'2 falling in the range (1.4-2.3)x 107"
em® molecule™ s7'. We take the mean of the more recent
studies' ™ for our preferred value at 298 K. This value is
confirmed by recent measurements'” of the pressure depen-
dence of the HO + HO + M reaction system which allow
the reactions HO - HO — H-O + O and HO + HO

taken from an ab initio modeling study'* which well accom-
modates the experimental high temperature results. The pre-
ferred values are identical to those in our previous evalua-
tion, [UPAC, 1997.%
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HO + HO + M — H,0, + M

AH?=-2149 kJ-mol ™!

Low-pressure rate coefficients

Rate coefficient data

ko/em® molecule™ s7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.5£0.3)X107% [N,] 300 Trainor and von Rosenberg, 1974! FP-RA
6.9%107% (7/300) %% [N, ] 253-353 Zellner er al.. 1988° FP-RA
3.7x107% [He] 298 Forster et al.. 1995 PLP-LIF (a)
Reviews and Evaluations
6.2x10™% (7/300) ™'Y [air] 200-350 NASA, 1997* (b
6.9% 107 (7/300) %% [N.] 200400 IUPAC. 1997° (c)

Commentls

(a) Measurements were carried out with saturated LIF at
total gas densities in the range 3.9x 10" to 3.4x 10!
molecule em™?, covering the major part of the falloff
curve. The apparent discrepancy between the results of
Refs. 1 and 2 disappears when the contribution of the
reaction HO + HO — H,O + O is separated by means
of the falloff plot.

(b} Based on the data of Zellner ef al.” and Forster et al.’

{(c) See Comments on Preferred Values.

Preferred Values

ko=6.9%107"" (7/300)7%% [N,] cm® molecule™ s™'
over the temperature range 200-400 K.

Reliabiliry
Alog ky==0.1 at 298 K.
An==x05.

Comments on Preferred Values

The analysis of the complete falloff curve by Forster
er al.* shows that the measurements from Refs. 1-3 are all
consistent. It is essential that falloff effects are taken into
account, as noted in the comments on k... The preferred
values are identical to those in our previous evaluation,
IUPAC, 1997.°

High-pressure rate coefficients

Rate coefficient data

k.fem® molecule ' s Temp./K

Reference Technique/Comments

Absolute Rate Coefficienty

15«0 1 : 283-353

2200 2938

126208110 F 200-400
Reviews and Evaluations

2010 1 2002350

2600 200-300

Zellner er al.. 19887 FP-RA
Forster ef al.. 1995° PLP-LIF (a)
Fulle er al.. 1996° PLP-LIF (b}
NASAL 1997F (e}
ILPAC. 1997° ()

Comments

tab  See comment il for k.

thy See comment tal for &,,. Measurements were carried

out over the temperature range 200-700 K. indicating

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997

a negative temperature coefficient of k.. . depending on
uncertainties concerning the contribution from the re-
action HO ~ HO — H.O + O.
(¢c) Based on the data of Zellner er al.” and Forster ef al.’
tdr  See Comments on Preferred Values.
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Preferred Values

k;=2.6X 107" cm® molecule™! s™!, independent of tem-
perature over the range 200—-400 K.

Reliability

Alog k.=%*0.2 over the temperature range 200-300 K.
Comments on Preferred Values

The measurements from Refs. 3 and 6 now provide com-
plete falloff curves of the reaction which are consistent with
the preferred values of k; and k. and a value of
F.=0.5%0.05 over the temperature range 200—400 K. Ear-
lier constructions of the falloff curve from Refs. 7 and 8 are
superseded by the results of Refs. 3 and 6. The preferred
values are identical to those in our previous evaluation,
IUPAC, 1997

1367
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HO + HOZ—) H20 + 02

AH"~=~295.7 KJ-wmol™!

Rate coefficient data

kiem® molecule™* 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
4.8X107'" exp[(250+ 50)/T] 254-383 Keyser. 1988' DE-RF
(1.120.3)x107"° 299
33x107 " 1100 Hippler. Neunaber, and Troe. 1995° (a)
1.8x10™ 1 1250
7.5%107 " 1600
Reviews and Evaluations
1.8x107 " exp(250/T) 250-400 NASA. 1997° (b}
1.8X107 " exp(250/T) 250400 IUPAC. 1997+ (c)

Comments

{a) Thermal decomposition of H,O- in a shock tube. HO
radicals were monitored by resonance absorption.

(b1 Rased an the data of Keyser !

(¢} See Comments on Preferred Values.

Preferred Values

k=1.1x107"" em® molecule™ s at 298 K.
F=18x 107 axp2S0/T) em® molecule™ <71 over the
temperature range 250-400 K.

Reliability
Alog A==0.1 at 298 K.
A(E/RY= =200 K.

Comments on Preferred Values
There has been some controversy over the effects of pres-
sure on the rate coefticient for this reaction. Early discharge-

flow measurements at low pressures of 1.3—13 mbar (1-10
Torr) consistently gave values of & approximately a factor of
2 lower than those obtained by other techniques at pressures
close to atmospheric. The discharge-flow study of Keyser'
appears to have resolved the problem. These results' suggest
that the presence of small quantities of H and O atoms
present in previous discharge-flow studies led to erroneously
low values of k. and that there is no evidence for any varia-
tion in & with pressure. These findings' are accepted and we
take the expression of Keyser' for & as our recommendation.
There are a number of other studies in excellent agreement
with the value recommended for & at 298 K. The preferred
values are identical to those in our previous evaluation.
ILPAC. 1997.*

In another discharge-flow study. Keyser et al..* by moni-
toring the Ox(h 'S )—X(*X ) transition at 762 nm. have
shown that the vield of Os(h 'S 7) from the reaction is small
(<1X107%). The anomalous temperature dependence ob-
served in the recent high temperature studyl suggests o
mechanism involving intermediate complex formation.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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HO + ﬂ202 - H20 + HOZ

AH°=-130.2 kJ.mot™!

Rate coefficient data

kfem® molecule™ ! 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
2.96x107 1 exp[ — (164 52)/T) 250-459 Sridharan, Reimann, and Kaufman, 1980 DF-LIF
(1.69+0.26)x 10712 298 -
2.51%107 " exp(—(126 = 76)/T] 245-423 Keyser, 1980° DF-RF
(1.64£0.32)x (g2 298
3.7X107 % exp] —(260= 50)/T) 273-410 Wine, Semmes, and Ravishankara, 19817 PLP-RF
(1.59£0.08)x10™ "2 297
(167+0133)x 10712 206 Temps and Wagner, [982* DF-L.MR
(1.81+0.24)x10™ " 298 Marinelli and Johnston, 1982° PLP-RF
2.93% 1072 exp[~(158=52)/T] 250-370 Kurylo er al., (982° FP-RF
(1.79£0.14)x107 12 296
2.76% 10" expl ~ (1102 66y 7] 273-410 Vaghjiani, Ravishankara, and Cohen, 19897 PLP-LIF
(1.86:0.18)x107 298
Reviews and Evaluations
2.9%107 2 exp(~ 160/T) 240460 NASA, 19978 (a)
29X107Y exp{~16W/7) 240260 IUPAC, 199/° (1)

Comments

(a) Based on the data of Sridharan et al.,' Keyser.> Wine
eral.,’ Kurylo er al.S and Vaghjiani er al.”
(b) See Comments on Preferred Values.

Preferred Values

E=1.7%1071 em® molecule™! s71 at 208 K.
k=29%10""" exp(—160/T) cm’ molecule™ s7' over
the temperature range 240-460 K.

Reliability
Alog k==0.1 at 298 K.
AMERY==100 K.

Comments on Preferred Values

There are a number of studies in excellent agreement on
the value of the rate coefficient k.'”7 The recommended ex-
pression is a fit 1o the data in Refs. 1-7. and 1§ identical to
our previous evaluation. IUPAC. 1997.° The recent high

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

temperature study of Hippler et al. 10 shows that above 800 K
there is a strong increase in & with temperature, the data
being best represented by the biexponential expression
k={33X 107" exp(—215/T)+2.8%107% exp(— 14800/7)}

cm® molecule™  s7! over the temperature range

240-1700 K.
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EVALUATED KINETIC AND PHOTOCHEMICAL DATA

H0+03—>H02+02

Rale coefflicient data
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t/cm* molecule™ 57! Temp./K Reference Technique/ Comments
Absolute Rate Coefficients
1.3X 1072 exp(—956/T) 220-450 Anderson and Kaufman, 1973' DF-RF
5.3%x107M 298
(6.5+1.0)x10" 1 208 Kurylo. 19732 FP_RF
1.82X 10712 exp[ —(930£50)/T] 238-357 Ravishankara, Wine, and Langford, 1979 PLP-RF
(7.96+0.39)x 107" 298
(6.5€1.0)x107* 300 Zahniser and Howard, 1980* DF-LMR (a)
1.52X107 " exp[ —(890+60)/T] 240-295 Smith et al., 1984° FR-RF (b)
(7.46+0.16)x 107" 295
Relative Rate Coefficients
(7.0~0.8)x 1071 300 Zahniser and Howard, 1080* DE.LMR. (c)
Reviews and Evaluations
1.6X107'2 exp(—940/T) 220-450 NASA, 1997 (d)
1.9% 107! exp(~ 1000/T) 220-450 IUPAC, 19977 (e)
Comments Reliability

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

(b) Flash photolysis of O3—H,0 mixtures in | atm He. HO
radicals were monitored by resonance fluorescence.

(¢c) Discharge flow system used. HO radicals were gener-
ated from the H + NO, and H + O reactions, and
HO, radicals were generated from the reaction H + O,
+ M. HO, and HO radicals were monitored by LMR.
A rate coefficient ratio of k/k(HO, + O3)=35%4 (av-
erage of three systems studied) was obtained and
placed on an absolute basis by use of k(HO, + O,)
=2.0x1071% em? molecule™' s} at 300 K (this
evaluation).

(d) Based on the work of Anderson and Kaufman.'
Kurylo.” Ravishankara et al. Zahniser and Howard.*
and Smith er al.®

e} See Comments on Preferred Values.

Preferred Values

k=6.7Xx10"" em® molecule™ ! s7! at 298 K.
k=1.9X107"1% expt—1000/T) cm’ molecule™ 5! over

the temperature range 220-450 K.

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

Comments on Preferred Values

There is good agreement among the various studies' = for
the rate coefficient &. The recommended value for E/R is the
mean of the values of Anderson and Kaufman,' Ravishan-
kara er al.* and Smith er al.> The recommended 298 K rate
coefficient is the mean of the values from these studies'*
plus those of Kurylo® and Zahniser and Howard.* The pre-
exponential factor is derived from the recommended values
of E/R and the 298 K rate coefficient. The preferred values
are id76mical to those in our previous evaluation, IUPAC,
1977.
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AH°(1

ATKINSON ET AL.

H02 + H02 i H202 + 02

(1)

H02+H02+M—)H202+02+M (2)

y=AH°(2)=—165.5 kJ-mol™!

Rate coefficient data (k=k,+ k)

k/em® molecule™' s

Temp./K Reference Technique/ Comments
Absolute Rate Coefficients
3.8X107 ™ exp[(1250= 200)/T] 273-339 Cox and Burrows, 1979! MM (a)
(2.35+0.2)x 10712 298 .
24x1071 exp[(560*200)/T] 298-359 Thrush and Tyndall, 1982° FP-TDLS (b)
(1.6+0.1)x10712 298
2.5%107" (1 bar N») 296 Simonaitis and Heicklen. 1982° FP-UVA
ky=(1.4£0.2)X107 12 296
k,=2.2%107"3 exp(620/T) 230-420 Kircher and Sander. 1984* FP-UVA (c)
k=(1.7£0.22)x 10" 298
k2=1.9% 1073 exp(980/T) [N-] 230-420 Kircher and Sander., 1984* FP-UVA (¢)
ka=(54+3.1)X 107 [N,] 298
k,=1.88x107" 298 Kurylo, Ouellette. and Laufer, 1986° FP-UVA (d)
(,=4.53% 1073 [0.] 298
ka=5.95X 10732 [N,] 298
ky=2.0% 107" exp[(595+ 120)/T] 253-390 Takacs and Howard, 1986° DF-LMR
ki=(1.54+0.07)x 107" 294
(3.3£0.9)x10712 298 Lightfoot, Veyret, and Lesclaux, 1988’ FP-UVA
(1.5+0.5)x107!? 418
(8.8+1.2)x107 13 577
(8.2+2.0)x10™ " 623
(8.1x1.5)x107 13 677
(7.6+1.4)x107" 723
(9.1x2.5)x10™ " 777
Reviews and Evaluations
ky=2.2%10"" exp(600/T) 230-420 Wallington er al., 1992% (e)
ky=1.9%X 10" exp(980/T) 230420
ky=2.3% 107" exp(600/T) 230-420 NASA. 1997° (0
ky=1.7x10"* exp(1000/T) [M] 230-420
k,=2.2X10"" exp(600/T) 230-420 IUPAC. 1997" (g)
ks=1.9%10"* exp(980/T) [N,] 230-420
Comments recommendation for k. was based on the work of
) HO- radicals w itored b lecul dulati Sander er al.." Simonaitis and Heicklen.® Kircher and
(a - radicals were momtgre y molecular modu auon\ Sander.* and Kurylo et al.’
spectrometry. The data cited refer to a total pressnre of (¢)  See Comments on Preferred Values.
I bar and absence of H,O.
(b)  HO- radicals were monitored by diode laser spectros-
copy Prescure =9-27 mhar (7-20 Tarr} of Os.
(c)  Pressure range was 0.133-0.933 bar (100--700 Torr) of
Ar and N.. Enhancement of k by added water was Preferred Values
ohser\'e(‘i. in a linear fashion m(.iependent of the prfes— k|~ 1.6 10" e’ nolecule ™! 57! at 298 K.
sure of other gascs.waccordmg to the equation ky=5.2%107% [Na] em® molecule ™! 57! at 298 K.
kap =k X (1= L4X 1071 exp(2200/T) [H,O]). ka=45%x107%[05] em® molecule ™" 57 at 298 K.
(d)  Total pressure range was 0.033~1.01 bar (25-760 by =2.2% 1071 exp600/T) em™ molecnle ™! <71 aver the
Torri. temperature range 230-420 K.
fe)  Recommendation was based on a wide range of pub- ~=1.9x107" expt98O/T) [N:] em™ molecule gt
lished data. including those cited here. over the temperature range 230-420 K|
(f)  Expression for k; was based on the results of Cox and In the presence of H-O the expressions for k) and 4,

} 2 . 1

Burrows.! Thrush and Tvndall.™"" Kircher and Sander.
o < )

Sander.'~ Kurvlo er af..” and Takacs and Howard.” The

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

should be multiplied by the factor }1 = 142107 [H.0]

e

Apl2200/Th Y. where [H-0O1 i~ in molecule em ™ units.
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Reliability
Alog k;=Alog k,=0.15 at 298 K.
A(E,/R)=*+200 K.

A(E,/R)= %300 K.

Comments on Preferred Values

The preferred values given here are identical with the val-
ues derived by Kircher and Sander’ and also recommended
in the review by Wallington et al.® which we adopted in our
previous evaluation, IUPAC, 1997.'0

At temperatures close to 298 K, the reaction procecds by
two channels, one bimolecular and the other termolecular.
The preferred values for k| are based on the work of Cox and
Burrows,' Thrush and Tyndall,” Kircher and Sander,* Kurylo
et al.,” Takacs and Howard,® and Lightfoot et al.” The work
of Kurylo ez al.> and of Lightfoot e al.” has confirmed quan-
titatively the effects of pressure previously observed by Si-
monaitis and Heicklen’ and Kircher and Sander.* The recom-
mendations for k, are based on the work of Kircher and
Sander* and Kurylo ef al.,’ with the temperature coefficient
of k being taken from Kircher and Sander* and Lightfoot
etal” At higher temperatures, T>600 K, Hippler ef al.'
and Lightfoot ef al.” observe a sharp change in the tempera-
ture coefficient with upward curvature of the Arrhentus plot.

The marked effect of water on this reaction was estab-
lished in the work of Lii er al.’® and Kircher and Sander.*
The recommended multiplying factor for &k, and k, in the
presence of water is based on these two studies.*'"”

Mozurkewich and Benson'® have considered the HO,
+ HO, reaction theoretically and conclude that the negative
temperature dependence, the pressure dependence, and the
observed isotope effects can most reasonably be explained in
terms of a cyclic hydrogen bonded, H,OHO,, intermediate to
alternative structures suggested by others.

1371

Sahetchian er al."’ reported the formation of H, (~ 10% at
500 K) in the reaction system but this is contrary to earlier
evidence of Baldwin ez al.'® and the more recent and careful
study of Stephens et al.,'® who find less than 0.01 fractional
contribution from the channel leading to H, + 20,. Keyser -
et al.®® have measured a yield of O,(b 12;’) of <3x1072
per HO, consumed.
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H02 + 03—‘ HO + 202

AH?=—118 kJ-mol ™'

Rate coefficient data

kfem® molecule ™! ¢7 Temp./K

Reference Technique/Comments

Absolute Rate Coefficients

14X 107 exp[ 1580 = 100/T] AS-365
20x107 " 298
1.8 107 ™ exp[—(680= 148¢/T] 233400
IREIRIEA 233-2353
BICEVRIES (R 298
Reviews and Evaluarions
L0 expt=300/T) 240-400
b4 <107 expo=600/T) 230-330

Zahniser and Howard. 1980! DF LMR
Wang, Suto. and Lee. 19887 DF (a)
NASA. 1997 ih)
[UPAC. 1997° ()
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Comments

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

(b) Based on the work of Zahniser and Howard,! Manza-
nares et al.,’ Sinha et al..’ and Wang ef al.’

(c) See Comments on Preferred Values.

Preferred Values

k=2.0x10"" cm® molecule™ s7! at 298 K.
k=14X10""" exp(—600/T) cm® molecule™ s™' over
the temperature range 250-350 K.

Reliability
Alog k=*+0.2 at 298 K.
A(EIRy=13%K

Comments on Preferred Values

A number of studies'*>® are in close agreement on the
value of k at 298 K, but there is some divergence concerning
the temperature coefficient of k. The studies of Sinha er al.°
and Wang et al.? both agree that k exhibits non-Arrhenius
behavior, apparently approaching a constant value, of ap-
proximately 1X107" cm® molecule™" s™! at 7<250 K.
There are experimental difficulties in working at these tem-
peratures and this finding™® is not incorporated in our recom-
mendartion without further confirmation. At higher tempera-

ATKINSON ET AL.

ture the results from these two studies>® also diverge, giving
valucs of k diffcring by ncarly a factor of 2 at 400 K. We
therefore limit the temperature range of our recommendation
to T<350 K until this discrepancy is resolved.

The preferred values for the range 250-350 K are based
on the results of Zahniser and Howard' and Wang er al.? For
modeling at temperatures in the range 200-250 K a value of
k=1.2X10"" cm?® molecule ™" s™' should be used. The pre-
ferred values are identical to those in our previous evalua-
tion, IUPAC, 1997.*

Isotopic exchange studies’ of the reaction between H'®0,
and O3 show that at room remperatures the reaction proceeds
almost exclusively by H atom transfer rather than by transfer
of an oxygen atom. Moreover there is little change in this
finding with temperature over the range 226-355 K.’ indi-
cating that any curvature on the Arrhenius plot cannot be due
to competition between these two reaction paths.
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H,O + hv — products

Primary photochemical transitions

Reactions

AH?/kJ-mol ™! A threshold/ M
H.O + hv — H, + OCPY (1} 91.0 243
— H + HO (2) 199.1 239
— H,+0('D1 13 680.7 176

Absorption cross-section data

Wavelength range/nm Reference Comments .
176-185 Watanabe and Zelikoft, 1933 ta)
85198 Thompson. Harteck. and Reeves. 1963° (h)
175-185 Laufer and McNesby. 19637 (!
175182 Schurgers and Welge. 1968* (d)
Quantum yield data

Measurement Wavelength range/nm Reference Comments
b= 0.003 174 Chou. Lo, and Rowland. 19747 (e}

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Comments

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

Water vapor has a continuous spectrum between 175 and
190 nm, and the cross-section decreases rapidly towards
longer wavelengths. The cross-section data from four
studies!™ are in reasonable agreement. None of these studies

report numerical data. The preferred values of the absorption

Static system double beam spectrophotometer used . .
o . Y P P cross-section are taken from the review of Hudson,® and
with a 10 cm pathlength. H,O pressure was 27 mbar o .
. - were obtained by drawing a smooth curve through the data
(20 Torr). No details of pressure measurement or reso- . | 2
. . . ) of Watanabe and Zelikoff,” Thompson et al..” and Schurgers
lution were given. Only graphical presentation of data. and Welge.*
¢} Static system. H,O was determined by pressure mea- ge.
L : On the basis of the nature of the spectrum and the results
surement. 0.5 m grating monochromator, with a 0.66 5 . L
. . . of Chou et al.” on the photolysis of HTO, it is assumed that
nm bandwidth. Only graphical presentation of data. : . . .
. . . over the wavelength region 175-190 nm reaction (2) is the
(d) Flowing system. H,O was determined using a mem- . 7
. . . only primary process and that ¢,=1.0.
brane manometer. 0.5 m grating monochromator, with ) : e ] . )
0.25 nm bandwidth. Only graphical presentation of These recommendations are 1§lcnu&.al to those in our pre-
) ’ vious evaluation, [UPAC, 1997.
data.
(¢} Photolysis involved HTO. It was shown that the de-
composition. path is almost entirely via the reactions
HTO + hv — H + OT and HTO + hv — T + HO,
with =<0.003 of the molecules decomposing via the
reaction HTO + Av — HT + O.
Preferred Values
- = References
A/nm 10~ a/fcm” &
175.5 263 1.0 'K. Watanabe and M. Zelikoff. J. Opt. Soc. Am. 43, 753 (1953).
177.5 185 1.0 B. A. Thompson, P. Harteck, and R. R. Reeves, J. Geophys. Res. 68, 6431
180.0 78 1.0 (1963).
182.5 23 1.0 *A. H. Laufer and J. R. McNesby. Can. J. Chem. 43, 3487 (1965).
185.0 5.5 1.0 iM. Schurgers and K. H. Welge. Z. Naturforsch. 23. 1508 (1968).
186.0 3.1 1.0 “C. C. Chou.J. G. Lo, and F. S. Rowland, J. Chem. Phys. 60. 1208 (1974).
1875 16 10 °R.D. Hudson. Can J. Chem. 52. 1465 (1974).
189.3 0.70 R. S. Dixon. Radiat. Res. Rev. 2. 237 (1970).
*IUPAC. Supplement V. 1997 (see references in Introduction).
H,0, + hv — products
Primary photochemical processes
Reactions AH?/k]-mol ™! P
H.0. = htr — HO = HO (h 215 557
— H-0 = 0c'Dr 2 333 359
— H - HO- i3 369 324
— HO - HOUX 1t 606 197
I Phua Chem Ref Data \/al 24 Na A 1QQ7
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Quantum yield data

(= + byt byt by

Wavelength
Measurement Range/nm Reference Comments
$y=0.12 193 Gerlach—~Meyer et al., 1987 (a)
¢, =104%0.18 248 Vaghjiani and Ravishankara, 19907 ®)
$<0.002 248
$,<0.0002 248
& =1.01%0.17 222 Vaghijiani er al., 1992° (©)
&,<0.002 222
¢3=0.024%0.012 222
&, =0.16£0.04 193
$;=0.79=0.12 248 Schiffman, Nelson, and Nesbitt, 1993* (d)
Comments Preferred Values
(a) Pulsed laser photolysis of H,0, with H atom detection Absorption cross-sections at 298 K
by laser-induced fluorescence.
(b) Puised photolysis of flowing mixtures of H,0,— - 102 ofem ) Nam 100 glem &,
H,0-N, (or He) and of 03~H,0-N, (or He) at 298 K.
R . 190 67.2 275 2.6 1.0
H,0, and O, were determined by UV absorption at 105 S6.3 280 2.0 10
213.9 nm or 228.8 nm. Quantum yield of HO radical 200 415 285 L5 10
. . 205 40.8 290 1.2 1.0
formation from H,;0,~H,0 mixture was measured 5 357 295 0.90 10
relative to that from O,—H,O mixture. These relative 215 30.7 300 0.68 1.0
: : . 120 2538 1.0 305 0.51 1.0
yields were placed on an absolute basis using the 225 217 L0 310 0.39 10
known quantum yield of HO radical production from 230 18.2 1.0 315 0.29 1.0
: : 235 15.0 1.0 320 0.22 10
the photolysis of O;~H,0 mixtures at 248 nm, taken as by {74 0 395 016 Lo
$(HO)=1.7320.09.>> O and H atom yields were de- 245 10.2 1.0 330 0.13 10
termined by resonance fluorescence. 250 8.3 10 335 0.10 1.0
. . 255 6.7 1.0 340 0.07 1.0
(c) Pulsed laser photolysis of HO,—N, or SF¢ mixtures at 260 53 1.0 345 0.05 10
222 nm and 248 nm. [HO] monitored by LIF. The ?53(5) §§ 18 350 0.04 1.0

quantum yield of HO radical production at 243 nm was
assumed to be 2.0 and the value at 222 nm was deter-
mined from this and the refative HO yiclds at the two
wavelengths. H atom concentrations were monitored
by resonance fluorescence. The quantum yield was de-
termined by reference to CH;SH photolysis at 193 nm.
OC'P) atom formation was investigated using reso-
nance fluorescence but only a very small signal was
detected. possibly due to secondary chemistry.

{d) Pulsed laser photolysis of H O, mixtures. Energy. and
hence number of photons, of laser pulse absorbed de-
termined by calorimetry. HO radical concentrations
were monitored by infrared absorption using a color
center dye laser (2.35-3.40 pm) and interferometer for
wavelength measurement. Absolute HO radical con-

- centrations were obtained using integrated absorption
cross-sections measured in the same laboratory.®

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 19387

Quantum Yields

&, =1.0 for \>230 nm; ¢, =0.85, ¢3=0.15 at 193 nm.
Comments on Preferred Values

There have been no new measurements of the absorption
cross-sections and our recommendations are unchanved from
those in our previous evaluation, IUPAC, 1997.7 The pre-
ferred values are the mean of those determmed by Lin er al.?
Molina and Molina,” Nicovich and Wine,'® and Vaghjiani
and Ravishankara.!! These agree with the earlier values of
Holt ef al.'* The absorption cross- sections have also been
measured at other temperatures by Troe'? (220-290 nm at
600 K and 1100 K) and by Nicovich and Wine'® (760 250
nm. 200-400 K). Both Nicovich and Wine'® and Troe'? have
expressed their results in an. analytical form.

{t has long been assumed that channel (1) is the only sig-
nificant primary photochemical channel at A>200 nm. There
are measurements bv Vaghjiani and Ravishankara® and

Vaghjiani er «l.” at 248 nm and 222 nm which supporr this.
However. measurements at 193 nm by Vaghjiani ef al? show
a decline in the HO radical quantum yield (1.51 relative to an
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assumed value of 2 at 248 nm) with a growth in the H atom
quantum yleld a feature previously observed by Gerlach-
Meyer ef al.' The results of Schiffman er al.* also agree well
with this relative change in HO radical production in going
from 248 nm to 193 nm. However, Schiffman et al.* obtain
much lower absolute values for the quantum yield of HO
radical production than obtained by Vaghjiani and
Ravishankara.*

The evidence therefore indicates that there is a decline in
the relative importance of channel (1) in going from 248 nm
10 193 nm but the point of onset of this decline and its form
arc uncertain. Furthermore, the reason for the difference in
the absolute values of the quantum yield between the studies
of Schiffman er al.* and Vaghjiani and Ravishankara® is un-
clear: further work is urgently required to clarify this. Recent
measurements'? of the translational energy of the H atom
photofragments from 193 nm photolysis of H,O, originate
from the same upper state (A'A) which is responsible for
OH production at longer wavelengths.

We continue to recommend the use of a quantum yield of
2 for HO radical production (¢ =1.0) at A>230 nm.
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4.3. Nitrogen Species

O+ NO+M—NO,+M

AH°=~3006.2 kJ-mol ™"

Low-pressure rate coefficients

Rate coefficient data

ko/em® molecule™ 57! Temp./K Reference Technique/Comments
Absolute Ruu C()e/ﬁ( ients

155X 107 exp [(584= h)/T] [Ns] 217-250 Whytock. Michael, and Payne, 1976' FP-RF (a)

(118=0.15) X 107*'(T/300 ™' ¥ [N,]

88X 107 (173001 "+ [N,] 200-370 Schieferstein, Kohse-Hoinghaus. and Stuhl, 1983° FP-CL (a)
Reviews and Evaluations

9.0 10" “(T/300) ™ [air) 200-370 NASA. 1997¢ (b

LOx 10 772000 PN 200-300 IUPAC. 1997* (c

Comments

tar  NQO, formation detected by NO» chemiluminescence.

(b)  Based on measurements from Ref. 2 and their reanalv-
sts of the data from Ref. |

(¢} See Comments on Preferred Values

Preferred Values

ko= 10X 107" (77300071 [N<] em® molecule ™! 57
over the temperature range 200-300 K.
Reliahility

Alog /\():IOI at 298 K.
An==03.

Comments on Preferred Values

The preferred values are based on data from Refs. 1. 2,
and 5-7. and are identical to those in our previous evalua-
tion. TUPAC. 1997." The full falloff curve has been deter-
mined in the relative rate measurements from Ref. 8. leading
o k,=3x107" (73000 ¢m® molecule™ 57! and
F.=expt—T/1850) t F.=0.85 at 300 K over the temperature
range 200-1500 K.

J. Phys. Chem. Ref. Data, Vol. 26. No. 6, 1997
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AH°=-192.1 kJ-mol ™'

(1975).

O+N02—‘>02+N0

Rate coefficient data

Lt

kfcm® molecule™" s Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(9.12+0.44) x 107 230-339 Davis, Herron, and Huie, 1973' FP-RF
9.3x 10712 296 Slanger, Wood, and Black, 1973* DE-CL (a)
1.05x 1071 240
1.85x 10710 77032 298-1055 Bemand, Clyne, and Watson, 1974° DF (b)
(9.5+1.1)x 10712 298
(1.00%0.10)x 107" 298 Ongstad and Birks, 1984* DF-CL (a)
6.58x 107 1% exp[ (142 23)/T] 224-354 Ongstad and Birks, 1986° DF-CL (a)
(1.03x0.09)x 107" 298
521X 107" exp[ (202 27)/T] 233-357 Geers-Miiller and Stuhl, 1987° PLP-CL (c)
(1.02*0.02)x 107" 301
Reviews and Evaluations
6.5X 1077 exp( 120/T) 220-360 NASA, 19977 (d)
6.5X 107" exp(120/T) 230-350 [UPAC, 1997® (e

Comments

(@) O(C‘P) atoms were monitored by O + NO chemilumi-
nescence.

(b) Two independent detection techniques were used to
follow the reaction. O(*P) atoms were monitored by
resonance fluorescence and {NO,] monitored by mass
spectrometry. The results from the two methods were
in good agreement. The high temperature results
showed appreciable scatter.

(¢)  OCP) atoms were generated by photolysis of NO.
O(*P) monitored by O + NO chemiluminescence. Val-
ues for k(O + N,O,) and k(O + N-Os) were also
estimated from the results.

(d)  Based on the data of Davis er al..' Slanger er al.” Be-
mand ef al..’ Ongstad and Birks." and Geers-Miiller
and Stuhl.®

(¢} See Comments on Preferred Values.

Preferred Values

k=9.7x10 'Fem’ molecule ™! 87 at 298 K.
k=06.5x107"% exp120/T) em’ molecule™ s~
temperature range 220-360 K.

" over the

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Reliability
Alog k==0.06 at 298 K.
A(E/R)y==*120 K.

Comments on Preferred Values

The preferred value at 298 K is the average of the values
reported by Davis et al.,! Slanger et al.’ Bemand et al..}
Ongstad and Birks.* and Geers-Miiller and Stuhl.® The rec-
ommended temperature dependence results from a least-
squares fit to the data of Davis er al..' Ongstad and Birks.”
and Geers-Miiller and Stuhl.% The pre-exponential factor is
adjusted to fit the preferred value at 298 K. The preferred
values are identical to those in our previous evaluation.
IUPAC. 1997.° ’
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O+ NO,+ M — NO; + M

AH°=—208.7 kJ-mol ™'

Low-pressure rate coefficients

Rate coefficient data

ko /em® molecule™! 57! Temp./K Reference Technique/ Comments
Relative Rate Coefficients

(9.2+1)X 1073 [N,] 297 Harker and Johnston, 1973! RR (a)

(8.0 1)X 1073 [N;] 295 Hippler, Schippert, and Troe, 1975 RR (b)
Reviews and Evaluations

9.0x 1073(T/300) ~>° [air] 200-300 NASA, 19973 (c)

9.0X 10733(T7/300) 29 [N,] 200-400 IUPAC, 1997* (d)

Comments Comments on Preferred Values

(a) OC’P) atoms were generated by the photolysis of NO,
in the presence of 1 bar of N,. NO, and N,Os concen-
trations were monitored by IR absorption. The mea-
sured value of k/k(O + NO,) was evaluated with
k(O + NO,)=9.3%10712 ¢m? molecule™! s™!. The
rate coefficient has been reevaluated by increasing the
measured rate coefficient by 10% to account for a 10%
falloff below kg, as measured by Gaedtke er al.’

(b) OC’P) atoms were generated by the photolysis of NO,
at various N, pressures. NO, was monitored by UV
absorption. The measured value of k/k(O + NO,)
was evaluated with k(O + NO,)=9.3x10""? cm’
molecule ™' s™!, taking N,Os reactions and falloff ef-
fects into account.

(c) Based on the recommended values of Ref. 6.

(d) See Comments on Preferred Values.

Preferred Values:

ky=9.0x107% (7/300) "% [N.] cm® molecule™" s7!
over the temperature range 200-400 K.

Reliability
Alog kg==0.10 at 298 K.
An==1.

The preferred value at 298 K is from the relative rate
measurements of Harker and Johnston! and Hippler et al.’
The temperature coefficient is obtained from a simulation by
unimolecular rate theory. Absolute rate measurements are
required. The reaction is in the falloff regime at pressures
near 1 bar. The pressure dependence of the rate coefficient
can be expressed using the falloff expressions given in the
Introduction and employing the extrapolated high pressure
rate constant k.=2.2X10""" cm® molecule™ s7! (esti-
mated to be temperature-independent over the range 200-
400 K) from the relative rate measurements of Ref. 2. Broad-
cning factors of (300 K)=0.8 with an estimnated
temperature dependence of F.=exp(—7/1300) (from simu-
lation by unimolecular rate theory) have to be taken into
account. The choice of F_ influences the values of the ex-
trapolated rate coefficients ko and k... The preferred values
are idJ'entical to those in our previous evaluation, IUPAC,
1997.
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(1975).
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0 + NO; — O, + NO,

AH°=-289.7 kI-mol”’

Rate coefficient data

klcm® molecule™! 57! Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(1.7x0.6)yx 107" 297 Canosa-Mas. Carpenter, and Wayne, 1989 DF-RF/A (a)
Reviews and Evaluations
1.OX 107" 290-330 NASA, 1997* (b)
L7x 1071 298 IUPAC, 19973 " ()
Comments Comments on Preferred Values
. . The preferred value is that reported by Canosa-Mas er al.,'
(a) [O(*P)] monitored by RF, [NO,] by absorption at 662 hep . P Y ra L
: h _ 17 i which is the only direct measurement of the rate coefficient.
nm using o~ 1.9X107"" cm” molecule™'. Excess of

The earlier relative value of Graham and Johnston® is con-
sistent with the preferred value, taking into account the ex-
perimental uncertainties. The temperature dependence is
probably near zero, by aunalogy with the reactivn of OC'P)
atoms with NO,. The preferred value is identical to that in
our previous evaluation, [UPAC, 1997.%

[NO;] over [O] was not sufficient to give purely first-
order kinetics. Analysis of the data took account of this
and of the possibility of other interfering reactions.
(b) Based on the study of Graham and Johnston.*
{c) See Comments on Preferred Values.

Preferred Values References

k=1.7x10"" c¢m® molecule™ s™! at 298 K. 'C. E. Canosa-Mas, P. J. Carpenter, and R. P. Wayne, J. Chem. Soc. Far-
aday Trans. 2 85, 697 (1989).
R 2NASA Evaluation No. 12, 1997 (see references in Introduction}).
Reliabiliry *JUPAC. Supplement V, 1997 (see references in Introduction).
Alog k=*0.3 at 298 K. *R. A. Graham and H. S. Johnston, J. Phys. Chem. 82, 254 (1978).

O('D) + N, + M — N,O + M

AH®=—1356.9 kJ-mol ™'

Low-pressure rate coefficients

Rate coefficient data

ko /em® molecule ' < Temp./K Reference Technique/Comments

Absoluie Rare Coctlicients

28% 107N, 300 Guedike er al.. 1973 (a)
6.5<10 7 [N.) 296 Kajimoto and Cvetanovic. 1976° (b)
(88233 10T NG 298 Matit aud Burrows. 19927 i<l

Reviews and Evalnarions

33107000 T Lair 200-300 NASA. 1997 (d
Comments formation was measured relative to O3 consumption
and analyzed in terms of the ratio &/A[O('D) + Oy

{a)  Steadv-state photolysis of O:=0» mixtures at 260 nm

— 20,
in the presence of [-200 bar of N The rate of N-O 20:].

J. Phys. Chem. Ref. Data, Vol. 26, No. 6. 1997
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(b) See comment (a), measurements between 25 and 115
bar.

(¢} Steady-state photolysis of synthetic air at 185 and 254
nm.

(d) Based on the results of Ref. 2 and a theoretical analysis
of the temperature dependence. The cited value is in
disagreement with the data from Ref. 2.

Preferred Values

ko=9x107%" [N,] cm® molecule™' s~' at 298 K.
Alog kg==*0.5 at 298 K.

Comments on Preferred Values
The slow rate of the reaction, in competition with the fast
electronic quenching reaction O(‘D) + N, — O(3P) + N,,

1379

makes the measurement of the N,O yield a difficult task. The
differences between the three studies'™ reflect this experi-
mental problem. We prefer the measurement of Maric and
Burrows® which is consistent with Ref. 2. A theoretical
analysis should be made in relation to the thermal decompo-
sition of N,O — N, + O(*P) in the low- and high-pressure
ranges.

References

"H. Gaedtke, K. Glanzer, H. Hippler, K. Luther, and J. Troe, /4th lnterna-
tional Symposium on Combustion (The Combustion Institute, Pittsburgh.
1973), p. 295.

0. Kajimoto and R. J. Cvetanovic, J. Chem. Phys. 64, 1005 (1976).

*D. Maric and J. P. Burrows. J. Photochem. Photobiol. A 66. 291 (1992).

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

O('D) + N, — OCP) + N,

AH°=-189.7 kl-mol !

Rate coefficient data

k/cm® molecule™! s7* Temp./K

Reference Technique/ Comments

Absolute Rate Coefficients

2.0x 107" exp[(107=8)/T] 104354

(2.8+0.6)x 107! 300

(24+0.1yx 107" 295

(2.77%0.40)x 107" 298

(252+0.25)x 107" 297
Relative Rate Coefficients

(2.6=0.3)x 107" 296
Reviews and Evaluations

1.8X 107" exp(110/T) 100-350

1.8X 107! exp( 107/T) 200-350

Streit et al.. 1976 PLP (a)
Amimoto et al., 1979° PLP-RA (b)
Brock and Watson, 1980° PLP-RF (b)
Wine and Ravishankara, 1981* PLP-RF (b)
Shi and Barker. 1990° ()
NASA. 1997° (d)
IUPAC. 1997’ te)

Comments

fa)  O('D) atoms were monitored by time-resolved detec-
tion of O('D) — O(*P) emission.

(b} O('P) atom product monitored.

(¢} The Kinetics of deactivation of O-('S ) were studied
by time-resolved emission from Ol ’\_":) produced by
the reaction of O('D) atoms with O, féllowing pulsed
laser photolysis of O;. The cffect of N> (and other
quenchers) on the initial fluorescence intensity gave the
rate coefficient for O('D) deactivation relative to that
for O». The rate coefficient for the reaction of O('D)
with O, (this evaluation) is used to obtain 4.

(d) Based on the data of Streit er al..' Amimoto er al..”
Brock and Watson.” Wine and Ravishankara.* and Shi
and Barker.”

te)  See Comments on Preferred Values.

Preferred Values

k=2.6x10"" cm® molecule™ s7' at 298 K.
k=1.8x10"" exp(107/T) em® molecule ™ 57" over the
temperature range 100-350 K.

Reliability
Alog k==0.1 at 298 K..
A(E/Ry==100 K.

Comments on Preferred Values

The preferred value at 298 K is the average of the results
of Streit ¢r al..! Amimoto er al..* Brock and Watson.” Wine
and Ravishankara.” and Shi and Barker.” The temperature
dependence of Streit er al.’ is accepted and the pre-
exponential factor is adjusted to fit the value of & at 298 K.
The preferred values are identical to those in our previous
evaluation. IUPAC. 1997.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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o('D) + N,O S N, + 0, 1)
— 2NO (2)
—0(P) + N,O (3)

AH®(1)=-521.0 kJ-mol™!
AH°(2)=—340.4 kJ-mol~'
AH°(3)=—189.7 kJ-mol™"

Rate coefficient data (k=k;+ k,+ k3)

k/em® molecule™! 57! Temp./K Reference Technique/ Comments
Absolute Rate Coefficients
(1.1+0.2)x 10710 204-359 Davidson et al., 1977 PLP (a)
(1.20x0.1)x 107" 295 Amimoto et al., 1979* PLP-RA (b)
(1.17£0.12)x 10710 298 Wine and Ravishankara, 19813 PLP-RF (b)
Branching Ratios
ky 1k=0.62%+0.02 298 Marx, Bahe, and Schurath, 1979* P-GC/CL
k,1k=0.62x0.09 177-296 Lam et al., 1981° P-CL
k,/k=0.61%£0.08 296 Cantrell, Shetter, and Calvert, 1994° (¢)
Reviews and Evaluations
ky=4.9x107" 200-350 NASA, 1997 . @
ka=6.7x107 " 200-350
ky=4.4x107" 200-350 [UPAC, 19978 (e)
ky=7.2x107" 200-350
ky<1Xx1071* 200-350
Comments ky=7.2x 107" cm® molecule™! 5!, independent of tem-

(@) O('D) atoms were monitored by time-resolved detec-
tion of O('D) » O(’P) emission.

{b) OC'P) atom product monitored.

(c) Static photolysis of N.O~O; mixtures at A>240 nm
with product analysis by FTIR spectroscopy. The
amount of NO formed in reaction (2) was determined
from the yield of HNO; formed by total oxidation and
hydration of NO, products. corrected for losses to the
wall. The value of k. /k obtained from the experimen-
tal data was 0.57=0.08: the value given in the table
was obtained by averaging the experimental value with
sclected literature data.

(d) Based on the measurements of Davidson er al.'’
Amimoto e¢f al..” Wine and Ravishankara.® Volltrauer
et al..'’ Marx et al* and Lam et al.”

(e} See Comments on Preferred Values.

Preferred Values

ky=44x10"" em® molecule™ 7'\ independent of tem-
perature over the range 200-350 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

perature over the range 200-350 K.
k,<IlX 1072 ¢m® molecule ™! 571, independent of tem-
perature over the range 200-350 K.

Reliability
Alog ky=Alog k»==*0.1 at 298 K.
AE,/R)=(E,/R)==100 K.

Comments on Preferred Values

The data and recommendation for the branching ratio at
room temperature of k»/k=0.6120.08 given by Cantrell
et al.® are in complete accord with the earlier results of Marx
et al* and Lam er al.” The overall rate coefficient values at
room temperature are the average of the results of Davidson
et al.. Amimoto er al..” and Wine and Ravishankara.” all of
which are in close agreement. The temperature independence
reported by Davidson er al.' is accepted. The preferred val-
ues are identical to those in our previous evaluation. [UPAC,
1997.%
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HO + NH3 - H20 + NHZ

AH?>=—-66.5 kJ-mol™'

Rate coefficient data

k/cm® molecule™! s7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(1.5x04)x10° " 298 Stuhl, 1973! FP-RF
23X 1072 exp(— 800/T) 228-472 Smith and Zellner, 1975° FP-RA
1.57x107 12 298
293X 107! exp[ — (860= 150)/T] 298-427 Perry, Atkinson, and Pitts, 1979° FP-RE
(1.64£0.16)x 1071 298
541X 107" exp[ — (1070 70)/T) 294-1075 Silver and Kolb, 1980* DF-RF
(1.4420.29)x 107 ¥ 294
1.55% 107" exp[ — (973£78)/T} 297-364 Stephens, 1984° DF-RF
(L73x0.11)x 1071 297
3.29% 107 "% exp[ — (922 100)/T) 273-433 Diau, Tso, and Lee, 1990° PLP-FP (a)
(1.47=0.07)x 1071 297
Reviews and Evaluations .
1.7% 107" exp( — 710/T) 220-300 NASA. 1997’ (b)
35X 107" exp(—925/T) 230-450 IUPAC, 1997 . (c)

Comments

(a) Pulsed laser photolysis and conventional flash photoly-
sis of H,O and H,0, used as source of HO radicals.
The total pressure was varied over the range 0.091—
0.672 bar (68-504 Torr).

(b) Based on the results of Stuhl.! Smith and Zellner,’
Perry eral..’ Silver and Kolb.* Stephens.” and Diau
et al.® Only data below 300 K were used for the tem-
perature dependence of k.

(¢} See Comments on Preferred Values.

Preferred Values

k=1.6x10"" ¢cm® molecule™ s~ ! ar 298 K.
c=33X 107" expt—925/T) em’ molecule™ s over
the temperature range 230-450 K.

Reliabiliry
Alog k==0.1 at 298 K.
ACE/RY==200 K.

Comments on Preferred Values

The preferred values are obtained from a least squares fit
to the data of Stuhl,! Smith and Zellner,” Perry et al.}?
Stephens,” Diau er al..’ and the data of Silver and Kolb*
below 450 K. The relative rate measurement of k/k(HO
+ HONO) by Cox er al.® at 298 K is in good agreement with
the preferred values when the value of k(HO + HONO)
from this review is used. Results from other low temperature
studies'®~'* are well outside the error limits obtained from
the six direct studies cited' ™ and are not used in this evalu-
ation.

There are numerous high temperature studies which, to-
gether with the studies cited here, indicate a distinct curva-
ture on the Arrhenius plot.'* but the simple Arrhenius ex-
pression given here as the preferred expression for k is
sufficiently precise over the temperature range cited. The
curvature of the Arrhenius plot is also responsible for the
differences between the preferred expressions in the NASA’
and TUPAC® evaluations since different temperature ranges
are considered. The preferred values are identical to those in
our previous evaluation. [UPAC. 19973
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HO + HONO — H,0 + NO,

AH°=-1684 kl-mol™!

Rate coefficient data

k/em® molecule ™" 57! Temp./K

Reference Technique/Comments

Absolute Rate Coefficients

1.80% 107" exp [ —(390=80)/T} 278-342

(45+1.5)x107 " 297

28X 107" exp[(260= 140)/T] 298-373

(7.050.26)% 1072 298
Relative Rate Coefficients

(6.3+£0.3)x 10712 : 206
Reviews and Evaluations

1.8% 107" exp( — 390/T) 270-350

27X 107" exp( 260/T) 250-400

Jenkin and Cox. 1987" MM-RA
Burkholder et al.. 1992° PLP-LIF (a)
Cox, Derwent, and Holt, 1076° (b)
NASA. 1997 (c)
IUPAC. 1997° (d)

Comments

(a) HO radicals were monitored by LIF with HONO in
excess. [HONO] and [NO-.] were also monitored using
in situ diode-array spectroscopy.

(b}  Photolysis of HONO in the presence of added H,,
CH,. CO,. CO. and NO at a total pressure of | bar. A
value of k/A(HO+H.)=945*+48 was obtained. The
value of k given here is calculated using A(HO + H-)
=6.7x 107" em® molecule™ 57! (this evaluation).

{c) Based on the study of Jenkin and Cox.’

(d)  See Comments on Preferred Values.

Preferred Values

k=06.5%10 " cm® molecule ™ <7 298 K.
k=27X107"7 exp6/T) em’™ molecule ™" 57!
temperature range 290-380 K.

over the

Reliubility
Alog k==0.15 a1 298 K.
ME/Ry= =260 K.

J. Phys. Chem. Ref. Data, Vol. 26. No. 6. 1997

Comments on Preferved Values

There are significant differences between the two direct
studies of Jenkin and Cox' and Burkholder er al..” particu-
larly with respect to the temperature dependence of k. The
work of Burkholder er al.” has substantially better precision
than that of Jenkin and Cox' and also receives support from
the relative rate study of Cox er al* Furthermore. the small
negative tempceraturc dependence of & found by Burkholder
et al.? is consistent with that observed for the analogous re-
action of HO radicals with HONO,. ’

The preferred value of k at 298 K is a weighted average of
the values of Jenkin and Cox.' Burkholder er al..”* and Cox
et al.’ The temperature dependence of k is that given by
Burkholder er al.® with the pre-exponential factor chosen to
fit the preferred value of & at 298 K. The preferred values are
identical to those in our previous evaluation. [UPAC. 19977
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HO + HONO, — H,0 + NO, 1)
— [H;NO4] — H,0 + NO;  (2)
AH°=—72.4 kJ-mol™!
Rate coefficient data (k=k,+k3)
k/cm® molecule™ cm™' Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(89%1.3)x10™" 270-470 Margitan, Kaufman, and Anderson, 1975 DF-RF (a)
1.52x 10~ exp[(649= 69)/T] 224-366 Wine er al., 19817 FP-RF
(1.25+0.05)x 1071 298 -
(1.25+0.13)x 10713 298 Ravishankara, Eisele, and Wine, 1982* PLP-RA (b)
5.7x 1071 exp[ (896 % 145)/T] 228-298 Margitan and Watson, 1982} FP-RF (¢}
(1.19£0.12) X 10713 298
1.05X 10~ ™ exp[ (759 100)/T] - 225-296 Kurylo, Cornett, and Murphy, 1982° FP-RF (d)
(1.38+0.20)x 1071 296
7.3% 107" exp[(867=85)/T] 251-403 Jourdain, Poulet, and Le Bras. 1982° DF-EPR (¢)
(1.25+0.07)X 107" 296
1.52X 107 exp[ (644 = 79)/T] 218-363 Marinelli and Johnston, 19827 FP-RF (f)
(1.31x0.24)x 107" 298
8.3 10715 exp[ (850 40)/T] 240-370 Smith er al., 1984° FP-RF (g)
(1.36%0.04)x 10713 295
54X 107" exp(843/T) 253-295 Devolder er al., 1984° DE-RF (h)
(9.3x1.0)x107" 295
2.0X 107" exp[ (430 60)/T1] 237-404 Connell and Howard, 1985'° DF-LMR
(84%12)x10™ ™ 301
(1.26+0.11)x 10713 298 Jolly, Paraskevopoulos, and Singleton, 1985'! PLP-RA (i)
(1.28+0.10)x 10713 297 Stachnik, Molina, and Molina, 1986 PLP-RA (j)
Reviews and Evaluations
See Comment 200-300 NASA, 1997' (k)
See Comment 220-300 IUPAC. 1997" (k)

{b)

(¢)

Comments

The value given is the mean of the rate coellicients
measured at 295, 420, and 465 K. A slightly higher
value obtained at 272 K was considered by the authors
to be less reliable.

The value of k tabulated is at 67 mbar (50 Torr) Ar: k
was also measured at 80 mbar (60 Torr) SF, and at 251
K. The reaction stoichiometry was measured by moni-
toring NO; radical production using optical absorption
at 662 nm and using the initial [HOJ value. The figures
given for the stoichiometry have since been revised as
a result of a remeasurement of the absorption coeffi-
cient of NO;.]S The new values are 0.85 at 298 K and
0.88 at 251 K for [NO;] yroducedTHO Loncumed -

k was found to depend on both temperature and pres-
sure. A was reported to increase by 10% from 27 to 133
mbar (20-100 Torr} He at 298 K and by 40% over the
same range at 238 K. The Arrhenius expression tabu-
lated is a least squares fit to the data for 53 mbar (40
Torr) He over the temperature range 228-298 K. Sig-
nificant nonlinear Arrhenius behavior was observed
above 298 K at each value of the total pressure. & was
also determined at 27 mbar (20 Torrt He and 133 mbar

(100 Torr) He. For the linear portion of the Arrhenius
plots (at or below 298 K) the following values of E/R
are derived: —735 K (27 mbar He) and -1000 K (133
mbar He). The authors made linear extrapolations to
zero pressure and reported an £/R value of —700 K for
data at or below 298 K.

k was studied over the temperature range 225-443 K
and over the pressure range 40-67 mbar (30-50 Torr)
of Ar and of SF4. k& was observed to exhibit significant
nonlinear Arrhenius behavior above 296 K. with no
dependence on total pressure.

Pressure ~ 1.3 mbar (1 Torr). & was reported to exhibit
linear Arrhenius behavior over the entire temperature
range but a greater temperature dependence
(E/R=—1119 K) is derived using only data at or be-
low 298 K. The NOs radicals produced were measured
by adding excess NO and monitoring its removal
by EPR. The stoichiometry so obtained
[\Ol l prnduccd/[HO]mn\umcd =1.03=0.05.

Pressure of 13-67 mbar (10-50 Torr) Ar. & was re-
ported to exhibit lincar Arrhenius behavior over the
entire temperature range. but a greater temperature de-
pendence (E/R=—0697 K) is derived using only data
at and below 298 K.

was

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997



1384

(g) The pressure was varied from 0.067 to 1.01 bar (50—
760 Torr) He, with no observed effect on the value of
k. Linear Arrhenius behavior was observed.

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

(i)  The value given is for pressures of 1.3-21 mbar (1-16
Torr) HNO;. Experiments were also carried out in the
presence of 0.667 bar (500 Torr) N, and 0.800 bar (600
Torr) SFg. After corrections for the contribution of the
reaction HO + NO, + M were made, no significant
cffect of total pressurc on k& was obscrved.

(j) Measurements were made at 0.013, 0.080, and 0.973
bar (10, 60, and 730 Torr) He, N,, and SF¢. NO, was
determined to be less than 0.1%. The data were fitted to
the fall-off function given in Lamb er al.’® The ex-
trapolated zero-pressure rate constant corresponds to
E/R=-T10 K.

(k) Based on the data in Refs. 1-12. See Comments on
Preferred Values.

Preferred Vaiues

k=1.5%10""* cm® molecule™ s7! at 298 K and 1 bar.
See Comments on Preferred Values for the expression to
be used under other conditions of temperature and pressure.

Reliability

Alog k==0.1 at 298 K.

Similar error limits apply to values of & at other tempera-
tures and pressures over the range 200-300 K.

Comments on Preferred Values

The data have been carefully assessed by the NASA
Panel.'* and their recommendations and analysis are adopted
in this evaluation. There is now general agreement on the
following major features of the data for k: (a) a clear nega-
tive temperature dependence below room temperature with a
much weaker temperature dependence above room tempera-
ture which appears to level off near 500 K: (b) a small but
measurable pressure dependence at room temperature which
increases at low temperatures. The pressure dependence has
been determined by Margitan and Watson™ over the range
27-133 mbar (20~100 Torr) at temperatures of 225-298 K
and by Stachnik er «l.'* for the range 0.013 0.973 bar (10~
730 Torr) at 297 K and 248 K. The two studies are in excel-
lent agreement and show that the high pressure limit is about
50¢ greater than the low pressure limit at 298 K and ap-
proximately a factor of 2 greater than the low pressure value
ar 240 K.

Lamb er af." have proposed a mechanism involving for-
mation of a bound. relatively long-lived. intermediate com-
plex tchannel 2y as well as the direct reaction tchannel 1.

J. Phys. Chem. Ret. Data. Vol. 26, No. 6, 199/
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This mechanism gives a rate coefficient which combines a
low pressure limiting rate constant, &, and a Lindemann-
Hinshelwood expression for the pressure dependence. This
mechanism has been used by the NASA Panel’ to fit the
available data and their expression' is adopted. The overall
rate constant can be expressed as:

k=k(T)+ko(M,T)

where, ko(M,T)=k; [MY/(1+k; [MVk,).

The expressions for the elementary rate constants are:

k,=7.2X10"" exp(785/T) cm® molecule™! 57!

k3=1.9X 1073 exp(725/T) ecm® molecule™ s~

ky=4.1X 10710 exp(1440/T) cm® molecule ™! 57!

All expressions are valid over the temperature range 200—
300 K.

This expression has been used to calculate the preferred
value at 298 K and a pressure of 1 bar. A more detailed
discussion of the reaction is given in the NASA, 1997
evaluation.'? The preferred values are identical to those in
our previous evaluation, [UPAC, 1997."*

There is no evidence for products other than NO, and
H,O. Studies of the reaction stoichiometry have given values
of 0.85%" and 1.03.% Bossard er al.'” and Singleton et al.'®
have reported a pressure and temperature dependence, re-
spectively, of the rate coefficient of the related reaction DO
+ DNO,.
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HO + HO,NO, — H,0 + O, + NO, (1)
— Hy0z + NO, (2)
i~ 191 i -mol™’
AH 2= ~45 KT -mol ™'
Rate coefficient data (k = k; + k)
i/em® molecule”™ Temp./K ] Reference Technique/Comments
sbiolute Rate Coefficients
(30x1.6)X107" 246124 Trevor, Black. and Barker. 1982 FP-RF (a)
5.9 10 expl{650:30)/T) 240-340 Swmith ef al.. 1984° FP-RF (b)
(5.24%0.19) X 107" 295
Relative Rate Coefficients
15,55 1.4% 107 268295 Bames ¢1 al., 1986° (c)
Reviews and Evaluations
1.3% 107" exp(380/T) 240-340 NASA. 1997¢ @
1.5% 107 exp(360/7) 240340 TUPAC, 1997° @)

Comments

{a) The rate coefficient was {ndependent of the total pres-
sure over the range 420 mbar (3-15 Torr) He.

(b} The total pressure was 1.01 bar (760 Torr) of He.

(¢} Relative rate study in a 420 L vessel. FTIR was used 1o
monitor the concentration of HO,NO,, and the con-
centrations of the reference Bydrocarbons {CiHg,
#-CyHyg) were monitored by GC. The effect of pres-
sure was studied over the range 1,3-400 mbar (1-300
Torr) of He or Ny The rate coefficient was observed to
be pressure and temperature independent over the
ranges studied. A rate coefficient of k(HO + n-CiHg)
=2.5x 1072 cm® motecule ™t 57! was used and values
of A(11T 1 C3lg), which is pressure dependent. were
taken from Klein er af.® Results from this study super-
sede earlier results obtained vsing similar but less sen-
sitive techniques.’”

(d)  Based on the data of Trevor et al.! Smith et al.? and
Barnes e al.>’

(¢} See Comments on Preferred Values.

Preferred Values

£=5.0x 107" em’ motecute™ 57! a1 298 K.
E=1.5% 107" exp360/7) cm® molecule” 7! over the
\emnperature range 240340 K.

~0.2 at 98 K.
ME/RY= o Ko

Commenis on Preferred Values
The preferred values are based upon & feast-squares fit

the data of Trevor ef af..! Smith ef ¢l and Barnes o al”
Trevar et al.! studied the reaction from 246 10 324 K at Tow

pressures [4-20 mbar (3~15 Torr He)] and recommended a
temperaure-independent rate coefficient but also reported an
Arrheniug expression with E/R={1931194) K. In contrast,
Smith ez a1, reported a negative temperature dependence of
k with EfR=—(650230) K over the range 240-340 ¥ at
1.01 bar (760 Torr) of He. It is possible that this difference is
due to the reaction mechanism being complex, leading lo
different temperature dependences at low and high pressure.
At 220 K. the values of k derived from these studies differ by
a factor of 3 but the recommended error limits on E/R en-
copass the results from both studies.

The most recent study by Barnes et al. is the only one
over an extended pressure range [6.7-400 mbar (5-300
Torr) He at 278 K. They teposted the rawre coefficient 1 be
pressure independent Over this range. and tie same valuc of
% was found at 295 K (low pressure) and at 268 K [133 mbay
{100 Toer) He] They also reported no change with synthetic
air a5 the bulfer wes. A TST ealeutation by Lamh et ol
suggests that the pressure dependence of this rate coefficient
will be much less than that for the corresponding reaction of
HO with HNO;. The preferred values are identical to those
ta aur previous evaluation, [UPAC. 1997 :
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HO + NO + M — HONO + M

AH°=-209.0 kJ-mot ™!

Low-pressure rate coefficients

Rate coefficient data

ky/em® molecule ™" 57 Temp./K

Reference

Technique/ Comments

Absolute Rate Coefficients

(LI=0.1)X 1073 [N,] 293 Burrows. Wallington, and Wayne, 1983! DF-RF
(7.022.0)X 107 (7/300) ' *6=03 [N,] 90-220 Atkinson and Smith, 1994° DE-LIF (a)
8.9x 107 (77298)™*" [N,] 80-301 Sharkey er al., 1994° PLP-LIF (b)
Reviews and E\:(Illla[l'oll.s‘
7.0X 107 (7/300) *° [air] 200-300 NASA, 1997* ()
7.4X 1073 (77300) > [N,] 200-400 [UPAC, 1997° (d)
Comments Preferred Values

(a) HO radicals were generated by a cold cathode dis-
charge and detected by LIF. The experiments were car-
ried out in a supersonic expansion at total pressures
corresponding to 10'°~10'® molecule cm™.

(b) Lxperiments were carried out in a cryogeunically cooled
cell and in a supersonic expansion. At 52 K, rate coef-
ficients have been determined at total gas densities
from 5.1X10'° to 8.2X 10" molecule cm™>.

(c) The recommended value is a weighted average of the
data from Refs. I, 2, and 6-15.

(d) See Comments on Preferred Values.

ko=7.4%x 10731 (77300)"2* [N,] cm?® molecule ™! s~ over
the temperature range 200-400 K.

Reliability
Alog ko==0.10 at 298 K.
An=%0.5.

Comments on Preferred Values

The preferred values are derived following the analysis of
earlier data and measurements of the falloff curve with
M=He from Ref. 16 and other bath gases from Ref. 17.

High-pressure rate coefficients

Rate coefficient data

k. /fem® molecule ™' 57 Temp./K Reference Technique/ Comments
Absolute Rate Coefficients

30x107 298 Zabarnick. 1993 PLP-LIF (a)

KRB ATV 298 Forster et al.. 1995' PLP-LIF (b)
Reviews and Evaluations

36 107 oo 200-300 NASA, 1997* (c)

BRI 200-400 IUPAC. 1997° 1d)

Comments (d)  Based on the preliminary results of Ref. 16.

ta) Falloff extrapolations with M=Ar and SF, at pressures
below 1 bar.

tb1 Measurements in He up to 200 bar using saturated LIF
for detection.

(¢! Based on the data of Anastasi and Smith.”” Sharkey
et al..’ Forster et al.' and Donahue er al.”™

J. Phys. Chem. Ref. Data. Vol. 26, No. 6. 1997
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EVALUATED KINETIC AND PHOTOCHEMICAL DATA 1387

Reliability
Alog k.. =%0.2 over the temperature range 200-400 K.

Comments on Preferred Values

The preferred values are taken from the determination of
the complete falloff curve from Ref. 16 and unpublished ex-
rensions of this work to the range 250-400 K, which gave
n=-03%03. The falloff curve corresponds to
F.=exp(—T7/1420 K) and F, (300 K)=0.81.
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HO + NO, + M — HONO, + M

AH®=-207.6 kJ-mol !

Low-pressure rate coefficients

Rate coefficient data

kylem’ molecule™ ¢! Temp./K

Reference

Technigque/ Comments

Absolute Rate Coefficients
23X 107 (77295)7 %% [N,] 240-430
29X 107" [N,] 296

2.6X 107 (77296) 73 [N-] 220-550

(2.6=0.4) X 107 (773001 [N.] 247-352

(2.720.2)x 107 [N] 295
Reviews und Evaluations

2.5x 107 (77300) ™+ [air] 220-400

2.6 % 107 (7720007 [N,) 200400

Anderson. Margitan. and Kaufman. 1974 DF-RF (a)
Howard and Evenson. 19747 DE-LMR (by
Anastasi and Smith. 1976° FP-RA (c)
Wine. Kreutter. and Ravishankara. 19797 FP-RF (d)
Burrows, Wallington, and Wayne. 1983° DF-RF (¢)
NASA. 1997° (f)
IUPAC. 1997 (g)

Comments

tat The pressure range was 1.3-13 mbar (1-10 Torr).

tby  The pressure range was 0.3-6.7 mbar (0.4—5 Torr).

tc) Bath gas concentrations of (3.2=1601x 10" molecule
em ™ were used.

(d) Bath gas concentrations (5.4-2301x 10" molecule
em” were used. The experiments covered an essential
part of the falloft curve. approuaching the low pressure
limit.

tet The pressure range was 1.3-6.7 mbar ¢1-3 Torr,

tf1 Based on the data from Refs. -3 and 8-10.

tgi Baxed on the data from Refs. -5 and the analysis of
the complete falloff curve from Ret. 11.

Preferred Values

ky=2.6X 107" (77300) > [Ns] em’ molecule ™' s ™! over

the temperawure range 200-300 K.

Reliabiliry
Alog Ay==0.1 at 298 K.
An==0.3,

Comments on Preferred Values

The preferred values are based on the data from Refs. -5,

consistent with the falloft analvsis from Ref. 11, The fulloff

curve Is constructed with the values of £, and £, given

below.
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High-pressure rate coefficients
Rate coefficient data
k./cm® molecule™' s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients
3.5x 107" 297 Wine, Kreutter, and Ravishankara, 1979* FP-RF (a)
=3.0x107" 295 Robertshaw and Smith, 1982° PLP-LIF (b)
7.5% 107" 298 Forster et al., 1995"! PLP-LIF (c)
Reviews and Evaluations
1.6x 107" (77300)~ 200-300 NASA, 1997° (d)
6.7X 107! (T/300)v° 200-400 IUPAC, 19977 (e)
Comments simulation by unimolecular rate theory. The values are con-

(a) See comment (d) for ky. Extrapolation of the falloff
curve with F,=0.70 leads to k. >3.5X10""" cm? mol-

ecule ' s7h
(b) At Ar pressure up to 4 atm and CF, pressure up to 8.6
atm.

(c) Measurements in He were carried out over the range
7.6X10'8-3.6X10?' molecule cm™>.

(d) Based on the data of Refs. 1-5 and 8-10.

(e) Based on a theoretical simulation of the falloff curve
from Ref. 11.

Preferred Values

k. =7.5% 107" (77300) %% cm® molecule™ s7! over the
temperature range 200-400 K.

Reliability
Alog k., ==*0.10 at 298 K.
An==*0.5.

Comments on Preferred Values
The preferred values are based on the measured complete
falloff curve for 300 K from Forster et al.'' and the related

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

sistent with unpublished extensions over the range 270—400
K of the experimental falloff curve from Ref. 11. The falloff
curves are constructed with  broadening factors
F.=exp(—T/340 K) over the range 250-400 K and
F.=0.41 at 300 K.
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HO + NO; — HO, + NO,

AH°=—65.2 kJ-mol™!

Rate coefficient data

k/em® molecule™! s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.6+0.6)x 107" 298 Mellouki, Le Bras, and Poulet, 1988' DF-EPR (a)
(2.0x0.6)x 107" 298 Boodaghians et al., 19882 DEF-RF (b)
(1.2220.35)x 10 1! 298 Becker, Rahman. and Schindler. 19927 DF-RF/MS (¢)
(2.1x1.0)x 107" 297 Mellouki ef al., 1993* DF-LMR (d)
Reviews and Evaluations
22x107" 298 NASA, 1997° (e)
20x107" 298 IUPAC, 1997° ()
Comments Reliabiliry
Alog k=*0.3.

(a) Both [HOJ and [HO,] (after conversion to HO) were
monitored in the presence of excess NO; radicals.
[NO;] was measured by titration with NO or 2,3-
dimethyl-2-butene. A complex kinetics analysis ac-
counting for secondary chemistry was required to ex-
tract values of k.

(b) Measured rate coefficient k was corrected for the ef-
fects of secondary reactions which accelerate the re-
moval of HO radicals.

(c) [HO] was monitored by RF, and [NO;] and [HO,] were
monitored by MS. Identical values of k were obtained
from HO produced by the H + NO, reaction in situ, or
by injection of HO radicals produced from the
H + NO, or F + H,O reactions. A complex analysis
accounting for the secondary chemistry was required to
extract values of k.

(d) [HO].[HO>). and [NO,} were monitored by LMR in an
excess of NO; radicals.

(e} Based on the data of Mellouki et al..' Boodaghians
et al.” Becker er al..’ and Mellouki et al*

(f)  See Comments on Preferred Values.

Preferred Values

L=20% 107" em? molecule ™ s7F at 208 K.

Comments on Preferred Values

The value of k obtained by Becker er al.’ is substantially
lower than the values reported in the other three studies">*
which are in good agreement, although the error limits
quoted are large. In all of the studies it proved necessary to
make extensive corrections for secondary reactions. The pre-
ferred value of k is a simple average of all of the reported
values and is identical to that reported in our previous evalu-
ation, [UPAC, 1997.° '

No measurements have been made of the temperature de-
pendence of k but a small negative value is expected by
analogy with similar reactions.

References

' A. Mellouki. G. Le Bias. and G. Poulel, J. Phys. Chern. 92, 2229 (1988).

“R. B. Boodaghians, C. E. Canosa-Mas, P. J. Carpenter. and R. P. Wayne.
J. Chem. Soc. Faraday Trans. 2 84. 931 (1988).

*E. Becker. M. M. Rahman, and R. N. Schindler. Ber. Bunsenges. Phys.
Chem. 96. 776 {1992).
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Int. J. Chem. Kinet. 25, 25 (1993).
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HO, + NO — NO, + HO

AH°=-324 k] -mol™

Rate coefficient data

k/cm® molecule™ 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
8.1x1.5)x107" 296 Howard and Evenson, 1977} DF-LMR (a)
3.3% 107" exp[(254=501/T) 230-400 Howard, 1979° DE-LMR
8.01x 107" 299
5.7% 1072 exp[(130= 270)/T] : 270-425 Leu, 1979° DF-RF (b)
(9.8%1.6)x 107" 298 .
(1.1£0.3)x 107" 297 Glaschick-Schimpf er al., 1979* DF (c)
(7.6 1.7)x 107" ’ 293 Hack er al., 1980° DE-LMR/EPR (d)
3.57% 107" exp[(226 = 41)/T) 423-1271 Howard, 1980° DF-LMR (e)
7.6x107" 298*
(8.5x1.3)x107"? 297 Jemi-Alade and Thrush, 19907 DF-LMR (f)
3.0% 1071 exp[(290= 30%/7) 206-295 Seeley er al., 1996® DF-MS (g)
(8.0£0.5)x 107" 294
Relative Rate Coefficients
(7.320.7)x 10712 298 Thrush and Wilkinson, 1981° DF-LMR (h)
Reviews and Evaluations
3.5X 107" exp(250/T) 200-430 NASA, 19970 (i)
3.7X 10712 exp(240/7) 230-500 IUPAC, 1997" G

Comments

[HO,] monitored. An upper limit of 4.5X107% ¢m®
molecule™ s™! was established for the rate coefficient
of the potential pressure-dependent third-order channel.
[HO] monitored.

[HO-] monitored in excess NO by emission at 1.43 pm
after energy transfer from O,(')) produced by a mi-
crowave discharge in NO.

[HO-} monitored by both LMR and EPR. The rate co-
efficient was observed to be pressure independent over
the range 2.1-16.7 mbar (1.6~12.5 Torr).

Same technique used as in similar studies' from the
same laboratory. The author combined data with those
from the earlier studies at ower icmpcmlulcsl‘: w de-
rive the expression k=3.51x107"% exp[(240=30/T]
em’ molecule™ 57! for the temperature range 232—
1271 K. The rate coefficient for the reverse reaction
was also measured over the range 452-1115 K and
from the two studies a value of AHJ(HO.)
=(10.5=2.5) kJ mol ™" at 298 K was derived. The
value of & at 298 K tabulated is obtained by extrapola-
tion of the high temperature expression.

[HO-] monitored by LMR. HO radicals scavenged by
reaction with C-F:Cl. & was observed to be indepen-
dent of pressure over the range 1.1-17 mbar (0.8-13
Torry.

Turbulent low technique. High pressure chemical ion-
ization mass spectrometry was used tor the detection of

J. Phys. Chem. Ref. Data. Vol. 26, No. 6. 1997

(h)

(@
Q)

HO,., HO, and NO,. The value of k was observed to
be independent of pressure [93-253 mbar (70-190
Torr) N,] at 294 K.

[HO] and [HO,] were monitored by LMR. Steady-state
[HO] and [HO,] were ineasured in a system wheie
their relative concentrations are described by [HOV
[HO-1=k/k(HO + H-0,). The value of k was calcu-
lated using a rate coefficient of k(HO + H,0,)=1.7
X 107 em® molecule™ s7! (this evaluation).

Based on the data from Refs. {-5 and 7-9.

Based on the data from Refs. 1-3 and 5-7.

Preferred Values

£=8.3% 107" cm® molecule™! 7! at 298 K.

A

k=34x 107" exp(270/T) cm® molecule ™' s™' over the

temperature range 200-400 K.

Reliability
Alog A=220.1 at 298 K.
ACE/RY= =100 K.

Comments on Preferred Values
The preferred value of & at 298 K is the mean of the

determinations of Howard and Evenson.

2 3
' Howard,> Leu,’

Hack ¢r al..” Jemi-Alade and Thrush.” and Seeley et al.® The
temperature  dependence is the mean of the values of
Howard™ and of Seely er al..* which are preferred to the less
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precise value of Leu.’ The pre-exponential factor is adjusted
(o fit the preferred value of k at 298 K.

References

C.J. Howard and K. M. Evenson, Geophys. Res. Lett. 4, 437 (1977).
-C. }. Howard. J. Chem. Phys. 71, 2352 (1979).

‘M.-T. Leu, J. Chem. Phys. 70. 1662 (1979).

‘1. Glaschick-Schimpf, A. Leiss, P. B. Monkhouse, U. Schurath, K. H.
Becker. and E. H. Fink. Chem. Phys. Lett. 67. 318 (1979).

1391

SW. Hack, A. W. Preuss, F. Temps, H. Gg. Wagner, and K. Hoyermann,
Int. J. Chem. Kinet. 12, 851 (1980).

SC. J. Howard. J. Am. Chem. Soc. 102, 6937 (1980).

"A. A. Jemi-Alade and B. A. Thrush, J. Am. Chem. Soc. Faraday Trans.
86. 3355 (1990).

®J. V. Seeley, R. F. Meads, M. J. Elrod, and M. J. Molina, J. Phys. Chem.
100. 4026 (1996). :

B. A. Thrush and J. P. T. Wilkinson, Chem. Phys. Lett. 81, 1 (1981).

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

Y TUPAC. Supplement V, 1997 (see references in Introduction).

HO, + NO, + M — HO,NO, + M

AH =—105 kJ-mol™!

Low-pressure rate coefficients

Rate coefficient data

ky/em® molecule™" 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients -
(2.0020.52)% 1073 [N,] 300 Howard, 1977' DI-LMR (a)
(2.520.5)x 107 [N,] 283 Cox and Patrick, 1979 (b)
(2.3%0.6)X 1073"(7/300) 7+ [N,] 229-362 Sander and Peterson, 1984° tc)
1.5 107% [N,] 298 Kurylo and Quellette, 1986* (d)
1.8 1073 (77300) 732204 [N,] 228-1358 Kurylo and Oucllette, 1987° )
Reviews and Evaluations
1.8X 107 (77300) ™ [air] 220-360 NASA. 1997° (e)
£.8X 1073 (7/300) ™4 [N,] 200-300 IUPAC. 19977 (f)

Comments

{a)  Discharge flow system study with laser magnetic reso-
nance detection of HO,. The pressure range was 0.7-4
mbar (0.5-3 Torr). The linear plot of &, as a function
of [M] with a nonzero intercept was interpreted as con-
tribution from the reaction HO, + NO-

— HONO ~ 0,.

thr Molecular modulation UV spectrometry. HO- radicals
were generated by Cls photolysis in the presence of H,
and O,. O>—N, mixwres used in the pressure range
53-800 mbar (40-600 Torr).

¢y Flash photolysis-UV absorption study in the pressure
range 67-930 mbar (50-700 Torr). A strong enhance-
ment of reaction in the presence of water vapor was
observed. suggested to be due to formation of HO.—
H-O complexes.

tdr Flash photolysis of Cl,-CH:OH~NO-. mixtures in the

' with HO- detection at 223

nm. The falloff curve measured over the pressure

range 33-800 mbar (25-600 Torr1. The rate coeftictent

presence of O, or Ni.|

was  evaluated  using F =060 and &, =47
O 73000 T T T ey molecule T 3!

{e) Based on the data of Sander and Peterson® and Kurylo
and Ouellette.’
{f)  See Comments on Preferred Values.

Preferred Values

ky=1.8x 1071 (7/300)™** [N1] em® molecule ™' ™" over
the temperature range 220--360 K.

Reliability
Alog ky==0.10 at 298 K.
An==1.

Comments on Preferred Values

The studies of Howard.! Cox and Patrick.” Sander and
Peterson.” and Kurylo and Ouellette™* are in reasonable
agreement. The preferred values are based on the study of
Kurylo and Ouellette.” with the rate coefficient &, being
evaluated with the value for &, given below and F.=0.6. and
are identical to those in our recent evaluation. IUPAC,
1997, Modification of F. will lead to minor changes in &,
and 4., .

.J Phys Chem Raf Nata Val 768 M~ & 1007
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High-pressure rate coefficients

Rate coefficient data

ke /cm3_ molecule™! s™! Temp./K Reference Technique/ Comments
Absolute Rate Coefficients
>1.7x107"2 283 Graham, Winer, and Pitts, 1977 (a)
>(1.5+0.5)x 107" 283 Cox and Patrick, 1979° ()
(4.2 1.0)X 10712 (77300)02=10 229-362 Sander and Peterson, 1984° (c)
5.5x1071 298 Kurylo and Ouellette, 1986* (d)
47X 10712 (71300) ' 4=10 228-358 Kurylo and Quellette, 1987° (d)
Reviews and Evaluartions
47X 10712 (11300) ' 220--360 NASA: 1997° (e)
4.7x10712 200-300 IUPAC, 1997’ (f)
Comments Reliabiliry
L. . . - =*0. 2 .
(a) From thermal decomposition of HO,NO, in a static 2Lo_g_k+ ) 2at 298 K

reactor with FTIR spectroscopic analysis of HO,NO,.
Measurements at 1 bar of N, converted to recombina-
tion rate coefficients with the equilibrium constants
given in Ref. 9.

(b) See comment (b) for ky. Determination of k.. by ex-
trapolation of a curved Lindemann—Hinshelwood plot
gave an internally consistent falloff plot. The measured
value was k=9.2X107"3 cm® molecule™" s7! at 800
mbar (600 Torr) of a 1:1 mixture of N, and O,.

(c) See comment (c) for kg.

(d) See comment (d) for k.

(e) Based on the data of Sander and Peterson® and Kurylo
and Ouellette.”

(f) See Comments on Preferred Values.

Preferred Values

k. =4.7X10"" cm® molecule™' 57!, independent of tem-
perature over the range 220--360 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Comments on Preferred Values

The preferred values are based on the measurements and
the falloff analysis of Kurylo and Ouellette,’ and are identi-
cal to those in our recent evaluation, [UPAC, 1997.7 The k,
and k.. values are based on F,=0.6. Modification of the stan-
dard value of F, will lead to minor changes in kq and k.. .
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HO,NO, + M — HO, + NO, + M

1H°=105 KJ-mol ™!
Low-pressure rate coefficients
Rate coefficient data
kots™ Temp./K Reference Technique/Comments
Absolute Rate Coefficients
15X 1072 [N,] 298 Cox and Patrick, 1979 (a)
5.2X 107 exp[— (10014 = 250)/T] [N,] 261-295 Graham, Winer, and Pitts, 1978° (b)
1.3x 10720 [N,] 298
11X 107% exp[—(10645+260)/T] [N,] 261-307 Zabel, 1995° ()
12X 1072 [N,] 298
Reviews and Evaluations
13X 1072 [N,] 298 IUPAC, 1997 (d)
5% 107 exp(—10000/T) [N) 260300
Comments
Preferred Values
(a) Derived from measurements of the reverse reaction.

Conversion of the data to the dissociation reaction of
HO,NO, using the equilibrium constant K.=1.68
X10% exp(—11977/T) cm® molecule™' from Ref. 5
and comparison with earlier dissociation data.

ko=1.3X 1072 [N,] s ! at 298 K.
ko=4.1% 1073 exp(—10650/T) [N,] s~! over the tempera-
ture range 260-300 K.

Reliability

(b) FTIR study in a 5800 L chamber. Measurements were Alog ky=+0.3 at 298 K.
made at 1.3-9.3 mbar (1-7 Torr) of N,. At higher A(E/R)=+500 K
pressures (9.3 mbar), deviations from low pressure
behavior were observed. Comments on Preferred Values
(c) FTIR study in a 420 L chamber. The pressure range The preferred values are from the study of Zabel,® and are
was 14-1027 mbar (10-772 Torr). The falloff curve  in close agreement with those from Graham er al.> The data
was evaluated with F,=0.5. from Ref. 3 provide the most consistent picture of all
(d) Based on data of Refs. 1-3. RO,NO, dissociation reactions. Falloff curves are con-
structed with F.=0.5.
High-pressure rate coefficients
Rate coefficient data
ko ts! Temp./K Reference Technigue/Comments
Absolute Rate Coefficients
>0.018 278 Graham, Winer, and Pitts, 1978° (a)
5.7% 10" expt—=11170/T) 261-307 - Zabel, 1995° (b)
0.30 298
Reviews and Evaluations
0.34 298 IUPAC. 1997 ()
2.6 10" expi ~ 10900/TH 260-300

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997
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Comments

(a) See comment (b) for ky. This is a lower limit since a
linear Lindemann—Hinshelwood evaluation of the fall-
off curve was made for the pressure range 0.013-1.01
bar (10-760 Torr) of N,.

(b) See comment (c) for k.

(c) Based on a theoretical analysis of the data from Ref. 2.

Preferred Values

k. =0.30 s™! at 298 K.
k., =5.7%x10" exp(—11170/T) s~! over the temperature
range 260-300 K.

ATKINSON ET AL.

Reliability
Alog k,, ==*0.5 at 298 K.
A(E/R)==500.

Comments on Preferred Values
See Comments on Preferred Values for k.
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H02 + NO3 - 02 + HNO3 (1)

—HO + NO, + 0, (2)

AH®(1)=—223.4 kJ-mol™!
AH°(2)=—15.8 kI-mol™*

Rate coefficient data (k = k; + k)

k/em® molecule™ 7! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

k=(9.2+x4.8)x 1071 298
k=(3.6+0.9)x 1072 298
23X 1071 exp[ (170 270)/T] 263-338
(4.1-0.8)x 1071 298
k=(1.9%0.8)x 10712 ' 208
k=(2.5£0.7)x 10" 208
(3.0x0.7)x 10712 297+2
Reviews and Evaluations

3.5% 10712 298
40x107%2 298

Mellouki, Le Bras, and Poulet, 1988
Hall et al., 1988°

Becker, Rahman, and Schindler, 1992°

DF-EPR ()
MM-UV/VIS (b)

DF-RF/MS (c)

Mellouki et al., 1993* DF-LMR (d)
NASA, 1997° (e
IUPAC, 1997° ()

Comments

(a) [HO] and [HO,] were monitored in excess NOs. Ki-
netics of a complex mechanism were analyzed to ex-
tract values of rate coefficients. Value of k(HO + NO;)
were also obtained (see the HO + NO; data sheet).

(b) [HO,] and [NO;] were monitored by UV and visible
spectroscopy, respectively. The kinetics of complex
mechanism simulated to extract values of rate coeffi-
cients. An upper limit of k,/k <0.6 was obtained from
measurements of [HO] by modulated resonance ab-
sorption.

() [HO] monitored by RF, and [NOs] and [HO,] moni-
tored by MS. Quasi-steady state of [HO,] and [HO] is
produced by reaction of HO with NO;, in excess, to
reform HO, radicals. k; was inferred from the extra
loss of HO, following the establishment of the quasi-
steady state.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

(d) [HO], [HO,], and [NO,] were all monitored by LMR.
Three different methods for generation of NO; were
used. k could be obtained under pseudo-first-order con-
ditions by using an excess of NO; and adding C,F;Cl
to scavenge HO radicals. A value of the branching ratio
was obtained by simulation of the time dependences of
[HO] and [HO,] using a simple mechanism.

(e) Weighted average of the data in Refs. 1-4.

(f) See Comments on Preferred Values.

Preferred Values

k=4.0%10"'2 cm® molecule™! s7! at 298 K.

Reliability
Alog k==%0.2.
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Comments on Preferred Values

Although the most recent study by Mellouki et al.* gives a
value of k at 298 K some 30% lower than obtained in the
earlier studies,'™ all of the values are within the reported
error limits, which are substantial. The preferred value is a
mean of the data from all four studies.'™ Measurements of
the branching ratio k,/k at 298 K range from <0.6% to 1.0.*
The study of Mellouki ez al.,* in which HO yields were mea-
sured, appears to be the most direct, and suggests that the
reaction proceeds almost entirely through the second chan-
nel, but at this stage no recommendation is made for the
branching ratio because of the experimental uncertainties.
Similarly, data on the temperature dependence is considered

1395

to be too uncertain to make a recommendation. The preferred
values are identical to those in our previous evaluation,
IUPAC, 1997.°
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Phys. Chem. 92, 5049 (1988).
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NH, + O, — products

Rate coefficient data

kiem® molecule™ ™! Temp./K Reference Technique/ Comments
Relative Rate Coefficients

<6X 1072 296 Tyndall et al., 1991 (a)
Reviews and Evaluations

<6.0x107% 298 NASA, 1997 b

<6Xx 1072 298 IUPAC, 1997° (c)

Comments

(a) Photolysis of NH; in the presence of excess O,. NO,
NO,, and N,O, the only likely reaction products, were
measured by FTIR spectroscopy. The upper limit to the
rate coefficient was based on computer simulation of a
substantial reaction mechanism.

(b) Based on the data of Tyndall er al.!

(c) See Comments on Preferred Values.

Preferred Values

k<6x10"%" ¢cm® molecule™! s~ at 298 K.

Comments on Preferred Values

This reaction has several energetically feasible channels,
including those leading to NO + H,0O and HNO + HO. The
measurements of Tyndall e al.' set an upper limit to the

channels leading directly, or indirectly, to NO, NO,, and
N,O. This result confirms earlier conclusions that the reac-
tion is very slow,*® making it unimportant in the atmo-
sphere. The preferred value is identical to that in our previ-
ous evaluation, [UPAC, 19973
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NH; + O; — products

Rate coefficient data

kicm® molecule™ 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
4.2 1072 exp[— (1250 250)/T) 298-380 Kurasawa and Lesclaux, 1980! FP-LIF
63+ 1.0)x 107" 298 ‘
(1.2£0.3)x 10713 208 Bulatov et al., 19807 FP (a,b)
201X 1072 exp[ —(710% 50)/T] 250-358 Hack, Horie, and Wagner, 1981° DF-LIF (b)
(1.84%£0.16)x 10713 295
157X 107" exp[— (1151 123)/T] 272-348 Patrick and Golden, 1984* PLP-RA
(3.25£027)x 10713 208
(15+03)x 1071 298 Cheskis ef al., 1985° PLP-LIF (¢)
Reviews and Evaluations
4.3x107 2 exp(—930/T) 250-360 NASA, 1997° (d)
4.9% 10712 exp(~—1000/T) 250-380 IUPAC, 1997’ (&)

Comments

(a) [NH,] monitored by intracavity laser absorption spec-

troscopy.

(b) Deviation from first-order kinetics observed at high O; -

pressures, and interpreted as due to formation of NH,0
which regenerates NH, by reaction with Oy,

(c) The rate coefficients of reaction of vibrationally excited
NH, with O; were also measured and found to be a
factor of 10 greater than that of NH, in its ground

vibrational state.

(d) Based on the data of Bulatov ef al.,z_ Hack eral}’
Patrick and Golden,* and Cheskis ef al.’

(e) See Comments on Preferred Values.

Preferred Values

k=1.7X10"" cm™® molecule™" s~ at 298 K.
k=4.9x10""? exp(~ 1000/T) cm? molecule™! s™! over

the temperature range 250-380 K.
Reliability

Alog k=+0.5 at 298 K.
A(E/R)=+500 K.

J. Phys. Chem. Ret. Data, Vol. 26, No. 6, 1997

Comments on Preferred Values

The reported rate coefficients at 298 K vary by a factor of
5. There is no convincing argument for rejecting any of the
studies and, therefore, the preferred rate coefficient at 298 K
is taken as the average of the results of Kurasawa and
Lesclaux,' Bulatoy er al.,2 Hack et al.,3 Patrick and Golden,*
and Cheskis e al.> The temperature dependence of k is ob-
tained by averaging the values of Kurasawa and Lesclaux,!
Hack et al.,’ and Patrick and Golden.* Although the products
of the reaction have not been characterized, the most likely
process is transfer of an oxygen atom to form NH,O + O,.
It has been suggested®® that NH, may be regenerated by
reaction with O, but the study of Patrick and Golden* indi-
cates that this reaction must be slow. The preferred values
are id;:ntical to those in our previous evaluation, IUPAC,
1997.
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EVALUATED KINETIC AND PHOTOCHEMICAL DATA 1397
— N;H + HO (2)
AH°(1)=—500.8 kJ-mol ™'
AH?(3)=—16.5 kJ-mol ™!
Rate coefficient data (k = k; + k; + K3)

kfcm? molecule™! 57! Temp./K Reference Technique/Comments

Absolute Rate Coefficients
2.7x107" 300 Gordon, Mulac, and Nangia, 1971' (a)
(83+1.7)x1071 208 Gehring er al., 19732 DE-MS (b)
21X 1078 7718 300-500 Lesclaux et al., 1975° FP (c)
(1.820.3)x 107" 300
(2.1+£0.2)x 1071 298 Hancock et al., 1975* FP-LIF
(1.7+04)x 1074 208 Sarkisov, Cheskis, and Sviridenkov, 107¢% T (d)
45X1077 7718 210-500 Hack et al., 1979° DF-LIF
9.7x 1071 298
277X1077 T 7167 216-480 Stief er al., 19827 FP-LIF (e)
(2.10£0.31)x 107" 298
4.4%107% 723 exp(—684/T) 294-1215 Silver and Kolb, 19828 DF-LIF (f)
(9.59+2.4)x 1071 298
(1.7£0.5)x 107! 295 Andresen et al., 1982° PLP (g)
(1.81=0.12)x 107! 297 Whyte and Phillips, 1983'° PLP-LIF
1.7x 107" 298 Dreier and Wolfrum, 1985 PLP (h)
(1.320.4)x 107" 298
131X 1078 7 ~1.17=025). 294-1027 Atakan er al., 1989" PLP-LIF (i)
(1.67=0.25)x 107" 298
2.0% 107" (17298) 73 295-620 Bulatov er al., 1989" FP (d)
5.43 T2 exp(—1034/T) 293-612 Wolf, Yang, and Durant, 1994 PLP-LIF
(1.9=0.1)x107" 295
22X 107 exp[(525+ 80)/T] 297-673 Diau er al., 19943 PLP (j)
(1.45+0.08)x 107" 297

Branching Ratios
(ka+k3)/k=0.1%0.025 300 Atakan er al., 1989" PLP-LIF (i)
ky/k=0.85 295 Stephens ez al., 1993'° PLP-AS (k)
(ka+k3)1k=0.10 295
ki/k=0.89=0.04 302 Park and Lin. 1996'7 PLP-MS (1)
(ks +k3)k=0.11£0.02 302

Reviews and Evaluations
10X 107" exp450/T 210-500 NASA. 1907'8 {m)
1.6X 1071 (7/298)° ' 210-500 IUPAC. 1997" : m)
tha k) k=0.1 298

(a)

Comments

Pulsed radiolysis of NH;~NO mixtures at 670 mbar
(500 Torr) total pressure. [NH-] was monitored by ab-
SOTpLion Spectroscopy.

NO- was added to excess H atoms followed by addi-
tion of excess NHy. Analysis by time-of-flight mass
spectrometry. Vibrationally excited H.O product was
observed. Addition product NH.NO also observed. to
the extent of 3¢ of the N. formed.

[NH-] was monitored by absorption spectroscopy. No
pressure dependence of & was observed over the range
2.7-930 mbar (2-700 Torr) of N».

(f)

(1]

[NH,] was monitored by intracavity laser absorption.
[NH,] was monitored by LIF. Production of HO looked
for by resonance fluorescence and found under static
conditions. but not under flowing conditions. An upper
limit to (ks+43)/k of <0.22 was obtained.

[NH.] was monitorcd by LIF. 110 production detected
by RF or by LIF. A rate coefficient ratio of (k,+k;)/k
=(0.4=0.1) was obtained. but the data were later re-
analyzed by the authors to give a value of 0.12. H-atom
production looked for using RF: an upper limit of 0.03
for channels leading to H atoms found.

Rate coefficient determined by monitoring production

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997
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of vibrationally excited H,O by observation of infrared
and visible emissions. RA and LIF were used to moni-
tor [HO]. k,/k 20.65 obtained, with H-atom production
being <0.05.

(h) [NH,] and [N,] monitored by coherent anti-Stokes Ra-
man spectroscopy (CARS). Independent value of rate
coefficient obtained by monitoring the IR fluorescence
of vibrationally excited H,O.

(i) [HO] monitored by LIF. HO yield also measured using
HO production from H,0, photolysis to calibrate for
[HO].

(3) NH, monitored by cavity ring-down absorption at
537.6 nm.

(k) Pulsed laser photolysis of NH;~NO mixtures. {H,0],
[HO], [NH,], and [NH,] monitored by infrared absorp-
livn specuuscoupy.

(I)  Puised laser photolysis of NH3;/NO/CO mixtures. Time
resolved MS measurement of NH;, H,0, and CO, pro-
duced by scavenging of HO by CO.

(m) Based on the data of Lesclaux er al.,® Hancock et al.,*
Sarkisov et al.,’ Stief et al.,’ Andresen et al.,” Whyte
and Phillips,'” Dreier and Wolfrum,!! Atakan er al.,"
Wolf eral,”” Diau etal,” and Imamura and
Washida.?’

(n) Based on the data of Refs. 1-13.

Preferred Values

k=1.6x10"" cm® molecule™ 57! at 298 K.

k=1.6X107" (77298)7 1 cm® molecule™ s™! over the
temperature range 210-500 K.

ki /k=0.9 at 298 K.

(ky+k3)/k=0.1 at 298 K.

Reliability
Alog k==0.2 at 298 K.
An=*0.5.
Ak /ks=%=0.1 at 298 K.
A(ks+k3)/ k= *£0.03 at 298 K.

Comments on Preferred Values

The rate coefficients obtained in the pulsed photolysis
studies are significantly higher than those obtained using the
discharge flow technique. The reason for this discrepancy is

J. Phiys. Chem. Rel. Data, Vol. 26, Nu. 8, 1937
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not known. The preferred value at 298 K is therefore taken as
the average of the values reported in Refs. 2—-15. The tem-
perature dependence is based on the data below 500 K in the
six temperature dependence studies of Lesclaux et al. 3 Hack

et al.b Stief et al., Silver and Kolb,® Atakan er al.,'’* and

Bulatov ef ul.?

The preferred value of the branching ratio is based on the
direct measurements of Atakan et al.,'> Stephens ez al.,'® and
Park and Lin.!” The less direct measurement of Bulatov
etal."’ is in good agreement. The preferred values are iden-
tical to those in our previous evaluation, TUPAC, 1997
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NH, + NO, — N,O + H,0 (1)
—N; +H,0, (2
— H,NO + NO (3)
AH?(1)==361.7 kJ-mol ™!
AH?(2)=-335.2 kJ-mol ™!
Rate coefficient data (k= k;+ ky+ k)
kfem® molecule™! 57! Temp./K Reference’ Technique/Comments

Absolute Rate Coefficients

32x107* 7730 250-500
1.ox 1071 295
38x 1078 7 -1 298-505
(2.3+0.2)x 107" 298
(2.11+0.18)x 107! 297
(2.26+0.08)x 107" 298
(2.1£0.4)X 107"t (77298) 77 295-620
Branching Ratios
ky/k=0.14%0.02 298
Reviews and Evaluations
21X 10712 exp(650/T) 250 510
20X 107" (77298) 720 250-500

Hack et al.. 1979 DF-LIF/MS (a)

Kurasawa and Lesclaux, 1979 FP-LIF
Whyte and Phillips, 19833 PLP-LIF
Xiang, Torres, and Guillory, 1985* PLP-LIF (b)
Bulatov er al.. 1989° FP (c)
Quandt and Hershberger, 1996° PLP-TDLS (d)
NASA, 19977 (e)
IUPAC, 19978 (0

(b)

(c)

(d)

(f)

Comments

[NH,] was monitored by LIF for the rate coefficient
determination. A separate flow system was used for a
study of products by mass spectrometry. Product analy-
sis suggested that 95% of the reaction proceeds by
channel (1).

NH, formed by multiphoton dissociation of NH;. The
variation of the rate coefficient with the degree of ex-
citation of NH, was also studied.

[NH,] was monitored by intracavity absorption. k£ was
found to be independent of pressure over the range
13-870 mbar (10-650 Torr).

Pulsed laser photolysis of NH;—NO, mixtures. Time
resolved infrared laser spectroscopy was used to detect
N>O. H,0. and NO. Large amounts of NO were pro-
duced by unidentified secondary chemistry.

Based on the data of Hack eral.! Kurasawa and
Lesclaux.” Whyte and Phillips.® and Xiang er al.*

See Comments on Preferred Values.

Preferred Values

£=2.0x10"" cm’ molecule™ s7! at 298 K.
k=2.0x10"" (77298)7*Y em® molecule™ 57! over the

temperature range 250-500 K.

Reliabiliry
Alogk==0.2 at 298 K.

An=%x0.7.

Comments on Preferred Values

The value of k obtained by Hack er al.' at 298 K using a
discharge-flow technique is significantly lower than the val-
ues obtained in the four other studies,”™ all of which used
flash photolysis and which are in excellent agreement. A
similar discrepancy between discharge flow and flash pho-
tolysis results is observed for the reaction of NH, with NO.

The preferred value at 298 K is the average of the values
reported in Refs. 1-5. The temperature dependence is the
average of the values of Hack eral.' Kurasawa and
Lesclaux.” and Bulatov r nl.5 The preferred values are iden
tical to those in our previous evaluation. IUPAC, 1997.%

Ab initio calculations’ suggest that channels (1) and (3) are
the most likely. Hack er al.! investigated product formation
and concluded that 95% of the reaction proceeds by channel
(1). There is also some support for the predominence of
channel (1) from the flow reaction and kinetic modeling
study of Glarborg er al.'” However. a direct measurement®
gives k/k=0.14+0.02. At this stage no recommendations
are made concerning the branching ratios.
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2NO + 02 — 2N02

AH°=—114.1 kJ-mol ™"

Rate coefficient data

k/cm® molecule > ™! Temp./K Reference Technique/ Comments
Absolute Rate Coefficients
(2.0+0.1)x 1078 298 Stedman and Niki, 1973! (a)
1.8X107% T 27 exp(1600/T) 226-758 Olbregts, 1985° (b)
21X 107 298
Reviews and Evalua{ions
3.3X107% exp(530/T) 273-660 Baulch er al., 1973° (c)
3.3X107* exp(530/T) 273-600 IUPAC, 1997* (d)

Comments

(a) Static system. Photolysis of 1-100 ppm mixing ratios
of NO, in air using chemiluminescence detectors to
monitor NO, NO,, and Oj3.

(b) Static 1 L reactor. Total pressure was measured with a
differential micromanometer, and [NO,] measured in
absorption at 436 nm. Pressures of NO and O, ranged
up to 35 mbar (26 Torr). Non-Arrhenius behavior was
observed with k first decreasing with incredsing tem-
perature, reaching a minimum value at 600 K, and then
increasing with increasing temperature.

{(c) Based on an evaluation of a substantial quantity of con-
sistent data reported up to 1972.

(d)  Accepts the evaluation of Baulch er wl’

Preferred Values

k=2.0x10"" cm® molecule ™ 57! at 298 K.
k=33X10"" exp(330/T) cm® molecule ™ s™! over the
temperature range 270-600 K.

Reliabiliry

Alog k==0.1 at 298 K.
A(E/Ry= %400 K.

J. Phye. Chem. Ref. Data, Vol. 26, No. 6, 1997

Comments on Preferred Values

The preferred values are those recommended in the evalu-
ation by Baulch er al.® The results of studies performed since
that evaluation, which are given in the table, are in excellent
agreement with the preferred values.

Olbregts” observed non-Arthenius behavior over the entire
temperature range studied and expressed & by a modified
Arrhenius expression and also as the sum of two Arrhenius
expressions. However, from 250 K to about 600 K the total
rate coefficient of Olbregts” is in good agreement with the
value calculated from the expression recommended here and
is adequate for atmospheric modeling purposes. Olbregts’
interpreted his results in terms of a multi-step mechanism
involving NO; or the dimer (NO),. The preferred values are
identical to those in our previous evaluation, IUPAC, 1997.*
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N0+03—>N02+02

$H>=—199.8 kJ-mol ™!

Rate coefficient data

t/em® molecule™" 57! Temp./K Reference Technique/ Comments
sbsolute Rate Coefficients
2.34X 1071 exp[— (1450 50)T] 203-361 Birks ez al., 1976 (a)
(1.73£0.09)x 107" 297
13x 107" exp[—(1598+ 50)/T] 283-443 Lippmann, Jesser, and Schurath, 1980° (b)
(2.14+0.11)x 107" 304 .
3.16X 10712 exp[ —(1556 £ 40)/T] 212-422 Ray and Watson, 1981° DE-MS
(1.80+0.04)x 1071 299
2.6% 10712 exp[ —(1435:+64)/T] 195-369 Michael. Allen, and Rrohst, 1981% (c)
(20+0.2)x 1071 298
8.9%1071° T 22 exp(—765/T) 204-353 Borders and Birks, 1982° (d
(1.72+0.04)X 107 298
Reviews and Evaluations
2.0X 1072 exp(— 1400/7) 200-300 NASA, 1997° (e)
1.8X 1072 exp(—1370/T) 195-304 IUPAC, 19977 (f)

(c)

Comments

Fast flow system, with [O;] in excess and with NO
being monitored by mass spectrometry.

First order decay of [Os] in the presence of excess NO
monitored by chemiluminescent  detection  under
stopped-flow conditions in a 220 m® stainless steel
spherical vessel at pressures below 0.13 mbar (0.1
Torr).

Three independent low pressure fast-flow studies. The
extent of reaction was monitored by NO, chemilumi-
nescence under conditions of excess NO or excess O3.
In other experiments the decay of NO in excess O; was
monitored by RF. The results from all studies were in
good agreement. An Arrhenius plot of the data showed
significant curvature with E/R varying from 1258 K
(195-260 K) to 1656 K (260-369 K).

Dual flow tube technique with NO- chemiluminescence
used to monitor the reaction progress. The authors
claim that this technique gives accurate values of E/R
over temperature intervals as small as 10 K. Nonlinear
Arrhenius behavior was observed with E/R increasing
from a value of 1200 K at the lowest temperature stud-
ied to 1470 K at the highest temperature.

Based on the data in Refs. 1-5.

See Comments on Preferred Values.

Preferred Values

£=1.8% 107" cm’ molecule™ 7! at 298 K.

k=1.8X10

-2 H

expl—1370/T) em® molecule ™' <71 over

the temperature range 195-304 K.

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

Comments on Preferred Values

The preferred Arrhenius expression is based on a least-
squares analysis of the data over the range 195-304 K re-
ported by Birks er al.,' Lippman ez al.,> Ray and Watson.”
Michae! er al.,* and Borders and Birks.” The data at closely
spaced temperatures reported by Lippmann er al.> and by
Borders and Birks® were grouped to give equal weight to the
five studies. The temperature range was limited because of
the nonlinear Arrhenius behavior observed by Clyne ez al..t
Clough and Thrush,” Birks ef al.,' Michael er al.,* and by
Rarders and Rirks S Earlier room temperature results of Sted-
man and Niki'® and Bemand et al.'" are in good agreement
with the preferred value at 298 K. The preferred values are
identical to those in our previous evaluation, IUPAC. 1997.7

Clyne et al..” Birks er al..! Schurath er al.,'> and Michael
et al.* have reported individual Arrhenius expressions for
each of two primary reaction channels, one to produce NO,
in its ground electronic state and the other leading to elec-
tronically excited NO-.
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NO + NO, + M — N,O; + M

AH°=~40.5 kJ-mol™’

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule ™" 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(6.7£0.6)xX 107 [Ar] 207+2 Smith and Yarwood, 1987 FP (a)
9.1£0.7)X 10733 [N,] 208+2 }
(2.812.8)x107'S 7 ~7708 [a;] 227-260 Markwalder, Gozel, and van den Bergh, 19937 L)
4.1x 1075 [Ar] 207
Reviews and Evaluations
3.1x 107 (77300)~77 [N,] 208-300 IUPAC, 1997% ©)
Comments Preferred Values
(a) Partial photodissociation of N,O; in equilibrium ko=3.1X107** (17300) """ [N,] cm® molecule ™! s~ over

NO,-N,04~NO-N,0;-M mixtures with M=He, Ar,
Ne, N,, and CF, (see also Ref. 4). The relaxation to
equilibrium was monitored by observing the absorption

the temperature range 200-300 K.

of N,Oj at the v, band at 1829.50 cm~!. The total  <eiability
pressure was 253-667 mbar (190500 Torr). Falloff 2108 k=+03 at 298 K.
curves were extrapolated using F.=0.60 -for Ar and An==x1.
N’).

(b) CO laser-induced temperature jump measurements  Comments on Preferred Values
with  NO,-N,0,-N,0;-NO-SiF,~Ar equilibrium The preferred values are based on the data from Mark-
mixtures. The subsequent relaxation toward equilib-  walder et al’ after conversion by the tatio ko(Ny)/f
rium was monitored by UV absorption of N,O5 at 253 ko(Ar)=1.36 of Smith and Yarwood,' and are identical to
nm. those in our previous evaluation, IUPAC, 19972

(¢) See Comments on Preferred Values.

High-pressure rate coefficients

Rate coefficient data

k., fem® motecute™! 7! Temp./K Reference Technique/Comments

Absolute Rate Coefficicnts

A= 1x 107" 208 Smith and Yarwood. 1987 FP (a)
2720912107 T 227-260) Markwalder. Gozel. and van den Bergh. 1993° (b)
+7x 107" 208

Reviews and Fvaluations
7.9x 107 (173000 208-200 IUPAC. 1997° (c)

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Comments
(a) See comment (a) for k.
(b) See comment (b) for kg.

(¢) See Comments on Preferred Values.

Preferred Values

kr=7.9%107'2 (77300)* cm? molccule™! 57} over the
temperature range 200-300 K.

Reliabiliry
Alog k. = *£0.3 at 298 K.
An==x05.

1403

Comments on Preferred Values

The preferred values are those from Ref. 2, where the
largest ranges of the falloff curve were investigated, and are
identical to those in our previous evaluation, IUPAC, 1997.3
At 208 K, the values of k. from Refs. 1 and 2 are in reason-
able agreement.

References
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N203+M—+NO+N02+M

AH°=40.5 kJ-mol !

Low-pressure rate coefficients

Rate coefficient data

kols™ Temp./K Reference Technique/Comments
Absolute Rate Coefficients

5.0X 104 T ~87 =09 exp(—4880/T) [Ar] 225-260 Markwalder, Gozel, and van den Bergh, 1993 (a)
Reviews and Evaluations

1.9x 1077 (77300) 37 exp(—4880/T) [N,] 225-300 IUPAC, 1997° )

Comments

(a) CO, laser-induced temperature jump measurements
with  NO,-N,0,~N,0;-NO-SiF,—Ar equilibrium
mixtures. The subsequent relaxation toward equilib-
rium was monitored by UV absorption of N,O; at
253 nm. Dissociation rate coefficients were derived
from the measured recombination rate coefficients and
the equilibrium constant from Chao eral’® of K,
=1.8X 10 T ~! exp(—4880/T) molecule cm ™, Falloff
curves with M=Ar were obtained over the pressure
range 0.5-200 bar and extrapolated to k, and &, with
F.=0.6. ky(N3)/ky (Ar)=1.36 was taken from Smith
and Yarwood' (see reaction NO + NO, + M
— N>O: + M},

{b)  See Comments on Preferred Values.

Preferred Values

ko=1.6X10""[N,] s7! at 298 K.
ko=1.9% 1077 (T/300)%7 exp(—4880/T) [N,] s~! over
the temperature range 225-300 K.
Reliabiliry
Alog ky==*0.4 at 298 K.
An==%1.
A(E/R)=+200 K.

Comments on Preferred Values

The preferred values are based on the data of Ref. I,
which are consistent with a theoretical analysis of the results
(leading to collision efficiencies 8.(Ar)=0.3). The preferred
values correspond to an analysis of the falloff curve with
F.=0.6 and the value of k,. given below, and are identical to
those in our previous evaluation. IUPAC, 1997.°

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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High-pressure rate coefficients

Rate coefficient data

kst Temp./K Reference Technique/ Comments
Absolute Rate Coefficients

48X 10M T O+ =01 exp(—4880/T) 225-260 Markwalder, Gozel, and van den Bergh, 1993' (a)
Reviews and Evaluations

4.7x 10" (T7300)°* exp(—4880/T) 225-300 IUPAC, 1997° (b)

Comments

(@) See comment (a) for k.
(b) See Comments on Preferred Values.

Preferred Values

ke =3.6X10%s"" at 298 K.
k.. =4.7X 10" (1/300)%* exp(—4880/T) s™! over the tem-
perature range 225-300 K.

Reliability
Alog k. ==*0.3 at 298 K.
An==1.

A(E/R)==%=100 K.

Comments on Preferred Values
The preferred values are based on the values of Ref. 1
converted to dissociation data with the equilibrium constant

of Ref. 3.

References

'B. Markwalder, P. Gozel, and H. van den Bergh, J. Phys. Chem. 97, 5260
(1993).

IUPAC, Supplement V, 1997 (see references in Introduction).

3J. Chao, R. C. Wilhoit, and B. J. Zwolinski, Thermochim. Acta 10, 359
(1974).

*I. W. M. Smith and G. Yarwood, Faraday Discuss. Chem. Soc. 84, 205
(1987).

NO + NO; — 2NO,

AH°=-97.6 kJ-mol ™'

" Rate coefficient data

k/cm® molecute™ 57! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

1.55% 107" exp(195/T) 209-299 Hammer, Dlugokencky, and Howard, 1986 DFE-LIF (a)
(2095+016)x 10711 299-414
1.59% 107" exp(122/T) 224-328 Sander and Kircher, 19867 FP-A (b)
(2.41+0.48)x 107" 298
1.68x 107" exp(103/T) 223-400 Tyndall et al.. 1991* DF-LIF (c)
(2.34%0.24y% 1071 208

Reviews and Evaluations
15X 107" expt170/7) 200-420 NASA. 1997* (d)
1.8x 107 expt110/T) 220-400 IUPAC, 1997° (e)

Comments with HNOj; and of NO, with O;. In other experiments,

(a)  Arrhenius behavior was observed for k over the tem-
perature range 209-299 K. with a constant value of the
rate coellicient abuve oo temperature.

(b) [NO,} was monitored by optical absorption. Total pres-
sure was varied from 67 to 930 mbar (50-700 Torr) of
He and N».

(¢} [NO,} was monitored by LIF in excess NO. In these
experiments NO; was produced by the reaction of F

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

the decay of [NO]J in excess NO; was monitored by
chemiluminescence. The value at 298 K is the mean of
values from all three systems.

{(d) Based on the data in Refs. 1-3.

(e} See Comments on Preferred Values.

Preferred Values

k=2.6X10"" ¢cm’ molecule™ 7! at 298 K.
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k=1.8X107" exp(110/T) cm® molecule™! s™! over the
temperature range 200-420 K.

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

Comments on Preferred Values

The preferred value of & at 298 K is the mean of the values
reported by Hammer ef al.,' Sander and Kircher,? and Tyn-
dall et al.,? all of which are in good agreement. The preferred
temperature dependence is the average of the values of

1405

Sander and Kircher* and Tyndall ef al.’ with the pre-
exponential factor in the Arrhenius expression being adjusted
to fit the value of k at 298 K. The preferred values are iden-
tical to those in our previous evaluation, I[UPAC, 1997.°

References

'P. D. Hammer, E. J. Dlugokencky, and C. J. Howard, J. Phys. Chem. 90,
2491 (19%6)

28, P. Sander and C. C. Kircher, Chem. Phys. Lett. 126, 149 (1986).

3G. S. Tyndall, J. J. Orlando, C. A. Cantrell, R. E. Shetter, and J. G.
Calvert, J. Phys. Chem. 95, 4381 (1991).

*NASA Evaluation No. 12. 1997 (see references in Intraduetion)

SIUP{%C, Supplement V, 1997 (see references in Introduction).

N02 + 03 — N03 + 02

AH®°=—-102.2 kJ-mol ™!

Rate coefficient data

kfcm® molecule™" s~ Temp./K

Reference

Technique/ Comments

Absolute Rate Coefficients

(3.2£0.5)x 107" 298 Ghormley, Ellsworth, and Hochanadel, 1973' FP (a)
9.76X 10~ exp| — (2427 + 140)/T] 260-343 Davis et al., 19742 (b)
(3.42x0.27)x 107" 303

1.34X 10713 exp[ — (2466 + 30)/T] 231-298 Graham and Johnston, 1974° (c)
(3.49+0.23)x 107" 298 ]
1.57X 1073 exp[ — (2509 = 76)/T] 259-362 Huie and Herron, 1974* (d)
(3.78+0.07)x 107" 297

(3.45+0.12)x 107" 296 Cox and Coker, 1983° (e)

Reviews and Evaluations

1.2X 107" exp(—2450/T) 230-360 NASA, 1997° (f)
1.2X 107" exp(—2450/T) 230-360 IUPAC, 1997 (g)

Comments

(a) Flash photolysis system. [O;] and [NO,] were moni-
tored by optical absorption.

(b)  Stopped flow system with detection of O; by time-of-
flight mass spectrometry. The pre-exponential factor
given in the abstract is incorrect; the correct value is
tabulated here (D. D. Davis. private communication).

(c) Longpath static cell. [O;] and [NO,] monitored in sepa-
rate experiments by UV absorption spectrometry. Sto-
ichiometric ratio (ANO./AQ;) was measured to be
1.89=0.08.

(d) Stopped-flow svstem. [O:] monitored by molecular-
beam sampling mass spectrometry.

{e)  Static system. Experiments performed with both NO-
and with O; in excess. Time-resolved absorption spec-
troscopy was used to monitor N.Os with a diode laser
infrared source. and NO, and O; were monitored at
350 and 255 nm. respectively. using conventional UV
techniques. Total pressure. 13 mbar (10 Torr) N,.
N-Os was shown to be the only stable nitrogen-

containing product. Overall stoichiometry (ANO4/

AQO;) was determined to have the value 1.85+0.09.
Minor role for unsymmetrical NO; species suggested
to account for a stoichiometric factor of less than 2.
(f) Based on the data of Davis eral.,”> Graham and
Johnston,” Huie and Herron,* and Cox and Coker.’
(g) Based on the data of Davis efal.’ Graham and
Johnston,® and Huie and Herron.*

Preferred Values

k=3.5x10""" cm® molecule™" s~! at 298 K.
k=14x10"" exp(—=2470/T) cm® molecule™ s™' over
the temperature range 230-360 K.

Reliabiliry
Alog k==0.06 at 298 K.
A(E/Ry==150 K.

Comments on Preferred Values
The preferred value at 298 K is taken as the mean of the

five valnes rabulated.'™" corrected where necessary for the

J. Phys. Chem. Ref. Data. Vol. 26. No. 6, 1997
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difference between the temperature of the measurement and
298 K. The temperature coefficient is taken as the mean of
the values obtained by Davis et al.,> Graham and Johnston,®
and Huie and Herron,* which are in excellent agreement.
Verhees and Adema® obtained a significantly higher tem-
perature coefficient for k and a higher pre-exponential factor,
but wall reactions were shown to be important in their work.
There are also a number of other measurements of k at, or
closc to 298 K, which havc not been used in deriving the
preferred values because of their substantial deviation from
the majority of the other studies.

ATKINSON ET AL.

References

'J. A. Ghormley, R. L. Ellsworth, and C. J. Hochanadel, I. Phys. Chem. 77,
1341 (1973); Erratum 78, 2698 (1974).

°D. D. Davis. J. Prusazcyk, M. Dwyer, and P. Kim, I. Phys. Chem. 78,
1775 (1974).

3R. A. Graham and H. S. Johnston. J. Chem. Phys. 60, 4628 (1974).

*R. E. Huie and J. T. Herron, Chem. Phys. Lett. 27, 411 (1974).

*R. A. Cox and G. B. Coker, J. Atmos. Chem. 1, 53 (1983).

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

"IUPAC, Supplement V, 1997 (see references in Introduction).

8P. W. C. Verhees and E. H. Adema, J. Atmos. Chem. 2, 387 (1985).

N02+N02+M—-)N204+M

AH°=-573 KJ-mol™'

Low-pressure rate coefficients

Rate coefficient data

ko/em® molecule™ 57! Temp./K

Reference

Technique/ Comments

Absolute Rate Coefficients

(1.4£0.2)x 1073 [N,) 298 Borrell, Cobos, and Luther, 1988' PLP (a)

(1.0X0.)XI107¥ [N,] 224 Brunning, Frost, and Smith, [988° FP (b)

(2.1£0.2)X 10712 720 =09 [He] 255-273 Markwalder, Gozel. and van den Bergh, 1992} (c)
Reviews and Evaluations :

4.7%107% exp(860/T) [Na] 250-350 Baulch, Drysdale, and Horne, 1973* (d)

1.4% 1073 (77300) 78 [N} 300~500 IUPAC. 1997° (e)

Comments

(a) Relaxation of NO»~N,0,-N, equilibrium mixtures af-
ter low intensity pulsed laser photolysis of N,O, at 248
nm. The relaxation to equilibrium was obtained by
measuring the change in N,O, absorption at 220 nm.
Falloff curves (1-207 bar) were extrapolated with
F.=0.40 and N=1.26.

(b)  Perturbation of equilibrium mixture of N,O; and NO-
by photolysis of a fraction of the N.O,. The relaxation
rate was monitored by IR absorption of N>Oy at 1565.5
em ™!,

{c) Temperature jumps induced by IR absorption of SiF, in
equilibrium mixtures of NO.—N-O,~He-SiF,. The re-
laxation to equilibrium was followed by measuring
NO, and N.O, concentrations by absorption spectros-
copy at 420 and 250 am. respectively. Falloff curves
(0.3-200 bar) were extrapolated with F.=0.52 and
N=1.10 (see also earlier data from Ref. 61.

(d) Based on data for the reverse reactions previous to
1970 and the equilibrium constant.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6. 1997

(e) See Comments on Preferred Values.

Preferred Values

ko=1.4x107% (17300)7** [N,] cm’® molecule™" 57! over
the temperature range 300-500 K.

Reliabiliry
Alog kp=0.3 at 298 K.
An==1.

Comments on Preferred Values

The preferred values are from the most extensive study of
Borrell er al..! where a complete falloff curve was measured.
Earlier less extensive measurements are in reasonable agree-
ment with this curve. which uses F,=0.40. The temperature
dependence given is from the theoretical modeling of Ref. 1.
rather than from the limited experimental information of Ref.
3. The preferred values are identical to those in our previous
evaluation, IUPAC. 19977
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High-pressure rate coefficients
Rate coefficient dala
.L,/cm" molecule™! 57! Temp./K Reference Technique/Comments
shsolute Rate Coefficients
(8.3 LOIX 1071 298 Borrell, Cobos, and Luther, 1988' PLP (a)

(3.7+0.3)X 10718 7 23=02 255-273 Markwalder, Gozel, and van den Bergh, 1992} (b)
Reviews and Evaluations
1.0x1071 250-300 IUPAC, 1997° (c)
Comments those in our previous evaluation, IUPAC, 1997.° The tem-

{a) See comment (a) for k.
(b} See comment (c) for k.
(¢) See Comment on Preferred Values.

Preferred Values

k. =1.0x10""2 cm® molecule™' s~', independent of tem-
perature over the range 250-300 K.

Reliability
Alog k. =%0.3 over the temperature range 250-300 K.

Comments on Preferred Values
The preferred rate coefficient is the mean of the values of
Borrell er al.! and Markwalder et al.,> and are identical to

perature dependence of ky and k.. derived from the measure-
mcents of Ref. 3 appcears to be the result of fitting of incom-
plete falloff curves.

References

'P. Borrell, C. J. Cobos, and K. Luther, J. Phys. Chem. 92, 4377 (1988).

2. Brunning, M. J. Frost, and I. W. M. Smith, Int. J. Chem. Kinet. 20, 957
(1988).

B. Markwalder, P. Gozel, and H. van den Bergh, J. Chem. Phys. 97, 5472
(1992).

*D. L. Baulch, D. D. Drysdale. and D. G. Home, Evaluated Kinetic Data
for High Temperature Reactions, Vol. 2: Homogeneous Gas Phase Reac-
tions of the Hy—-Ny—0, System (Butterworths, London, 1973)

SIUPAC, Supplement V, 1997 (see references in Introduction).

®P. Gozel, B. Calpini, and H. van den Bergh, Isr. J. Chem. 24, 210 (1984).

N204+M~"N02+N02+M

AH?=57.3 kJ-mol ™!

Low-pressure rate coefficients

Rate coefficient data

kgls™! Temp./K Reference Technique/Comments
Absolute Rate Coefficients

1,295 10~ (773001 %% expt— 6460/T) [N1] 300-500 Borrell. Cobos. and Luther. 1988' PLP (a)

LoX 10" T 7100 =10 oy pl (6790 = 7001/ T] [He) 255-273 Markwalder, Gozel. and van den Bergh. 1992° (b)
Reviews and Evaluaiions

127107 expt 3330/ [N,] 250-350 Baulch. Drysdale. and Horne. 1973° (c)
TLIX 07T TI3000 T expe—6400/T1 [NL] 300-300 ILPAC. 1997* : (d)

6.1 10717 [NY] 298

Comments bar) were extrapolated with F.=0.40 and N=1.26. The

() equilibrium constant from Ref. 5 was employed.
a

Relaxation of NO>-N-0,-N> equilibrium mixtures af-
ter pulsed laser photolysis of N-Oy at 248 nm. The
relaxation to equilibrium was followed by observing
N-Oj in absorption at 220 nm. Falloft curves (1-207

(b} Temperature jumps induced by IR absorption of SiF, in
equilibrium mixtures of NO,~N.O,—He-SiF,. The re-
laxation to equilibrium was followed by absorption
spectroscopy of NO, and N>O, at 420 and 250 nm.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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respectively. Falloff curves (0.3-200 bar) were ex-
trapolated with F,=0.52 and N=1.10. Equilibrium
constants from Ref. 6 were employed.

(c) Based on the shock-wave studies of Refs. 7 and 8.

(d) See Comments on Preferred Values.

Preferred Values

ke=6.1X107" [N,] s at 298 K.
ko=1.3X 1077 (1/300) 3% exp(—6400/T) [N,] s~ ' over the
temperature range 300-500 K.

ATKINSON ET AL.

Reliability
Alog ky=+0.3 at 298 K.
A(E/R)= =500 K.

Comments on Preferred Values

The preferred values are from the measurements of Borrell
etal.' in combination with the equilibrium constants from
Ref. 5, and are identical to those in our previous evaluation,
TUPAC, 1997.* These data are based on the most complete
falloff curve at 300 K, using F,=0.40. The temperature de-
pendence is from a theoretical analysis, in good agreement
with the evaluation of Ref. 3.

High-pressure rate coefficients

Rate coefficient data

kols™! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
17X 10" (1/300) "' exp(~6460/T) 300-600 Borrell, Cobos, and Luther, 1988' PLF (a)
L 2.8X 101 T 13201 expl (6790 700)/7) 255-273 Markwalder, Gozel, and van den Bergh, 1992* (b)
Reviews and Evaluations
4.4x10° 298 IUPAC, 1997* (c)

1.15X 10" exp(—6460/T) 250-300

Comments

(a) See comment (a) for kg.
(b) See comment (b) for k;.
(c) See Comments on Preferred Values.

Preferred Values

k. =4.4x10°s7" at 298 K.
k. =1.15X 10" exp(—6460/T) s~' over the temperature
range 250-300 K.

Reliabiliry
Alog k. ==0.4 at 298 K.
A(E/R)= %500 K.

Comments on Preferred Values

The preferred rate coefficient at room temperature is the
average of the values of Borrell er al.' and Markwalder
eral.’ and is identical to that in our previous evaluation,

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1397

IUPAC, 1997.* The recommended temperature coefficient
corresponds to a temperature-independent value of k.. for the
reverse recombination. Measurements from Refs. 9 and 10 in
the intermediate falloff range at 298 K are consistent with the
preferred values of kg, k. and F.=0.4 at 300 K.

References

'P. Borrell. C. J. Cobos, and K. Luther, J. Phys. Chem. 92, 4377 (1988).

*B. Markwalder. P. Gozel, and H. van den Bergh, J. Chem. Phys. 97, 5472
(1992).

*D. L. Baulch. D. D. Drysdale. and D. G. Horne. Evaluated Kinetic Data
for High Temperature Reactions. Vol. 2: Homogeneous Gas Phase Reac-
tions of the Hyi—N,—~0» Systems (Butterworths, London, 1973).

*IUPAC. Supplement V. 1997 (see references in Introduction).

*]. Chao. R. C. Wilhoit, and B. I. Zwolinski. Thermochem. Acta 10, 359
(1974).

®A. J. Vosper. J. Chem. Soc. Al. 625 (1970).

"T. Carrington and N. Davidson. J. Phys. Chem. 57, 418 (1953}

YE. Zimet, J. Chem. Phys. 53, 315 (1970).

M. Fiedler and P. Hess. J. Chem. Phys. 93. 8693 (1990).

M. Van Roozendael and M. Herman, Chem. Phys. Lett. 166, 233 (1990).
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N02+N03+M-—)N205+M
AH°=—Y5.6 ki-mol '
Low-pressure rate coefficients
Rate coefficient data

kofem® molecule™ s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients

9.6X 1073 exp(1550/T) [N.] 262-295 Connell and Johnston, 1979} {a)

17X 1073 [N,] 298 ) .

1.35X 1073 exp(1270/7) [N,] 285-384 Viggidno ef al.. 1981° (®)

9.6X 1073 [N,] 298

(4.5 1.1)x 1073 (77300) ~34=13 [N,) 236-358 Kircher, Margitan, and Sander, 1984* FP-A (c)

212X 107% [N,] 298 Smith, Ravishankara, and Wine, 1985* DF-A (d)

2.8x 107 (77300)~* [N,) 236--358 Orlando er al., 1991° DF-LIF (e)
Reviews and Evaluations

22X 1073 (7/300)~** [air] 200-300 NASA. 1997° f

27X 1077 (77300) 7> [N,] 200-400 IUPAC, 1997 (&)

(c)

Comments

From study of N,Os decomposition. Static reaction
vessel with multi-reflection White-cell optical arrange-
ment for the time-resolved detection of N,Os by IR
absorption at 8.028 um. Converted to recombination
rate coefficients with the equilibrium constant
K.=8.4X10% exp(—11180/T) molecule cm™ from
Ref. 8.

From study of N,O5 decomposition. Flow system reac-
tors of various size. N,Os was detected by ion—
molecule reactions in a flowing afterglow system. Mea-
surements were carried out at [N,]=2.5X107-2.7
X 10" molecule cm™. Converted 10 recombination
rate coefficients with the equilibrium constant K, =8.4
X 107 exp(—11180/T) molecule cm™ from Ref. 8.
Visible absorption of NO; monitored under pseudo-
first-order conditions. Falloff curve measured over the
pressure range 27-930 mbar (20-700 Torr) and ex-
trapolated using reduced falloff curve representation
with F.=0.34 at 298 K.

Visible absorption of NO; monitored. Pressure range
1.3-10.7 mbar (1-8 Torr) in He. and 0.7-8 mbar
(0.5-6 Torr) in N,. Reduced falloff curves exirapo-
lated with F,=0.47 for N, at 298 K.

{e) Detection of NO;. Experiments were conducted over
the pressure range 0.7-10.7 mbar (0.5-8 Torr) and
the data evaluated using F.={2.5 exp(—1950/7)
+0.9 exp(—77430)} (F.(298 K)=0.45).

(f) Based on data from Refs. 3, 4, 9, and 10, and F,=0.6.

(g) Based on rate coefficients from Ref. 11 and those dis-
cussed in Ref. 12, with F,=0.34 at 298 K.

Preferred Values

ko=2.8% 1077 (77300)"* [N,] em® molecule ™ s~ over
the temperature range 200-400 K.

Reliability
Alog ky==*0.10 at 298 K.
An==0.5.

Comments on Preferred Values

The preferred values are based on the data of Orlando
et al.” and the falloff extrapolation using F.(298)=0.45. Dif-
ferent choices of F, lead to different values of the extrapo-
lated &y and k. . although the various representations atl
agree well with the experimental data.

J. Phys. Chem. Ref. Data, Vol. 26, No. §, 1997
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ATKINSON ET AL.

High-pressure rate coefficients

Rate cocfficient data

k/cm® molecule™ 7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
2.1% 10710 exp(— 1360/T) 262-295 Connell and Johnston, 1979' (a)
22%1071 298
1.5X 107 !% exp(—1610/T) 285-384 Viggiano et al., 19813 (b)
6.8x 107" 298
(2.2£0.5)x 107" 293 Croce de Cobos, Hippler. and Troe, 1984!! (c)
(1.65%0.15)X 107!* (77300) " 0-+=05 236-358 Kircher. Margitan, and Sander, 1984° FP-A (d)
1.85x107"2 298 Smith, Ravishankara, and Wine, 1985 DF-A (e)
1.7X 107" (77300) 702 236-358 Orlando ef al., 1991° DE-LIF (f)
Reviews and Evaluations
1.5% 10742 (77300) 707 200-300 NASA, 1997° (g)
2.0% 107" (77300)°2 200-500 [UPAC, 19977 (h)
Comments
Comments on Preferved Values
(a) See comment (a) for k.

(b) See comment (b) for k;. Data obtained from extrapo-
lation of data in a relatively narrow pressure range near
to the center of the falloff curve.

(c) Laser flash photolysis of N,O in the presence of NO,.
NO, radicals were monitored by visible absorption un-
der pseudo-first order conditions. The falloff curve was
measured over the pressure range {-200 bar in N,,
and extrapolated with F.=0.34.

{d) See comment {c) for k.

(e) See comment (d) for k.

(f)  See comment (e) for kg.

(g)  See comment (f) for k.

(h) See Comments on Preferred Values.

Preferred Values
ke =2.0X 10712 (773001°2 cm® molecule™ s™' over the
temperature range 200-500 K.
Reliabiliry
Alog k, ==0.2 at 298 K.
An==0.6.

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

The preferred values are based on the average of the ex-
trapolated k.. data of the studies used in [UPAC, 1992, ? and
the data of Orlando er al.,” using a theoretical estimate of the
temperature coefficient from Ref. 11.
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N,Os + M — NO, + NO; + M
AH?=95.6 kJ-mol ™!
Low-pressure rate coefficients
Rate coefficient data

kofs™" Temp./K Reference Technique/Comments
Absolute Rate Coefficients

104X 1073 (T7300) 733 exp(— FOOVT) [N,] 253-384 Cantrell et al.. 1993! (a)
Reviews and Evaluations

8.2 107 (77300) 3 exp(— 11000/T) {air] 200-300 NASA, 1997* (b)

9.5X 1072 [N,] 298 IUPAC, 1997 (c)

1.0X 1073 (77300) =35 exp(—11000/T) [N,] 200-400

Comments

(a) Thermal decomposition of N,Os in the presence of NO
in N,. FTIR analysis of N,Os in a stainless steel cell
equipped with multiple path optics. Falloff curves over
the gas density 4.3X10"-1.1X10?° molecule cm™>
were analyzed using F.=[2.5 exp(—1950/T)
+0.9 exp(—77/430)] [F.(298 K)=0.45]. In the analysis,
data from Refs. 4 and 5 were also taken into account.

(b) Rate coefficients were evaluated from the recom-
mended rate coefficients for the reverse reaction and
the equilibrium constant.

(c) See Comments on Preferred Values.

Preferred Values

ko = 9.5 107 [N,] s™" at 298 K.

ko=1.0X107* (T7300)™*> exp(—11000/T) [N,] s™' over
the temperature range 200-400 K.

Reliability
Alog ky==*0.2 at 298 K.
An==x0.5.

Comments on Preferred Values

The preferred values are based on the study of Cantrell
et al.? and are identical to those in our previous evaluation,
IUPAC, 1997.* The recombination and dissociation rate co-
efficients are internally consistent. At room temperature, the
equilibrium constant K,=2.3X107"" cm® molecule™" com-
pares well with other recently reported values.®’

High-pressure rate coefficients

Rate coefficient data

kols™! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
6.22x 10" (7Y300) ™" 7 exp(—11000/7) 253-384 Cunuell e al.. 1993 (@)
Reviews and Evaluations
5.5 10 (7730007 expt— 11000/T) 200-300 NASA. 1997° (b)
6.9x107? 298 IUPAC, 199/7 (c)
9.7 10" (T/3001*" expt — 11080/ 200-300

Comments

(a)  See comment (a) for A.
{b) See comment (b} for 4.
(¢} See Comments on Preferred Values.

Preferred Values

k,=6.9X107" s " at 298 K.
k. =9.7Xx 10" (773001 exp(—11080/T) s ™' over the tem-
perature range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Reliability
Alog k. =%+0.3 at 298 K.
An==x0.2.

Comments on Preferred Values

"The preferred values are based on the evaluation of Malko
and Troe,® and are identical to those in our previous evalua-
tion, IUPAC, 1997.% The preferred values agree well with the
recent detcrmination of Cantrell et al.! For the cquilibrium
constant, see Comments on Preferred Values for k.

ATKINSON ET AL.
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N,Os + H,0 — 2HNO;

AH°=-39.6 kJ-mol~!

Rate coefficient data

kem® molecule™ s Temp./K Reference Technique/Comments

Absolute Rate Coefficients
<1.3%x1074 298 Tuazon et af., 1981’ (a)
<1.5x107Y 298 Atkinson et al., 1986 (b)
<LI1x107% 298 Hjorth er al., 1987° {c)
<2.8%107 296 Hatakeyama and Leu, 1989* (d)

Reviews and Evaluations )
<2x107% 298 NASA, 1997° (e)
<2x107 208 IUPAC, 1997° ()

Comments is possible that the removal of N,Os observed in these stud-

(a) N,Os decay rate was monitored by FTIR absorption
spectroscopy in two large volume (3800 and 5800 L)
Teflon or Teflon-coated environmental chambers.

{b) Same technique as in (a) but 2500 L Teflon chamber
used. Authors suggested that the observed removal of
N,QO; was due only to heterogeneous processes.

(¢) N;Os5 dccay monitored by FTIR absorption spectros-
copy using a 1500 L FEP-Teflon chamber.

(d) N,Ojs decay monitored in a 320 L Pyrex chamber by
FTIR absorption spectroscopy.

(e) Based on the studies of Tuazon er al..! Atkinson er al..
and Hjorth et al?

() See Comments on Preferred Values.

Preferred Values

Lk<s2% 1072 ¢m® molecule™ ¢7! at 208 K.

Comments on Preferred Values
This upper limit is based on the data of Tuazon er al.!
Atkinson er al..” Hjorth er al..” and Hatakeyama and Leu’ It

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

ies proceeds entirely by heterogencous processes and that the
lower value of Sverdrup er al.” (<3 X 10~? ecm® molecule ™
s~ 1) may be closer to the value of the rate coefficient for the
homogeneous gas phase reaction. However. the measure-
ment of Sverdrup er al.” was less direct and we prefer the
more conservative recommendation given here. The pre-
ferred value is identical to that in our previous evaluation,
IUPAC. 1997.°
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HONO + hv — products

Primary photochemical transitions

Reaction AH°/kJ-mol! A threshold/ M
HONO + hv — HO+NO (n 209 572
— H + NO, ) 331 361
— HNO + 0(CP) (3) 428 280
Absorption cross-section data
Wavelength range/nm Reference Comments
185-270 Kenner, Rohrer, and Stuhl, 1986 (a)
310-393 Vasudev, 1990 (b)
300-400 Bongartz et al., 1991; 1994* (c)
Quantum yield data
Measurement Wavelength/nm Reference Comments
H(OH*) 193 Kenner, Rohrer, and Stuhl, 1986! d)
»(H) 355 Burkholder et al., 1992’ (e)
Comments (d) Laser photolysis of nitrous acid at 193 nm. HO* mea-
. . . sured by emission spectroscopy. A low quantum yield
(a) Relative absorption spectrum measured in the range of abou)t, 1075 was dpeterminegy 4 y
:12?2_27(_) ml :Vét; fgﬁ?}suw geterr;lmalucir}s at 1199 ; and (e) Relative yield of H atoms inferred from secondary HO
nmf'f o=1 cm” molecule - at NO am. radical production observed in the laser photolysis of
TW(? different methods used to prepa_re HO gave HONO at 355 nm. HO radicals were produced via the
similar results. Thf o values agreed with .the results of reaction H + NO, — HO + NO, involving impurity of
Cox and Derwent” in the wavelength region 2260“270’ NO,. The data obtained were consistent with ¢,=0.1
but the peak at 215 nm seen in the earlier study,” which at 355 nm.
could have been due to NO absorption, was not ob-
served. '
(b) Relative absorption cross-sections determined by tun- Preferred Values
able laser photolysis with LIF detection of the HO Absoroti ’ {208 K
. Absol -
product. Absolute values were based on 0=4.97 sorption cross-sections a
X 107" ¢m® molecule™ at 354 nm as reported by
Stockwell and Calvert.” Measurements actually provide ~ Mam  10° o/em®  Mam  10% o/em®  Nam  10% glem’
the product of the HONO cross-section and the quan- 190 127. 260 8.0 330 91
tum vield. &,. 195 172 265 5.2 335 6.5
(c) Absolute absorption cross-sections determined using 200 197 270 34 HO 16.8
. . . 5 22 5 45
conventional absorption spectroscopy. and with low. 3?3 :;2 3;(5) 3 2:3 ]?'g
nonequilibrium concentrations of HONO dg[ermin&d 215 179 585 . 155 236
by a combination of gas-phase and wet chemical analy- 220 146 290 - 360 8.0
sis. Spectral resolution was 0.1 nm: cross-sections av- 225 120 295 - 365 16.1
, < Can . 230 86 300 0.0 370 20.5
erage? over 0.5 nm given in a table. In Ihelir‘ later 335 60 205 07 175 19
work.” improved conditions were used. spe%‘lhcully 240 1 310 16 180 9.9
higher HONO mole fractions. greater stability of 245 30 35 .25 185 14.5
HONO in the absorption chamber. and determination 250 18.5 320 4.4 390 24
RRN] 124 325 5.0 395 0.6

of NO- by interference-free optical absorption at 440
nm.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Quantum Yields

&+ ¢+ p3=1.0 throughout this wavelength range.
&,=1.0 at A\>366 nm, decreasing to 0.4 at =310 nm.
$,=0.0 at A>366 nm, increasing to 0.6 at A=310 nm.

Comments on Preferred Values

The preferred values for the cross-sections in the 300-395
nm range are obtained from the data of Bongartz ¢z al.>* In
their later work,® cross-sections were measured under better
controlled conditions than in their earlier study® and it was
shown that their earlier data were consistently too high by,
on average, 14.5%. The preferred values have been obtained,
therefore, by averaging the data from Ref. 3 over 5 nm in-
tervals centered on the wavelengths specified in the table and
reducing these values by 14.5% as directed in Ref. 4.

The laser photolysis experiments of Burkholder et al’ in
the first absorption band at 355 nm show strong indirect
evidence for the production of H atoms in HONO photolysis
at wavelengths below the threshold for reaction (2), as origi-
nally proposed by Cox.® Further evidence for an increasing
contribution from reaction (2) with decreasing wavelength in
the first absorption band comes from a comparison of the
relative absorption spectra determined by conventional light
absorption methods and by laser photofragment spectroscopy
of the HO radical product from channel (1). When the spec-
tra are normalized to peaks at A>370 nm, the cross-section

ATKINSON ET AL.

values of Vasudev® at A<<350 nm obtained from the HO
radical yield are consistently smaller than those measnred in
absorption by Bongartz ef al.>* The difference increases ap-
proximately linearly to approximately 60% at 310 nm. This
difference could be attributed to a decrease in ¢(HO) from
unity at 366 nm to 0.4 at 310 nm. The balance could be
attributed to H atom production, ¢,, with ¢;+ ¢,=1.0 in
the first absorption band.

In the second absorption band, cross-sections over the
range 185-275 nm are based on the data of Kenner et al.,}
which also show that reaction (1) is the main photodissocia-
tion channel in this region. However, in view of the clear
indication of H atom production in the first absorption band
a contribution from reaction (2) at shorter wavelengths
seems likely.
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HONO, + hv — products

Primary photochemical transitions

Reaction AHC/KS-mol ™! N threshorg/ DM
HONO, + hr — HO + NO, (n 200 598

— HONO + OC'P) (2 298 401

— H + NO; (3 418 286

— HONO + O('D) (4 488 245

— HO + NO =~ OC°P) (3) 499 239

Absorption cross-section data

Wavelength range/nm

References

Comments

195-350

Burkholder er al.. 1993! {a)

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Quantum vyield data

\easurement Wavelength/nm Reference Comments
o= 1.0 200-315 Johnston, Chang, and Whitten, 19742 L)
4,=0.89=0.08 222 Jolly er al., 1986° ©
4 [HO), ¢ [OCP)], 248, 222, 193 Turnipseed et al., 1992} (@
4[0('D)), ¢ [HCS)]
). 4), P(5) 193 Felder. Yang, and Huber, 1993° (e)

(b)

(c)

(e)

Comments

The temperature dependence of HNO; absorption
cross-sections were measured using a diode array spec-
trometer with a resolution of <0.4 nm between 240
and 360 K. Absorption cross-sections were determined
using both absolute pressure measurements at 298 K
and a dual cell arrangement to measure absorption at
various temperatures relative to 298 K. A review of all
previous experimental values was given together with
an assessment of temperature-dependence effects on
the stratospheric photolysis rates of HNO;.

Photolysis of HNO; in the presence of excess CO and
excess O, to prevent complications due to secondary
reactions. Results were interpreted by a complex reac-
tion scheme.

Pulsed laser photolysis with a KrCl excimer laser. HO
radicals detected by time-resolved resonance absorp-
tion at 308.3 nm. The error estimate quoted does not
inctude the uncertainty of +17%, —8% resulting from
an analysis of potential systematic errors.

Quantum yields for HO radicals, O[(*P) + ('D)] at-
oms, O('D) atoms, and H atoms were measured in
pulsed laser photolysis systems at 248, 222, and 193
nm, using LIF detection for HO(X *I1) radicals and
atomic resonance fluorescence for O(’P) and H(?S) at-
oms. ¢ [HO] was measured relative to the yield of HO
radicals from H,0, photolysis (¢ [HO]=2.00%=0.05 at
248 am® and #[HO]=151+0.18 at 193 nm’).
S[O{°P) + ('D)}] was measured relative to the O
atom yield from ozone photolysis at 248 nm (d=1)
and 193 nm (6=120=0.15).* & [H(’S)] was mea-
sured relative to the H atom yield from the photolysis
of 0,—-H, mixtures where the H atoms are produced in
the O('D) + H. reaction. Measurements gave:
#[HO)=0.95%0.09 at 248 nm. 0.90=0.11 at 222 nm.
and 0.33 =0.06 at 193 nm. & [O{C*P) + ('D)}] was
observed to be 0.031=0.010. 0.20x0.03.0.81=0.13 at
248. 222, and 193 nm. respectively. with exclusively
O(’P) production at 248 nm. & [O('D)] was 0.074
=0.03 at 222 nm and 0.28=0.13 at 193 nm. H atom
vields were very low: only at 193 nm were any H at-
oms detected with &[H(S)]<0.012.

Photofragment translation spectroscopy investigation
of HONO- photolysis at 193 nm. The primary pro-
cesses and their relative yields were deduced from-pho-
tofragment time-of-Hight signals ot masses 16 107).

17 (OH™), 30 (NO'), and 16 (NOJ). Relative yields
for reactions (1) and (4) of 0.6+0.1 and 0.4+0.1, re-
spectively, were obtained. Hot NO, photofragments
were produced in reaction (1) in the ratio 2:1, relative
to stable NO,, leading to production of O(’P) atoms
via reaction channel (5).

Preferred Values

Absorption cross-sections at 298 K*

Mom o 10% ofem®  10°B/KT' Mmoo 107 ofem®  10° BKT
190 1360 0 270 1.62 1.45
195 1016 0 275 138 1.60
200 588 1.66 280 112 178
205 280 L75 285 0.858 1.99
210 104 1.97 290 0.615 2.27
215 36.5 2.17 295 0.412 261
220 14.9 215 300 0.263 3.10
225 8.81 1.90 305 0.150 3.64
230 5.75 1.80 310 0.081 423
235 3.75 1.93 315 0.041 5.20
240 2.58 1.97 320 0.020 6.45
245 211 1.68 325 - 0.0095 7.35
250 197 1.34 330 0.0043 9.75
255 1.95 116 335 0.0022 10.1
260 1.91 114 340 0.0010 118
265 1.80 1.20 345 0.0006 1.2

350 0.0004 930

“Temperature dependence given by the expression: log, o=log, o(298)
+B(T—298) with T in K.

Quantum yields

N/nm
=248 ) 193
d(H1+P(5) >097 0.90=0.10 0.60=0.20
H2) 0.03=0.03
&3 <0.01 <0.M 0.01
I8 0.10=0.10 0.39x0.20
diS) 0.13=0.03 0.40=0.20

Comments on Preferred Values

The results of Burkholder er al.' for the cross-section pro-
vide a high quality and comprehensive data set over the
range of temperatures and wavelengths of significance for
the atmospheric photolysis of HNO, . Over the wavelength

I Phye Chom Daf Data ot A s~ asn=
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range 205-310 nm there is good agreement with the earier
studies of Rattigan ef al.’ Biaume,'® Molina and Molina,!
and Johnston and Graham.'? At A<205 nm, the data from
different studies show small but unexplained discrepancies.
At A\>310 nm, the room temperature results! are increas-
ingly higher than all previously reported data except those of
Rattigan et al. 2 which are in good agreement. The preferred
values are those given by Burkholder et al.' and are identical
to those in our previous evaluation, IUPAC, 1997.2

The temperature dependence reported by Burkholder
etal' is weaker than that reported previously by Rattigan
et al.® However, if the data at the lowest temperature (239 K)
from Ref. 9 are omitted the agreement is good, and
Burkholder ef al.! give values for the temperature coeffi-
cient, B, based on the two data sets’ (excluding the 239 K
data from Ref. 9), and these are adopted here.

The new data for the quantum yield confirm that, although
reaction (1) is the dominant channel at A =260 nm with ¢(1)
close to unity, other channels become important at shorter
wavelengths as suggested by the earlier work of Kenner
et al." The results of Turnipseed et al* and Schiffman
et al.’® are in excellent agreement at 248 nm when the rela-
tive measurements of Turnipseed et al.* are normalized to
the same value of the quantum yield for HO radical produc-
tion from H,0,. The agreement is less good at 193 nm,
where the direct measurements of Schiffman ez al.'® give an
HO radical yield higher by about 50%. The value of
#(H,0,) obtained by Schiffman ez al."® is about 25% lower
at both 248 and 193 nm than the values obtained by
Vaghjiani er al.”® (2.0 at 248 nm and 1.5 at 193 nm) which
are recommended in the present evaluation.

The preferred values of the guantum yields G+ H(5)
[HO production] are based on the indirect studies of
Johnston er al.? and the direct observations of Jolly ez al’ at
222 nm, Turnipseed et al.* and Felder et al’ The data of
Schiffman er al.'> are not used in view of the inconsistency
of their absolute ¢(HO) values for H,0, dissociation. At 193
nm, O-atom production becomes a major channel but HO
and O production is not mutually exclusive since reaction (5)

ATKINSON ET AL.

can occur at A=<239 nm, either through excited NOJ ot
HONO*. Felder eral’ show that ¢(5)=0.4 at 193 nm.
Ground state HONO is the likely co-product of O('D) atoms
and hence the data of Turnipseed et al.* imply ¢(4)=0.28 at
193 nm and 0.074 at 222 nm, which is consistent within the
experimental uncertainty with the results of Felder et al’In
the absence of direct measurements of HONO at longer
wavelengths, ¢(2) cannot be determined; this channel is
probably responsible for the small amount of O-atom pro-
duction at A>239 nm, as measured, for example, by Mar-
gitan and Watson'® with ¢[O(*P)]=0.03 at 266 nm. The data
of Turnipseed er al.* show that H-atom production, and
hence’ ¢(3), is significant only at 193 nm with ¢(3)=0.011
+0.008. The values of the quantum yields are identical to
those in our previous evaluation, IUPAC, 1997.13
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HO,NO, + hv — products

Primary photochemical transitions

Reaction AH®/K]-mol ™! N threshoa/ M
HO,NO, + hv — HO; = NO, (1) 105 1141
— HO = NO: ) 170 704
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Absorption cross-section data
Wavelength range/nm Reference Comments
190-330 Molina and Molina, 1981" (a)
210-330 Singer et al., 19892 (b)
Quantum vyield data
Measurement Wavelength/nm Reference Comments
o3 248 Mac Leod. Smith, and Golden, 1988* (c)
Comments Preferred Values
{a) Measured at 298 K and 1 atm total pressure. HO,NO, Absorption cross-sections at 296 K
was prepared in flowing N, stream in the presence of ~ "
R 10% o/cm® 10° :
H,0, H,0,, HNO;, and HO,. The composition of the ~ M™ orem Mam 0 olem
mixture was established by FTIR spectroscopy, by the 190 1010 260 284
. . .. . . 195 816 265 229
absorption spectrum in the visible and by chemical ti- 200 563 270 180
tration after absorption in aqueous solutions. Two 205 367 . 275 13.3
methods were used to prepare HO,NO,. The first ;:(5) fg? ;gg 2;
mixed 70% nitric acid with 90% H,O,, while in the 220 118 290 3.9
second method solid nitroniumtetrafluoroborate %gg 93.2 295 24
. 78.8 300 1.4
(NO,BF,) was added to a solution of 90% H,0,. 535 65.0 305 085
(b) Cross-sections were measured at 298, 273, and 253 K. 240 57.9 310 0.53
Pernitric acid was produced in situ by photolysis of ;;_1(5) i?z i;g 8‘33
Cl,—H,;-NO,-air mixtures with averaged absorption 255 349 35 015
measurements at small extents of reaction. Relative 330 0.09

spectrum over the range 210-230 nm determined in
flowing mixtures of pernitric acid vapor obtained from
the reaction of BF,NO, and H,0,, after correction for
impurity of NO,. H,0,, and HNO;, which was deter-
mined by IR spectroscopy. Resolution=1 nm.

(c) Laser photolysis of pernitric acid at 248 nm. HO radi-
cals were measured by LIF and the yield determined
relative to the yield from H,O,.
tional distribution of HO from photolysis of HO.NO,
and H,O, was the same under the conditions of the
experiment. A value of ¢,=0.34=0.16 was obtained

assuming the rota-

after correction for impurity in the pernitric acid
sample. Fluorescence from NO¥F was also observed af-
ter photolysis which was assigned to production via
channel (1). The upper limit for NOY production was
30%. Tt was concluded that under atmospheric condi-
tions ¢&,=0.65 and &~=0.33.

Quantum Yields

¢, =061 at 248 nm.
$->=0.39 at 248 nm.

Comments on Preferred Values

The preferred absorption cross-section values are based on
the data of Molina and Molina' and Singer et al..” which are
in excellent agreement at wavelengths in the range 210-
300nm. Between 300 and 320 nm the cross-sections of
Singer et al.” are approximately a factor of 2 lower. A simple
mean of the two data sets is taken over the whole range. ’

For the quantum yield we recommend values based on the
measurements of Mac Leod er al.* at 248 nm with a small
upward revision of &, to take into account the present rec-
ommendation for the absorption cross-section for H,Q, . The
uncertainties on the quantum yields are large and it should be
noted that they are based on data at a single wavelength. The
preferred values are identical to those in our previous evalu-
ation. [CPAC. 1997.*
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NO, + hv — products

Primary photochemical transitions

Reaction AHS/RI-mol ™! N threshotd/NM
NO, + hv — NO + OC’P) (1) 300 398
- NO+0('D) (2) 490 244

Absorption cross-section data

Wavelength range/nm Reference Comments

200-700 Schneider er al., 1987' (a)

264-649 Davidson et al., 1988 b

310-570 Harwood and Jones, 1994° (c)

300-500 Meérienne, Jenouvrier, and Coquart, 1995* (d)

400-500 Coquart, Jenouvrier, and Mérienne, 1995° (e

Quantum yield data

Measurement Wavelength/nm Reference Comments

& 295-445 Jones and Bayes, 1973° (f)

b, 375-420 Harker, Ho, and Ratto, 19777 (g)

&, 390-420 Davenport, 1978° (h)

& 334-404 Gardner, Sperry, and Calvert, 1987° (i)

&, 388-411 Roehl er al., 1994'° G
Comments X 10" molecule cm™ using a diode array spectrom-

{a) Measured at 298 K with spectral resoluiion of 0.04 nm. eter. Ahsorption due to N0, was corrected for using

Averaged values over | nm intervals are tabulated.
Also averaged values over 5 nm intervals are tabulated
and compared with corresponding values derived from
previous studies. Generally good agreement with re-
sults of Bass er al.'' except for higher values near the
abgorption minimum at 260 nm and at wavelengths less
than 220 nm.

Cross-sections measured over a wide range of tempera-
ture (233-397 K) and with low NO, concentrations
(3.4=73)X 10"% molecule em ™. so that absorption due
to N-Oj was minimized. Low resolution (1.5 nm) spec-
tra were recorded using a diode array. and high resolu-
tion spectra (0.3-2.5 ecm ™) by FTIR.

Cross-sections measured over the temperature range of
213-298 K and with NO- concentrations of (1.5-20.01

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

data for the cross-sections for N,Oy and K, for dimer-
ization of NO, determined simultaneously in the same
experiments. The spectral resolution was 0.54 nm
FWHM. Averaged cross-sections over 5 nm intervals
were given as well as high-resolution data.
Cross-sections measured at 293+0.3 K with NO, con-
centrations of (3—9)x 10" molecule cm™. Conven-
tional spectrometer used with multipass cell giving a
total path length of 60.7 m. Spectral bandwidth <0.01
nm at A >400 nm and <0.15 nm at A <400 nm. Cross-
sections measured at 0.01 nm intervals with a wave-
length accuracy of 0.01 nm. Corrections made for the
presence of N»Q,. Averaged cross-sections over 5 nm
intervals given for the range 305-425 nm. Complete
data-set available on request.
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Same technique as in (d). Data were obtained at 220
and 240 K. Data given at | nm intervals over the range
400-500 nm. Features in spectrum sharpen with de-
crease in temperature but no change found in- cross-
sections.

Relative quantum yields for NO production measured
and normalized to literature values at 313 and 366 nm.
Quantum yield for NO, photodissociation by pulsed
dye laser measured at 1 nm intervals. Values given
here are taken from tabulated results provided by the
authors.

Quantum yicld for NO production measured relative to
NO production from NOCI photolysis at six wave-
lengths for 7=300 and 223 K.

Primary quantum yield ¢, derived from measurement
of (1) quantum yield of NO, reactant loss (optical ab-
sorption); (2) quantum yield of NO product formation
(mass spectrometry); and (3) quantum yield of O,
product formation (mass spectrometry). Light intensity
measured by NOCI actinometry. ¢, found to be near
unity for wavelengths less than 395 nm. At 404 nm
measurements were also made from 273 K to 370 K.
Results found to be in qualitative agreement with the
simple theory that for A >398 nm the energy deficiency
for photodissociation is made up from internal rota-
tional and vibrational energy of the NO, molecules. On
the basis of later experiments in the same laboratory by
Calvert et al.,12 in which the absorption cross section at
404.7 nm was measured from 273 to 370 K. the authors
concluded that vibrationally excited NO, molecules ab-
sorb more strongly than unexcited molecules. They
were thereby able to derive a reasonable fit to the varia-
tion of primary quantum yield with temperature for
photodecomposition in the energy-deficient region at
404.7 nm.

Quantum yield for NO production from NO, photodis-
sociation by a dye laser was measured at 248 K and
208 K relative ta NO production from NOCI photodis-
sociation. Quantum yields were measured at very high
resolution (0.001 nm). These are the first measurements
of &, at low temperatures throughout the falloff region.

1419

Preferred Values

Absorption cross-sections®

A/nm 10° ofem®  A/nm 10 g/em®  Nnm 10 ofem’
190 315 21.61 440 4691
195 320 24.68 445 4771
200 325 27.94 450 18.58
205 43.06 330 31.04 455 41.62
210 47.20 335 3441 460 4241
215 49.54 340 38.43 465 40.26
220 45.61 345 40.31 470 32.97
225 37.88 350 43.02 475 37.64
230 . 2739 355 47.54 480 32.70
235 16.69 360 48.64 485 24.69
240 9.31 365 52.32 490 29.85
245 1.74 370 53.49 195 28.20
250 2.48 375 56.02 500 17.22
255 1.95 380 56.75 505 22,48
260 2.4 385 58.05 510 2161
265 272 290 “0.560 515 1495
270 4.11 395 58.36 520 15.00
275 4.90 400 61.94 525 16.58
280 5.92 405 57.21 530 14.18
285 7.39 110 60.38 535 9.88
290 9.00 415 57.25 540 10.10
295 10.91 420 58.16 545 11.83
300 13.07 425 55.26 550 10.17
305 15.89 430 52.43 555 7.34
310 18.71 435 53.60 560 5.62

565 7.87

*Ahsorption cross-cections in the range 190-565 nm. averaged over 5§ nm
intervals, are independent of temperature.

Quantum Yields

A/nm &b N/nm- & A/nm &b

<310 1.00 370 0.98 406 0.29
315 0.99 375 0.98 408 0.18
320 0.99 380 097 - 410 0.13
325 0.99 385 097 412 0.09
330 0.99 390 0.96 414 0.07
335 0.99 392 (.96 416 0.05
340 0.99 394 0.95 418 0.03
345 0.99 396 0.92 420 0.02
350 0.99 398 0.82 422 0.01
355 0.99 100 0.82 424 0.00
360 0.98 402 0.69
365 0.93 404 042

Comments on Preferred Values

Since our previous evaluation. IUPAC. 1997.' there have
been new high resolution (0.C1 nm) measurements of the
NOs absorption cross-sections over the range 300-300 nm at
293 K by Mérienne ¢r al.* and at 220 K and 240 K by Co-
quart er al.” There is also work by Frost ¢r al.'™ in which
relative cross-sections have been measured.

The 5 nm averaged values of the cross-sections obtained
by Mérienne ¢ al* are slightly higher than the preferred
values given in IUPAC. 1997."% which were based on the
studies of Davidson e al.” and Harwood and Jones.* The

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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present preferred values over the range 320-420 nm were
obtainced by avcraging the results of Davidson er al.,2 Har-
wood and Jones,® and Mérienne ez al.*

For the remainder of the wavelength range covered, the 5
nm averaged cross-sections over the range 425-495 nm are
based on the work of Harwood and Jones® and of Mérienne
et al.,* while those for the range 495-565 nm are taken from
Harwood and Jones.” The values for the range 185-320 nm
are taken from Table 4 of Schneider ef al.!

Harwood and Jones®* found no significant temperature de-
pendence of the 0.5 nm averaged cross-sections in the wave-
length region 320-535 nm over the temperature range 213—
298 K. The study at higher resolution by Coquart er al..’ at
temperatures of 220 K, 240 K, and 293 K, confirms this
finding. These results support the suggcstion by Davidson er
al? that the discrepancies observed by Bass et al.,!! Daven-
port et al.,* and Hicks et al.'> can be accounted for by incor-
rect compensation for the effects of N.O,. Roscoe and
Hind'® have reached similar conclusions in their critical re-
view of the implications of the 2NO, = N,O; equilibrium
for earlier determinations of NO, absorption cross-sections.
The preferred values over the range 185-565 nm can be
taken to be temperature independent.

Both Harwood and Jones® and Coquart ez al’> find that
there is a sharpening of the spectral features as the tempera-
ture is decreased. However, there are no shifts in wavelength
as reported by Schneider er al.' and Davidson ef al..” which
may have been due to small calibration errors.

‘The preferred quantum yields are those recommended by
Gardner et al.’ They are based on a best fit to the data of
Gardner er al.® for 334-404 nm, Jones and Bayes® for 297
412 nm, Davenport8 for 400-420 nm, and Harker er al.’
(corrected for cross-sections) for 397—420 nm. The results of
Gardner er al.’ support the results of Jones and Bayes® show-
ing that the primary quantum yield is nearly unity throughout

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997
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the entire wavelength region of 290—-390 nm, and that the
low values reported by Hatker er al.” for the 375-396 nm
region must be in error. Possible reasons for these low values
are discussed by Gardner er al.” Roehl e al.'® report values
of ¢, for 388—411 nm at 298 K and at 248 K. Their room
temperature data for 388-397 nm are slightly lower than the
recommended values and their observed falloff above 398
nm occurs at longer wavelengths than recommended here.
The quantum yields at 248 K were observed to be lower than
those at room temperature (by 10% at 400 nm, increasing to
50% at 411 nm).
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NO; + hv — products

Primary photochemical transitions

1421

Reaction AH°/kJ-mol ™' A threshola/Tm

NO; + hv — NO + 0,(°%) (1) 10.9 11000
— NO +0x('A) (2) 105.2 1137
— NO+04'3) () 167.8 112
— NO, + 0C°P)  (4) 203.9 587

Absorption cross-section data
Wavelength range/nm Reference Comments
400-700 Sander, 1986 (a)
Quantum yield data
Measurement Wavelength range/nm Reference Comments
$(NO + O,), ¢(4) 570-635 Orlando er al., 1993° (b)

Comments

Two methods were used to produce NO;. In one, NO;
radicals were generated from the flash photolysis of
Cl,—CIONO, mixtures, with NO; formation and
CIONO, loss being monitored by UV absorption. Mea-
surements were made at 230, 250, and 298 K. The
value of a(NO,) at 662 nm determined by this method
(2.28x 107" cm® molecule™) was preferred by the
author. The cross-section was observed to increase by a
factor of 1.18 at 230 K. NO; was also produced in a
discharge flow system by the F+HNO; reaction. The
value of a(NO,) at 662 nm determined by this method
was 1.83X 107" cm® molecule™". Values of o were

(b)

tabulated for | nm intervals from 400 to 700 nm for
298 and 230 K.

The photodissociation of NO; was studied at 298 K
using pulsed laser photolysis, with resonance fluores-
cence detection of O(’P) atoms and NO(X 2I).
S[OCP)] was 1.0 over the range 570—585 nm, decreas-
ing to a value <0.l at 635 nm. @¢(NO) was <0.1 at
580 nm and about 0.20£0.10 at 590 nm. These data
were combined with earlier results of Magnotta and
Johnston® to provide quantum yields ¢(NO+0,) and
¢(4) as a function of wavelength (586—639 nm) and to
calculate photolysis rates for overhead sun at the
earth’s surface, with J(NO, + 0)=0.19 s~'; J(NO
+ 0,)=0.016 s7%.
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Preferred Values

Absorption cross-sections at 298 K and 230 K

10'° o/em? 10'° o/em? 10'° ofcm’ 10'° o/cm?® 10! o/cm? 10" o/cm?
Nnm 298 K 230 K Mnm 298 K 230K Mnm 298 K 230 K
400 0.0 0.4 500 11.3 12.3 600 27.6 29.7
401 0.0 0.5 501 L1 11.4 601 28.6 304
400 0.0 0.5 502 1.1 11.1 602 332 35.7
403 0.2 0.5 503 11.1 11.9 603 38.0 43.0
404 0.0 0.3 504 12.6 13.3 604 43.7 51.4
405 0.3 0.7 505 12.8 14.0 605 43.6 53.2
406 02 06 506 134 15.0 606 33.2 39.6
407 0.1 0.5 507 12.8 14.0 607 24.0 26.5
408 0.3 0.5 508 12.7 13.0 608 18.5 19.1
409 0.0 0.8 509 13.5 14.1 609 17.1 17.7
410 0.1 0.5 510 15.1 16.5 610 17.7 18.5
411 0.2 0.8 511 17.3 20.0 611 19.1 20.7
412 0.5 0.4 512 17.7 21.1 612 22.3 25.2
413 0.5 0.7 513 16.0 19.2 613 26.3 320
114 0.2 1.2 s14 158 1713 614 255 30.5
415 0.6 0.8 515 15.8 17.0 615 22.6 25.8
416 0.6 0.8 516 15.6 . 17.5 616 209 22.5
417 0.7 1.1 517 14.9 15.4 617 21.1 22.0
418 0.5 1.1 518 144 149 618 239 24 4
419 08 1.1 519 15.4 15.9 619 25.6 27.1
420 0.8 1.4 520 16.8 17.3 620 32.7 35.8
421 0.8 1.3 521 18.3 18.9 621 52.4 62.9
422 0.9 1.3 522 10.3 20.6 622 101 R 1213
423 1.1 1.3 523 17.7 19.1 623 147.3 174.5
424 0.9 1.4 524 16.4 : 16.8 624 120.5 138.7
425 0.7 1.7 525 15.8 16.0 625 83.8 100.7
426 1.4 1.6 526 16.3 16.8 626 73.0 88.2
427 1.4 1.3 527 18.1 19.3 627 75.3 96.1
428 1.2 1.6 528 21.0 23.8 628 73.7 94.3
429 1.1 1.4 529 239 27.3 629 69.8 90.3
430 1.7 1.7 530 223 247 630 67.6 80.7
431 1.3 1.8 531 20.9 227 631 48.4 61.0
432 1.5 1.8 532 20.2 22.0 632 32.7 39.8
433 1.8 2.0 533 19.5 21.1 633 21.7 25.1
434 1.8 22 534 20.4 227 634 16.1 17.3
435 1.6 i 24 535 23.0 26.6 635 4.4 14.0
436 1.5 23 536 25.7 30.6 636 16.9 16.2
437 1.8 2.0 537 25.8 30.5 637 20.7 20.1
438 2.1 22 538 234 26.0 638 20.3 18.9
439 2.0 28 539 : 204 224 639 15.8 142
140 1.9 24 540 21.0 226 640 12.3 1.3
441 1.8 25 541 204 218 641 10.0 95
442 20 23 342 188 19.7 642 9.2 8.4
143 1.8 23 543 16.8 17.3 643 9.7 8.1
44 1.9 24 544 17.0 17.3 644 9.3 8.4
45 20 29 545 19.6 213 643 8.6 8.0
446 2.4 29 5406 24.2 26.5 046 7.5 6.9
447 29 33 547 29.1 33.0 647 70 6.8
148 o4 36 548 29.8 334 648 6.2 6.3
449 28 33 549 27.1 29.7 649 5.4 5.3
4350 09 A3 230 243 27.3 630 5.0 5.0
45] 30 3.7 551 243 27.6 651 35 5.6
152 33 1.0 5352 247 285 632 6.1 6.6
453 k! 37 353 253 294 653 7.1 7.9
454 36 1.0 334 27.8 33 654 3.2 9.2
455 36 41 353 1.1 38.0 655 ’ 9.8 11.0
136 26 36 336 2.6 392 636 13.3 144
457 10 42 357 RRE 39.3 637 17.1 18.5
158 37 7 338 350 122 638 242 259
459 12 15 559 37.2 45.3 639 107 12.7
1601 1.0 16 360 332 38.3 660" 745 79.0

‘Condinued o1 next pagc.
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Absorption cross-sections at 298 K and 230 K—Continued
10" g/cm? 10'° g/cm? 10'° o/cm® 10'° o/cm? 10'° o/cm? 10'° g/cm?

\nm 298 K 230 K Nnm 298 K 230 K Nnm 298 K 230 K
161 3.9 43 561 29.8 338 661 144.8 167.5
162 4.0 40 562 29.0 327 662 210.0 266.9
463 41 438 563 28.0 32.1 663 174.4 229.7
161 48 5.1 564 27.2 30.8 664 112.9 145.5
165 5.1 5.4 565 273 31.0 665 74.1 929
166 5.4 5.7 566 28.5 33.0 666 19.6 62.9
167 5.7 6.0 567 28.1 314 667 304 374
168 5.6 59 568 %5 3.0 668 19.0 233
169 5.8 6.0 569 28.9 32.6 669 125 14.5
470 5.9 5.7 570 27.9 31.1 670 9.5 11.2
471 6.2 6.2 571 27.6 309 671 79 9.4
172 6.4 6.5 572 27.4 30.5 672 7.6 - 9.7
173 6.2 6.5 573 27.8 309 673 6.4 8.1
474 6.2 6.4 574 28.6 319 674 52 6.3
475 6.8 7.4 575 30.8 36.0 675 48 5.5
176 78 ’23 576 7 %7 616 49 52
477 7.7 8.2 577 33.8 395 677 5.9 6.2
478 7.3 74 578 33.1 385 678 7.5 72
179 73 : 74 579 324 383 679 7.8 7.3
430 7.0 7.5 580 33.4 399 680 6.9 6.4
481 7.1 74 581 355 439 681 5.3 53
482 7.1 7.3 582 328 39.5 682 4.0 44
483 7.2 7.1 583 29.3 346 683 3.0 32
434 7.7 7.4 584 28.2 32.8 084 2.6 2.
485 8.2 8.2 585 28.9 34.0 685 1.8 24
186 9.1 95 586 33.2 39.7 - 686 1.6 1.5
187 9.2 9.4 587 41.6 51.8 687 1.2 23
488 9.5 9.2 588 50.4 63.8 688 1.2 2.0
189 96 10.6 589 61.3 713 689 1.2 1.9
190 10.3 1.2 590 59.6 71.8 690 1.0 2.1
491 99 10.3 591 544 64.6 691 0.7 1.7
192 9.9 10.6 592 51.1 60.2

193 10.1 109 593 45.8 53.2

194 10.1 10.1 594 419 50.2

195 10.6 1.1 595 42,9 52.8

196 12.1 12.9 596 46.2 58.1

197 122 14.0 597 43.6 51.0

198 12.0 13.2 598 36.7 437

199 1.7 12,6 599 31.0 36.5

Quantum Yields

&(4)=1.0 for A=<583 nm.

Comments on Preferred Values )

Since our previous evaluation. [UPAC. 1997." absorption
cross-section measurements have been made over the range
440-720 nm by Yokelson er al.” using a diode array spec-
trometer working at a resolution of 0.1 nm. These new data.’
which supersede previous data from the same laboratory.®
are in good agreement with those of Sander.' which are the
basis of our preferred absorption cross-sections. They were
obtained by normalizing the values of Sander’ in the ranse
200-691 nm to the value of 2.1x 107" em® molecule ™ for
the peak value at 662 nm. Lhis peak value is adopted trom
the evaluation of Wayne e7 al.

Yokelson er al.” also studied the effects of temperature

change on the cross-sccuons. Measurcinents at 298, 253,

230, and 200 K gave results agreeing closely with those of
Sander.! A significant increase in cross-section is found as
temperature is lowered. in contrast to the findings of Cantrell
et al..® where temperature change was observed to have litile
effect. In our previous cvaluation the tcmperature depen-
dence of o. and the values of ¢ at 230 K. were adopted from
the evaluation of Wayne e al.” who based their values on a
mean of the results of Sanders' and Cantrell er al.® In view
of the new study of Yokelson ez al’? supporting strongly the
results of Sander.! we now accept the data of Sander' as the
preferred values of ¢ at 230 K. To obtain the temperature
dependence of the 662 nm band we combine our preferred
values at 298 and 230 K 1w give

FT1=14.39X 1077 =(8.37x 107" )} em® molecule ™' at
662 nm.

The measurements of Orlando er al.* confirm qualitatively
the wavelength dependence of &(NO + O.) and &(4) ob-

served in the earlier room (emperature sncasuternents of
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Magnotta and Johnston,® and provide more accurate values
for ¢(4). The earlier problem’ of total quantum yields in
excess of 1.4 was not encountered in the work of Orlando
et al.,2 which confirms that NO; radical dissociation is ex-
clusively to NO, + 0(3P) at wavelengths <585 nm.

A molecular beam study of Davis er al.® has provided con-
siderable insight into the photodissociation of the NO; radi-
cal. There is a very sharp threshold for channel (4) at 587 nm

- for internally cold NO;. Any dissociation at longer wave-
lengths via channel (4) must occur from photolysis of inter-
nally excited NO;. At A=588 this process competes with
photodissociation of NOy to form NO + O; via a three-
center transition state from the vibrationally excited ground
state. The yield of this process falls off above 600 nm and
may only occur from hot band absorption above 605 nm.
These facts imply that the branching ratio for bulk, thermally
equilibrated NO; radicals will depend very strongly on tem-
perature, especially near the threshold for the NO,-forming
channel, where higher temperatures will tend to favor disso-
ciation via the simple bond fission channel (4).

Using the measured energy thresholds from the molecular
beam experiments, Johnston et al.'9 have modeled product
yields from the excited NO; resulting from photon absorp-
tion. They have calculated values of ¢(NO), $(NO,), and
A{fluorescence) as a function of wavelength in the range
401-690 nm at temperatures of 190, 230, and 298 K. The
values at 298 K agree well with the experimental findings of
Orlando ef al.,” with only some departures for ¢(NO,) in the
605-620 nm region.

On the basis of their measured quantum yields, Orlando
et al.® have suggested photodissociation rates for an over-

ATKINSON ET AL.

head sun at the earth’s surface and the wavelength range
400700 nm, of J(NO, + 0)=0.19 s~! and J(NO + 0,)
=0.016 s~'. These are preferred for atmospheric calcula-
tions. The experimental values of Magnotta and Johnston®
are in agreement, and the calculations of Johnston er al.'®
also provide support for these photodissociation rates.

The information from the molecular beam experiments of
Davis er al.’ dictates that these values of J only apply for
temperatures close to room temperature. Calculated values
are available for lower temperatures, but further measure-
ments of the quantum yields for NO; radical photolysis in
bulk samples at lower temperaturcs are required before ree-
ommendations can be made for atmospheric photolysis rates
at stratospheric temperatures.
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N,O + hv — products

Primary photochemical transitions

Reaclion AHO/RJ.mOI_[ }\llll\‘\huM/nm
NO+iv — Na+OCP) (1) 161 742

— N,=0('D) (2 351 34

— N+NO (3 475 252

— N.~0('S1 565 212

Absorption cross-section data

Wavelength range/nm Reference

Comments

172~240

Selwyn. Podolske. and Johnston. 1977! (a)
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Quantum yield data
\easurement Wavelength range/nm Reference Comments
#1—-N;0)=2.0 184.9 Greiner, 1967° o (&)
#(NO)=1.0
@10y =0.5
$,<0.03 214 Paraskevopoulos and Cvetanovic, 1969° (c)
$:<0.01 185-230 Preston and Barr, 1971* ()
Comments for A=173-240 nm and T=194-302 K.

(a) Measured at five temperafures from 194 to 302 K, with

a resolution of 0.7 nm. Values were tabulated at 1 nm
intervals. A nine parameter fit expressing o as a func-
tion of A and T was also given.

{b}  N,O photolyzed at 184.9 nm in static system at tem-
peratures of 299-301 K. Mass spectrometric analysis
of N;0, NO, and O,. No other products observed but
the analysis system was not sensitive to NO,. Pressure
was varied in the range 5.3-285 mbar (4—214 Torr) of
N,O. From results obtained in this and other studies, it
was concluded that ¢(-N,0)=2.0, $(NO)=1.0, and
#(0,)=0.5 over the range 138-210 nm.

(c) Photolysis of N,O at 298 K in the presence of neopen-
tane, 1-butene, and added gases. The yield of O(’P)
atoms was determined from yield of addition products
with 1-butene.

(d) Photolysis of N,O containing 1% *NO at 296 K and
A =185, 214, and 229 nm. The isotopic composition of
product N, was measured.

Preferred Values
Absorption cross-sections

A/nm 10 g/em* Nnm 10¥¢/cm?

175 12.6 210 0.755

180 14.6 215 0.276

185 14.3 © 220 0.092

190 11.1 225 0.030

195 7.57 230 0.009

200 4.09 235 0.003

205 1.95 240 0.001

Temperature dependence of absorption cross-sections
Ino(AT)=A+AN+A N +A N + AN

+(T=3001exp(B, + B\ + B+ B AT

where

=68.21023 B,=123.4014
A,=-4.071805

A:=4.301146X 10"
Ay=~1.777846 X107 B,=

Ac=2.520672x10""

1.8810538x10"F

Quantum Yields

@,=1.0 for A =185-230 nm.

Comments on Preferred Values

The preferred absorption cross-sections and the expression
for In o (X, T) are from Selwyn er al.' These cross-section
values have been confirmed both at room temperature and at
208 K by the results of Hubrich and Stuhl® and Mérienne
etal.’ who also determined the temperature dependence.
Several publications with additional information on this pro-
cess have appeared since our original evaluation. Selwyn and
Johnston” studied the ultraviolet absorption spectrum of ni-
trous oxide and its °N isotopes over the wavelength range
172-197 nm and the temperature range 150-500 K. Lee and
Sutw® measured the photoabsorption and fluorescence cross-
sections in the 106160 nm region and studied the produc-
tion and quenching of excited photofragments. Yoshino
et al.’ made high-resolution room temperature cross-section
measurements in the 170-222 nm range. Recent state-
resolved photofragment spectroscopy studies of N,O photo-
dissociation at 193 nm'® and 205 nm!! show that 43% of the
energy deposited in the molecule appears as translational en-
ergy of the O('D) atom fragment.

The preferred value of the quantum yleld ($,=1.0) is
based on the results reported by Greiner,” Paraskevopoulos
and Cvetanov1c and Preston and Barr.! Greenblatt and Rav-
ishankara'? have measured the quantum yield for production
of NO(II) and N('S) atoms at 193 nm to be <8X 10 2.

The recommendations are identical to those given in our
previous evaluation, [UPAC, 1997."*
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BIUPAC, Supplement V, 1997 (se¢ references in Introduction).

N,O5 + hv — products

Primary photochemical transitions

Reaction

AH®/kJ-mol ™' A theeshote/ M
N,Os + hv — NO; + NO, (1) 89 1340
- NO; + NO+ O (2) 390 307
— NUOj + NU§ — NOj + NO, + hv  (3)
Absorption cross-section data
Wavelength range/nm Reference Comments
200-380 Yao, Wilson, and Johnston, 1982} (a)
240-420 Harwood er al., 1993 ' (b)
Quantum yield data
Measurement Wavelength/nm Reference Comments
#(NO;) 249-350 Swanson, Kan, and Johnston, 1984° (c)
#(NOy). ¢ [0C°P)] 290 Barker er al., 1985* (d)
S(NO3). ¢ [OCP)] 248-289 Ravishankara et al., 1986° (e}
Comments (c) Pulsed laser photolysis, mostly at 249 nm with a few

(a)

Measured over the temperature range 223-300 K. For
the wavelength range 200-280 nm, no temperature de-
pendence was observed, and values were tabulated at 5
nm intervals. For 285-380 nm a pronounced tempera-
ture dependence was observed and the results were pre-
sented by an equation expressing ¢ as a function of \
and T.

Measurements at 233-313 K using a dual-beam diode
array spectrometer. Absolute cross-sections were based
on pressure measurements and determination of NO,
and HNO; impurities by UV and IR specuouscopic
methods. For 260-380 nm. a pronounced temperature
dependence was observed and the results were ex-
pressed in the form log,( o) =A+1000 B/T.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

experiments at 350 nm. The NO; quantum yield was
measured to be 0.89+0.15. At low reactant concentra-
tion, the quantum yield approached a value of 1.0%0.1.
Pulsed laser photolysis. The quantum yield for produc-
tion of O(*P) atoms was determined to be <0.1 in
experiments with resonance fluorescence detection of
oxygen atoms. Optoacoustic techniques with added NO
were used to determine ¢(NO;) to be 0.820.2.
Pulsed laser photolysis. The quantum yield for NO;
production at 248 nm was determined to be unity in
experiments with detection of NO; by absorption at
662 nm. The quantum yield for OC'P) production was
determined by resonance fluorescence and observed to
decrease from 0.7220.17 at 248 nm to 0.15%0.05 at
289 nm.
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Absorption cross-section at 298 K

A/nm 10 ojgg/cm? BIK
200 920
205 820
210 560
215 370
220 220
225 144
230 99
235 77
240 62
245 52
250 40
255 32
260 26.3 —0.091
265 20.5 —0.100
270 16.5 —0.104
275 13.3 -0.112
280 114 —0.112
285 8.72 —0.126
290 6.80 —0.135
295 5.15 —0.152
300 3.90 -0.170
305 2.93 —0 194
310 2.19 —0.226
315 1.63 —0.253
320 1.22 —0.294
325 090 —0.338
330 0.68 -0.388
335 0.50 —0.409
340 0.38 —0.492
345 0.280 —0.530
350 0.217 —0.583
355 0.167 -0.719
360 0.126 -0.770
365 0.095 ~0.801
370 0.074 —0.885
375 0.054 —0.765
380 0.042 —0.992
385 0.033 —0.992
390 0.0234 —0.949
395 0.0174 —0.845
400 0.0135 —0.966
405 0.0103 ~1.00
410 0.0080 ~1.16
Temperature  dependence:  log,, o7 (cm® molecule ™) =logy 0rg
+ 1000 B(UT—1/298).
Quantum vyields
b1+ b+ d3=1.0 for A=248-350 nm
A/nm b
248 0.72=0.17
266 0.38=0.10
287 0.21=z0.05
289 0.15=0.05

Comments on Preferred Values

The absorption cross-section values reportea by Harwood
et al.® show good agreement with the earlier data of Yao
et al.' For wavelengths less than 280 nm, the o values of
Harwood et al.? are 7% lower than those of Yao et al.' and
within 5% of the earlier values of Graham and Johnston.® No
significant temperature dependence was observed at A <260
nm by Harwood et al.,” but for the region 265-410 nm there
is a significant effect of temperature. In general, the tempera-
ture dependence from Harwood et al.? agrees well with that
of Yao et al.! except at the longest wavelengths where the
results in the former study show a slightly larger depen-
dence,leading to o values at 380 nm about 30% lower at 233
K than predicted from the earlier parameterization. The pre-
ferred values for the cross-section at room temperature were
obtained by averaging the results from Harwood et al.? and
Yao ez al.,! and the temperature dependence parameters are
taken from Harwood et al.”

The preferred quantum yield of unity for NO; radical pro-
duction is based on the results of Swanson ef al.® at 249 and
350 nm, those of Ravishankara ef al.’ at 248 nm, and those
of Barker et al® at 290 nm. The preferred quantum yield
values for O atom production are those reported by Ravi-
shankara et al.> The study of Oh er al.” indicates that elec-
tronically cxcited NO, in the *B| statc is pruduced, and pho-
tolysis induced fluorescence (PIF) quantum yield values are
reported. For calculation of photodissociation rates in the
atmosphere, channel (3) is equivalent to channel (1). In sum-
mary, it appears that NO; radicals are produced with unit
quantum yield throughout the region 248-350 nm, and that
the quantum yield for oxygen atom production decreases at
longer wavelengths and appears to be approaching zero in
the neighborhood of the thermodynamic threshold for O
atom production at 307 nm.

The preferred values are identical to those in our previous
evaluation, IUPAC, 1997.}
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4.4. Sulfur Species

0+CS—-CO+S

AH°=-355kj-mol ™'

Rate coefficient data

k/cm® molecule™ s~ Temp/K Reference Technique/Comments
Absolute Rate Coefficients
(2.06+0.11) % 107! 305 Slagle er al., 1975' DE-MS
(2.24+0.36)x 10~ 1! 300 Bida; Breckenridge, and Kolln, 19762 DF-UVA
2.6X 10710 exp[ — (760 140)/T] 156-215 Lilenfeld and Richardson. 19773 DF-EPR/MS
2.0x1071 298*
Relative Rate Coefficients
22x107"1 298 Hancock and Smith, 1971* RR (a)
Reviews und Evaluarions
2.7X 107 1% exp(— 760/T) 150-300 NASA., 1997° (b)
2.7X 1071 exp( — 760/T) IUPAC, 1997° (c)

150-300

Comments

(a) Discharge flow system. O(’P) was added fo CS,. and
the infrared chemiluminescence from the O + CS reac-
tion monitored. NO, was added to compete for O at-
oms. A rate coefficient ratio of k/k(O + NO,)=2.3
was obtained, and placed on an absolute basis by use of
k(O + NO;)=9.7X 1072 cm* molecule™" s™! (this
evaluation).

(b) Based on the data of Slagle er al.,! Bida er al.* Lilen-
feld and Richardson.® and Hancock and Smith.*

(c) See Comments on Preferred Values.

Preferred Values

k=2.1x10"" cm® molecule™ s™' at 298 K.
k=2.7X 107" exp(— 760/T) cm® molecule™! s~/
the temperature range 150-300 K.

over

Reliabilirv
Alog k==*0.1 at 298 K.
A(E/R)= %250 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Comments on Preferred Values

Because of its significance in the CO chemical laser, this
reaction has been the subject of a number of studies.' ~* The
values of k obtained at 298 K fall within a range of about
20%. The preferred value is the mean of these measure-
ments,! ~* all of which seew reliable. To obtain the preferred
expression for k, the only available value of £/R is accepted®
and the pre-exponential factor is adjusted to fit the preferred
298 K rate coefficient. The preferred values are identical to
those in our previous evaluation, IUPAC, 1997.°

References

'L R. Slagle, R. E. Graham, J. K. Gubert, and D. Gutman, Chem. Phys.
Lett. 32, 184 (1975).

G. T. Bida. W. H. Breckenridge. and W. S. Kolln. J. Chem. Phys. 64.
3296 (1976).

*H. V. Lilenfeld and R. J. Richardson, J. Chem. Phys. 67, 3991 (1977).
*G. Hancock and I. W. M. Smith. Trans. Faraday Soc. 67, 2586 (1971).
*NASA Evaluation No. 12, 1997 (see references in Introduction).
“IUPAC. Supplement V. 1997 (see references in Introduction).
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O + CH3SCH3 hand CH3SO + CH3

AH°=—133 kJ-mol™!

Rate coefficient data

t/em® molecute™ 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.42X 107" exp[(366+ 15)/T] 268-424 Lee, Timmons, and Stief, 1976' FP-RF
(4.84+0.52)x 107! 298
1.28% 107" exp[ (404 30)/T] 272-472 Lee, Tang, and Klemm, 19807 DE-RF
(4.83=0.46) % 107! 206
1.11X 107 exp[(460+ 41)/T] 296--557 Nip, Singleton, and Cvetanovic, 1981° (a)
5.11x107" 297
Reviews and Evaluations
1.3x 107" exp(410/T) 270-560 NASA, 1997* (b)
1.3X 107! exp(409/T) 270~560 IUPAC, 1997° (©)

Comments

(a) OCP) atoms were generated by the mercury-
photosensitized photolysis of N,O using a sinusoidally
modulated mercury lamp, and monitored by NO,
chemiluminscence using a phase-shift technique.

(b) Based on the results of Lee et al."” and Nip et al.’

(¢) See Comments on Preferred Values.

Preferred Values

k=5.0x10"" cm® molecule™' s™! at 298 K.
k=1.3x10"" exp(409/T) cm?® molecule™! s™! over the
temperature range 270-560 K.

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

Comments on Preferred Values

The data of Nip er al.® are in excellent agreement, over the
entire temperature range studied. with both of the studies of
Lee er al.'* The preferred values of k at 298 K and (E/R) are
obtained from a least-squares fit of the data from those three

studies' ~3 and are identical to those in our previous evalua-
tion, IUPAC, 1997.° The product study of Cvetanovic et al.®
suggests that at high pressures (0.39—1.58 bar) the reaction
proceeds almost entirely by addition followed by rapid frag-
mentation to CH; + CH3SO. A broad chemiluminescence
spectrum in the range 240-460 nm from this reaction at 1.3
mbar (1 Torr) pressure has been reported by Pavanaja er al.”
They identified the emitting species as electronically excited
HO and SO,, and by numerical integration they showed that
production of these excited species is consistent with second-
ary chemistry following the initial reaction to give the prod-
ucts shown above.
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0+CS,—-S0+CS (1)

“*CO"'Sz

—0CS + S

AH°(1)=-89 kJ-mol™!
AH®(2)=-348 kJ-mol ™'
AH°(3)=-231 kJ-mol™!

(2)
(3)

Rate coefficient data (k=k+ ky+ k3)

k/ecm® molecule™" s~ Temp./K Reference Technique/Comments
Absolute Rate Cocefficicnts
10X 107 exp[ ~ (300 150)/T] 305-410 Callear and Smith, 1967 FP-UVA
42x1071 305
8.3X 107" exp(—950/T) 300-920 Homann, Krome, and Wagner, 19682 DF-MS
3.5% 10712 300
(2.08£0.08)x 107" 227 Westenberg and deHaas, 1968° DF-EPR/MS
(3.0£0.3)x 1072 ' 297
(7.8+£03)x 10712 538
(3.7%0.3)= 10717 298 Callear and Hedges, 1970* FP-UVA
(4.0£03)x 1072 302 Slagle, Gilbert, and Gutman, 1974° (a)
2.8x 107" exp[ —(650= 35)/T] 218-293 Wei and Timmons, 1975¢ DF-EPR
(3.1£0.2)x 107" 293
(2.920.2)x10"" 249 Graham and Guuman, 19777 DE-MS
(3.6£0.3)x 107" : 273
(4.1£02)x 1072 295
(5.1£0.6)x 10~ " 335
(6.6+0.3)x 1071 376
(8.5£0.6)x 107" 431
(11.2208)x 107" 500
Reviews and Evaluations
3.2x 107" exp(—650/T) 210-500 NASA, 19978 (b)
3.2x 107" exp(—650/T) 200-500 IUPAC, 1997° (c)

Comments

(a) Studied by using crossed molecular beams with photo-
ionization mass spectrometric detection of products.

(b) Based on the studies of Callear and Smith.! Homann
et al.* Westenberg and deHaas.® Callear and Hedges."
Slagle er al..’ Wei and Timmons,® and Graham and
Gutman.”

{c)  See Comments on Prefeired Values.

Preferred Values

k=3.6X107" cm® molecule™ 57! at 298 K.

k=3.2X107"" exp(—6350/T) em® molecule™' s™" over the
temperature range 210-300 K.

ky7k=0.90 over the temperature range 210-500 K.

Reliabiliry

Alog k==0.2 at 298 K.
A(L/Ry==100 K.

J. Phys. Chem. Ref. Data, Vol. 26. No. 6. 1997

Comments on Preferred Values

There are several determinations of & at 298 K using a
variety of techniques, which are in good agreement. The pre-
ferred value is an average of the values of Callear and
Smith,! Homann er al..> Westenberg and deHaas.® Callear
and Hedges.” Slagle er al..’ Wei and Timmons.® and Graham
and Gutman.” The preferred temperature coefficient is that of
Wei and Timmons.® There is evidence to suggest that the
Arrhenius plot is not linear over a wide temperature range
but over the range for which our preferred values apply the
other studies of the temperature dependence of k™7 are in
good agreement with the value of Wei and Timmons.®

The reported values for the branching ratios show consid-
erable scatter. For ky/k values of 0.093.% 0.006.! 0.015."
0.30."* and 0.085'! have been reported and for k,/k values
of 0.05-0.20." 0.006." 0.014."* and 0.030."" Channel (1) is
clearly the major channel but at this stage our only recom-
mendation is that £,/k=0.90. The preferred values are iden-
tical 10 those in our previous evaluation. [IUPAC, 1997.°
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O + CH;SSCH; — CHySO + CH,S

AHY=—167 kJ-mol '

Rate coefficient data

kiem® molecule™" 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.12+0.22)x 10710 270-329 Lee and Tang, 1980 DF-RF
4.35% 107 exp{(251 = 61)/T] 298-57% Nip, Singleton, and Cvetanovic, 19812 (a}
(1.0x0.3)x 10710 298
Reviews and Evaluations .
5.5% 107 exp(250/T) 290-570 NASA, 1997 )
5.5% 107" exp(250/7) 290-570 IUPAC, 1997* (b)

Comments

{a) OCP) atoms were generated by the mercury-
photosensitized photolysis of N,O using a sinusoidally
modulated mercury lamp, and monitored by NO,
chemiluminescence using a phase-shift technique.

(b) Based on the results of Lee and Tang' and Nip et al.?

Preferred Values

k=1.5%X10"1 cm® molecule ™' s7! at 298 K.
k=6.5X10""" exp(25/T) cm® molecule™ s~
temperature range 290-570 K.

! over the

Reliability
Alog k=%0.3 at 298 K.
AE/R)=*100 K.

Comments on Preferred Values

The data of Nip ef al..” obtained using a modulated pho-
tolysis technique. are about a factor of 2 lower than the data
from the earlier discharge flow-resonance fluorescence study
of Lee and Tang.! who reported no temperature dependence
over the rather limited range 270-329 K. The cause of the
discrepancy between the two measurements is not clear. The

preferred value at 298 K is an average of the values from the
two studies."? The temperature dependence is that from Nip
et al. with the A factor adjusted fo yield the preferred value

- at 298 K.

The product study of Cvetanovic ef al.’ suggesis that at
high pressures, 0.39-1.58 bar, the reaction proceeds mainly
by addition followed by rapid fragmentation to CH;S
+ CH;S0. A broad chemiluminescence spectrum in the
range 240-460 nm from this reaction at 1.3 mbar (1 Torr)
pressure has been reported by Pavanaja ef al.® They identi-
fied the emitting species as electronically excited HO and
SO,, and showed from a computer simulation that produc-
tion of these excited species is consistent with secondary
chemistry following the initial reaction to give the products
shown above.
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O+ 0CS —
-

AH°(1)==213 kJ-mol ™'
AF°(2)=——224 KJ-mol ™!

SO+CO (1)

CO,+S (2)

Rate coefficient data (k=k; + k3)

k/cm® molecule™! s7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
9.0+ 13)x107" 298 Sullivan and Warneck 1965 DE-MS
2.0% 107 1% exp(—2920/T) 290-465 Hoyermann, Wagner, and Wolfrum, 1967 DF-EPR
1.2x10™ " 300
1.08X 1010 exp(—2770/T) 300-1150 Homann, Krome, and Wagner, 1968° DE-MS
Lix10™ " 300
3.2x 107 " exp(—2280/T) 273-808 Westenberg and deHaas, 1969* DF-EPR/MS
(1.4x0.1)x 1071 297
(1.19£0.06)x 10~ 297 Breckenridge and Miller, 1972° DF-MS
1.65% 10711 exp[—(2165% 30)/T] 263-502 Klemm and Stief, 1974° FP-RF
(1.2+0.1)x 107 298
2.0x 107" exp[— (2140 40)/T)) 239-404 Wei and Timmons, 1975 DF-EPR
(1.35£0.13)x 107 * 295 .
(1.39%0.14)x 10~ 1 296 Manning, Braun, and Kurylo 1976% FP-RF
(L.17%0.12)x 107 ™ 298 Yoshida and Saito, 1978° DF-A (a)
Reviews and Evaluations
2.1X 107" exp(—2200/T) 230-500 NASA, 199710 (b)
1.6X 107 exp(—2150/T) 220-500 IUPAC, 1997" (c)

Comments

(@) SO radicals were monitored by microwave absorption
at 13044 MHz.

(b) Based on the work of Westenberg and deHaas,* Breck-
enridge and Miller,’ Klemm and Stief,> Wei and Tim-
mons,’ and Manning et al.3

(¢) See Comments on Preferred Values.

Preferred Values

k=1.2x10"" cm® molecule™! s at 298 K.
k=1.6x10"" exp(—2150/T) cm® molecule™ s™! over
the temperature range 230-500 K.

Reliabilirv
Alog k==%0.2 at 208 K.
A(E/R)==150 K.

Comments on Preferred Values

The values obtained for k by a variety of techniques' ~
are in excellent agreement over a wide range of temperatures
and pressures (<= 340 mbar). The available evidence suggests
that at low temperatures the reaction proceeds by channel (1)
and that channel {2} may only become significant at tempera-
tures above 600 K.

Because of the possible enhancement of the rate by chan-

9
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nel (2) at high temperatures, the recommended value of E/R
is the mean of the values obtained in studies by Klemm and
Stief ® and Wei and Timmons’ which were limited to tem-
peratures below 502 K. The value of &k at 298 K is the mean
of the values in Refs. 1-9, and the preexponential factor is
adjusted to fit this value of k¥ and the recommended value of
E/R. The preferred values are identical to those in our previ-
ous evaluation, [UPAC, 1997.!

Approximate measurements of k,/k; are: 10™% at 298 K
(Ref. 12) and 1072 at 500 K.}

References

'J. 0. Sullivan and P. Wamneck, Ber. Bunsenges. Phys. Chem. 69. 7 (1965).

K. Hoyerman. H. Gg. Wagner, and J. Wolfrum, Ber. Bunsenges. Phys.
Chem. 71, 603 (1967,

“K. H. Homann. G. Krome. and H. Gg. Wagner, Ber. Bunsenges. Phys.
Chem. 72. 998 (1968).

*A. A. Westenberg and N. deHaas. J. Chem. Phys. 50. 707 (1969).

*W. H. Breckenridge and T. A. Miller, J. Chem. Phys. 56, 465 (1972).

"R. B. Klemm and L. J. Stief. J. Chem. Phys. 61, 4900 (1974).

"C. N. Wei and R. B. Timmons. J. Chem. Phys. 62. 3240 (1975).

*R.G. Manning. W. Braun. and M. I. Kurylo. J. Chem. Phys. 63, 2609
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O +8S0, +M— SOz + M

AH°=—348.1 kJ-mol~!

Low-pressure rate coefficients

Rate coefficient data

kyfem® molecule™" 57! Temp./K Reference Technique/Comments
Absolute Rute Coefficients
3.1X 10732 exp(— 1009/T) [Ax] 299-400 Atkinson and Pitts, 1978" FP-CL (a)
1.05% 1073 [Ar] 298 -
1.37X 1073 [N,) 298
Reviews and Evaluations
1.1x 1073 (771000)™* exp(—2646/T) [Ar] 250-2500 Troe, 1978° )
1.3% 10733 (77300)>¢ [air] 299400 NASA, 1997° ©
4.0 10732 exp(— 1000/T) {N,] 200-400 TUPAC. 1997* (d)
8.3% 10~3(771000) =375 exp(—~2650/T) [Ar] 200-2500

(a)

(b)

©
(d)

Comments

Flash photolysis technique with detection of O(C’P) at-
oms by NO, chemiluminescence. Relative efficiencies
of k(M=N,): k(M=Ar): k(M=S0,)=1.0:0.77:6.9
were determined.

Theoretical analysis of dissociation and recombination
data, fitting a barrier of 22 kJ-mol™! for the spin-
forbidden reaction OCP) + SO,("4,) — SO;(*A)).
Based on the data of Atkinson and Pitts.!

Based on the data from Ref. 1, the high temperature
dissociation results from Ref. 5, and a theoretical
analysis from Ref. 2. A summary of earlier data was
also given.

Preferred Values

ko=1.4x107%* [N,] em® molecute™ 57" at 298 K.

ko=4.0% 107* exp(—1000/T) [N,] cm® molecule™

I 1

o«
over the temperature range 200-400 K.

Reliabiliry
Alog ky==*0.3 at 300 K.
A(E/R)=*200 K over the temperature range 200-
400 K.

Comments on Preferred Values

The preferred values are based on the absolute rate coef-
ficient study of Atkinson and Pitts' {see also comment {c)],
and are identical to those in our previous evaluation, [UPAC,
1997.* Because the reaction has an activation barrier, the
Arrhenius form is choscen. The falloff transition to the high
pressure range is expected at pressures not too far above 1
bar. However, as yet no experimental data are available in
this pressure region.

References

'R. Atkinson and J. N, Pius, Jr., Int, J. Chem. Kinet. 10, 1081 (1978).
2J. Troe, Ann. Rev. Phys. Chem. 29, 223 (1978).

3INASA Evaluation No. 12, 1997 (see references in Introduction).
*UPAC, Supplement V. 1997 (see references in Introduction).

*D. C. Asthoiz. G. Glanzer, and J. Troe, J. Chem. Phys. 70. 2409 (1979).
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S$+0,

AH°=-23.0kJ-mol™!

—-S0+0

Rate coofficient data

kfem® molecule™! s Temp./K Reference Technique/Commen
Absolute Rate Coefficients
(2.0£0.5)x 1077 298 Fair and Thrush, 1969' DE-CL
(2.8+0.3)x 10712 298 Fair, Van Roodselaar, and Strausz, 19712 FP-A
22X 107 ¥ exp[(0= 50)/T] 252-423 Davis, Klemm, and Pilling, 1972° FP-RF
(1.7£0.3)x 10712 298 Donovan and Little, 1972* FP-A
(1.5£0.3)x 10712 298 Clyne“and Townsend, 1975° . DE-RF
1.7x 1072 exp[(153 = 108)/7] 296-393 Clyne and Whitefield, 1979° DF-RF
(2.6£0.3)x 107" 298
Reviews and Evaluations :
23x 107" 250-430 NASA, 19977 (a)
2.1%x 10712 230-400 IUPAC, 1997} b
Comments measurements of £/R are made a temperature independent &

(a) Based primarily on the data of Davis ez al.?
(b) See Comments on Preferred Values.

Preferred Values

k=2.1X107'2 cm® molecule™! s™', independent of tem-
perature over the range 250-430 K.

Reliability
Alog k==*0.2 at 298 K.
A(E/R)= %200 K.

Comments on Preferred Values

All of the available measurements of k' ™% are in good
agreement. Clyne and Whitefield® observed a small decrease
in k with increasing temperature, but until more definitive

is recommended with error limits encompassing the existing
measured values. The preferred value at 298 K is the mean of
values from Refs. 1-6, and is identical to that in our previous
evaluation, IUPAC, 1997 8

References

'R. W. Fair and B. A. Thrush, Trans. Faraday Soc. 65. 1557 (1969).

*R. W. Fair, A. Van Roodselaar, and O. P. Strausz, Can J. Chem. 49, 1659
(1971).

*D. D. Davis. R. B. Klemm. and M. J. Pilling, [nt. J. Chem. Kinet. 4. 367
{1972).

fR. J. Donovan and D. J. Little, Chem. Phys. Lett. 13, 488 (1972).

M. A. A. Clyne and L. W. Townsend. Int. J. Chem. Kinet. Symp. 1. 73
(1975).

®M. A. A. Clyne and P. D. Whitefield. J. Chem. Soc. Faraday Trans. 2 75,
1327 (1979).

"NASA Evaluation No. 12, 1997 (see references in Introduction).
$IUPAC. Supplement V, 1997 (see references in Introduction).

S+03—>SO+02

AH®=-315kJ-mol ™}

Rate coefficient data

kfem® molecule ™! 57! Temp./K Reference Technique/Comments
Absolute Rute Coefficients

11.2=Z03x 1071 298 Clyne and Townsend. 1975' DF-RF
Reviews and Evaluations

Laxjo ! 298 NASA. 1997 (a)

paxpo 298 IUPAC. 1997 (b)

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1397
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Comments

(a) Rased on the data of Clyne and Townsend.!
(b} See Comments on Preferred Values.

Preferred Values

k=1.2x10""" cm® molecule™! s~' at 298 K.

Reliability
Alog k=+03 at 208 K

1435

Comments on Preferred Values

The only available experimental determination' is ac-
cepted as the preferred value. The method was direct, and in
the same study a number of other rate coefficients for S atom
reactions were measured giving results in good agreement
with other techniques. The preferred value is identical to that
in our previous evaluation, IUPAC, 1997.3

References

'M. A. A. Clyne and L. W. Townsend, Int. J. Chem. Kinet. Symp. 1, 73
(1975).

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

3IUPAC. Supplement V. 1997 (see references in Introduction).

Cl + H,S — HCI + HS

AH°=-50.0 ki-mol ™!

Rate coefficient data

klem® molecule™ ' 57! Temp./K

Reference Technique/Comments

Absolute Rate Coefficients

(7.3%09)x 107" 298
(4.00=0.08) % 10'! 206
(5.120.7)x 107" 296
(6.29+0.46)x 10" 211-353
3.69% 107" exp[(208+ 24)/T] 202-430
(742 1.1y 107 298
Reviews and Evaluations
37X 107" exp(210/T) 200-430
57x107 1 210-350

Nesbitt and Leone, 1980 PLP-CL
Clyne and Ono, 19832 DF-RF
Clyne et al., 1984° DF-MS
Nava, Brobst, and Stief, 1984* FP-RF
Nicovich, Wang, and Wine, 1995° PLP-RF
NASA, 1997° (a)

[UPAC, 1997’ (b)

Comments

(a) Based on the data of Nicovich e al.®
(b) Based on the data of Nesbitt and Leone,! Clyne and
Ono.” Clync er al.,> and Nava et al*

Preferred Values

k=74x10""" em’ molecule™! s7! ar 298 K.
k=37%x107"" exp(208/T) cm’ molecule™" s7!
the temperature range 200—430 K.

over

Reliability
Alog k==0.1 at 298 K.
A(E/RY==100 K.

Comments on Preferred Values

The preferred value accepts the results of the recent study
of Nicovich er al.* which was an extensive study conducted
over a wide range of experimental conditions. In that study

the value of k at room temperature was found to be indepen-
dent of pressure over the range studied [33—800 mbar (25—
600 Torr)]. The room temperature value of k reported by
Nesbitt and Leone' is in excellent agreement with the pre-
ferred value, that of Nava er al.* is 15% lower, and those of
Clyne and Ono® and Clyne er al.* are significantly lower. In
the study of Nicovich et al.,* experimental conditions were
adjusted to minimize interferences from radical-radical sec-
ondary reactions.

References

'D. J. Nesbitt and S. R. Leone, J. Chem. Phys. 72. 722 (1980).

*M. A. A. Clyne and Y. Ono. Chem. Phys. Lett. 94, 597 (1983).

*M. A. A. Clyne. A. J. MacRobert. T. P. Murrells. and L. J. Stief. J. Chem.
Soc. Faraday Trans. 2 80. 877 (1984).

*D. F. Nava. W. D. Brobst. and L. J. Stief. §. Phys. Chem. 89. 4703 (19851

*J. M. Nicovich. S. Wang. and P. H. Wine. Int. J. Chem. Kinet. 27, 359
(1995},

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

"IUPAC. Supplement V. 1997 (see references in Introduction).
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Cl+ OCS — SCI + CO

Rate coefficient data

kicm® molecule™! s}

Temp./K Reference Technique/Comments

Absolute Rate Coefficients

<1IX107'° 298 Eibling and Kaufman, 1983’ DF-Ms

<4x107" 298 Clyne et al.. 1984* DE-MS

<IX107™ 298 Nava, Brobst, and Stief, 1985 FP-RF
Reviews and Evaluations

<1.0x107% : 298 NASA, 1997* (a)

<1.0X107% 298 IUPAE, 1997° (b)

Comments only upper limits to the rate coefficient have been ob-

tained.! = The lowest of these' is the preferred value, which

@ Accepted the upper limit obtained by Eibling and is identical to that in onr previous evaluation, [UPAC, 19975

Kaufman.'
(b) See Comments on Preferred Values.
References
Preferred Values

{R. E. Eibling and M. Kaufman, Atmos. Environ. 17, 429 (1983).

2M. A. A. Clyne, A. J. MacRobert, T. P. Murrells, and L. J. Stief, J. Chem.
Soc. Faraday Trans. 2 80, 877 (1984).

3D. F. Nava, W. D, Brobst, and L. I. Stief, J. Phys. Chem. 89, 4703 (1985).
4NASA Evaluation No. 12, 1997 (see references in Introduction).
S[UPAC, Supplement V, 1997 (see references in Introduction).

£<1.0x10716 ar 298 K.

Comments on Preferred Values
The reaction of Cl atoms with OCS is extremely slow and

0,
Cl + CS;, — products

Rate coefficient data

kfcra® molecule™ 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients .

<5X 107" (Air. 400 mbar) 293 Nicovich, Shackeiford. and Wine, 1990 PLP-RF (a)
Relative Rate Coefficients

(8.3 1. 73X 107" (Air. 1013 mbar) 293 Martin. Barnes, and Becker, 1987 RR (b)

<107 (Air. 933 mbar) 298 Wallington et al., 1991° RR (¢}
Reviews and Evaluations

<X 107 (At ban 298 NASA. 1997* ; ()

<4x 107" (Air. | bar) 298 [UPAC. 1997° (e)

Comments were derived. The upper limit tabulated for the overall

removal of CS. in the presence of ), is for all channels
of the CS-Cl + O, reaction which do not lead to Cl
atom formation.

Steady-state phatolysis of Cl, in the presence of CS,
Ns. O,. and a reference compound (CH, or CH;C).
(€.} and [CH,] (or [CHLCIY) were monitored by

(a) Pulsed laser photolysis of Cls in CS,. Na. O, mixtures
over the pressure range 40-400 mbar {30-300 Torr)
and the temperature range 193-258 K. [C1] monitored (b)
by resonance fluorescence. Experiments in the absence
of O revealed reversible adduct formation and the es-

tablishment of an equilibrium between CL CS,. and
CS-Cl. The thermodynamic parameters for equilibrium

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

quadrupole mass spectrometry. Constant total pressure
of | bar (760 Torr). [N.J[O,] varied. Values of k{Cl
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“1 and

+ CH,C)=4.6X10""  cm® molecule™ s
K(CL + CH,)=9.6X 107" cm® molecule™' s~
were used.’

(c) Steady state photolysis of Cl, in the presence of CS,,
N,, O,, and CHF,Cl with FTIR monitoring. Value of
k(Cl + CHF,CIVk(Cl + CH;)<0.04 measured in
same study and combined with k(Cl + CH,)=1.0
x 10" cm® molecule™' s7! (Ref. 5) and the
measured rate coefficient ratio k(Cl + CSy)/
k(Cl + CHF,Cl) in the presence of O, to give the tabu-
lated upper limit to k.

(d) Based on the upper limits to the rate coefficient mea-
sured by Nicovich er al..! and Wallington et al.>

(e) See Comments on Preferred Values.

Preferred Values

k<4x 10715 cm® molecule™! s™! at 298 K in air at 1 bar.

Comments on Preferred Values
The overall reaction of CI with CS, appears to be too slow
to be of importance in the atmosphere. Nicovich et al.’ have

1437

shown that it proceeds initially by rapid formation of the
CICS, adduct, as suggested earlier by Martin et al.2 but the
subsequent reaction of the adduct with O, appears to be
slow.

The recommended upper limit is that of Wallington ez al’?
which agrees with the work of Nicovich et al.! Wallington
et al.® have suggested that the value obtained by Martin
et al.> was erroneously high due to complexities in their sys-
tem arising from HO radical production from the reference
compounds which were chosen. The preferred value is iden-
tical to that in our previous evaluation, [UPAC, 1997.°

References

3. M. Nicovich, C. J. Shackelford, and P. H. Wine, J. Phys. Chem. 94,
2896 (1990).

2D, Martin, I. Barnes, and K. H. Becker, Chem. Phys. Lett. 140, 195
(1987).

3. J. Wallington, J. M. Andino, A. R. Potts. and P. H. Wine, Chem. Phys.
Lett. 176, 103 (1991).

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

*TUPAC, Supplement V., 1997 (see references in Introduction).

Cl + CH;SH — HCI + CH;3S 1)

— HCI + CH,SH (2)

AH(1)=—66.1 kJ-moi ™"

Rate coefficlent data (k= k¢ + ky)

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

Absolute Rate Coefficients
(1.8+0.4)x107'° 298 Nesbitt and Leone, 1980’ PLP-CL
k=(43x1)x1071 . 298 Nesbitt and Leone, 1981° PLP-CL
(L.1x04)x 10710 298 Mellouki. Jourdain, and Le Bras, 1988’ DF-EPR/MS
1.19% 10~ " exp[(151 = 38W/T] 193-430 Nicovich. Wang, and Wine, 1995* PLP-RF
(2.0+03)x 107" 298

Reviews and Evaluations
1.2% 107 1% expt 150/ 190-430 NASA. 1997° (a)

Comments Comments on Preferred Values

The preferred value accepts the results of the recent study
of Nicovich er al..* which was an extensive study conducted
over a wide range of experimental conditions. In that study
the value of k at room temperature was found to be indepen-
dent of pressure over the range studied [33-200 mbar (25~
150 Torr)]. The room temperature vatue of kK reported by
Nesbitt and Leone' is in good agreement with the preferred
value. but the Mellouki er al.” reported value is lower by a
factor of two. The results of Nesbitt and Leone® show that
only about 2% of the total reaction occurs by channel (2), via

(a) Based on the results of Nicovich er al.*

Preferred Values

k=2.0x10"1 cm® molecule ™! 57 at 208 K.
k=1.2X10"" exp(150/T) cm® molecule™' s~
temperature range 190-430 K.

P over the

Reliability
Alog k==0.1 at 298 K.

A(E/R)= =100 K. abstraction from the methyl group.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Cl + CH;SCH; — CH,SCH, + HCI

— CH3SCICH;

AH®(1)=~39.6 kf-mol ™!

ATKINSON ET AL,

*A. Mellouki. J. L. Jourdain, and G. Le Bras, Chem. Phys. Lett. 148, 231
(1988).

*J. M. Nicovich, S. Wang, and P. H. Wine, Int. J. Chem. Kinet. 27, 359
(1995).

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

1)
(2)

Rate coefficient data

1

kiem® molecule™ s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.8 10710 (4 mbar N) 207 Stickel er al., 1992} PLP-RF
(3.3%0.5)X 107" (933 mbar N,) 297
Relative Rate Coefficients
(3.220.3)% 10719 (987 mbar N,) 205 Niclsen er al., 19907 RR (a)
(3.61x0.21)X 107'* (1013 mbar N,) 298 Kinnison. Mengon, and Kerr, 1996° RR (b)
Branching Ratios
ky/k>0.97 (1.3 mbar He) 298 Butkovskaya, Poulet, and Le Bras, 1995 DF-MS
ky/k>0.98 (13 40 -mbar N,) 208 Zhao, Stickel, and Wine, 1096° PLP TDLS
Reviews and Evaluations
3.3% 10719 (1 bar Na) 298 NASA., 1997° (c)
3310710 (1 bar N.) 208 IUPAC, 10977 ()

Comments

Photolysis of mixtures of COClL-CH;SCH;—
cyclohexane~N, in a Teflon chamber. [Cyciohexane]
and [CH,SCH;] measured at intervals by GC. A rate
coefficient of k(Cl + cyclohexane) = 3.1X 1070 em?
molecule™ 57! was used.®

Photolysis of mixtures of COCl,~CH;SCH;-
n—butane—-N-> in a Tetlon chamber. [n-Butane] and
[CH;SCH;] measured by GC. k{Cl+ n-butane)
=1.94 x107'% cm® molecule™" 57" used.®

Based on the results of Stickel er al.!

(a)

(b)

Preferred Values

E=33x10"" cm® molecule™ s7' at 298 K and 1 bar

Na.

Reliability
Alog A==0.15 at 298 K and | bar N-.

Comumernus an Preferred Values
The study of this reaction by Stickel er al' shows the
reaction Kinetics to have a complex dependency on tempera-

ture and pressure. The averall reaction rate is close to colli-

sional and increases with decreasing temperature and with
increasing pressure. The HCT vield rnteasured by TDLS) ap-

J. Phys. Chem. Ref. Data. Vol. 26, No. 6. 1997

proaches unity as the pressure tends to zero but decreases to
a value of ~0.5 at 270 mbar (203 Torr) N, and 297 K.

These findings are interpreted in terms of the occurrence
of two reaction channels, Cl abstraction and adduct forma-
tion. At low pressures the absuaction channel is dominant
(Refs. 1, 4. and S) but with increasing pressure the adduct
can be stabilized leading 10 an increase in the total k as
pressure increases and temperature decreases.

Until the reaction is studied in more detail and a complete
analysis of the temperature and pressure dependence can be
made. our recommendations are limited to high pressures
and 298 K. They are based on the results of Stickel er af..’
Nielsen ef al..” and Kinnison ez al..’ which are in excellent
agreement. There is also a value of 2.0x 107" cm® mole-
cule ™! 57" at 298 K and | bar N5 reported by Barnes et all?
but no experimental details are given.

References

‘R, E. Stickel. J. M. Nicovich, S. Wang. Z. Zhao. and P. H. Wine. J. Phys.
_Chem. 96. 9875 (19921
0. J. Nielsen. H. W, Sidebottom. L. Nelson. O. Rattigan. J. Treacy. and D.
J. O Farrell. Ine. §. Chem. Kinet. 22. 603 (19901
*D. . Kinnison. W, Mengon. and J. A. Kerr. J. Chem. Soc. Faraday Trans.
92, 369 1199H),
N1 Buthovskasa. G. Poulet. and G. Le Bras. J. Phys. Chem. 99, 4530
t1995).
7. Zhao. R E. Stickel. and P. H. Wine. Chem. Phys. Lett. 251,59 11996).
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*NASA Evaluation No. 12, 1997 (see references in Introduction).
“IUPAC. Supplement V. 1997 (see references in Introduction).
‘R. Atkinson and S. Aschmann, Int. J. Chem. Kinet. 17, 33 (1985).
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%1, Barnes. V. Bastian, K. H. Becker, and D. Martin, Biogenic Sulfur in the

Environment, E. S. Saltzman and W. J. Cooper, ACS Symposium Series
393 (ACS, Washington, DC, 1989), p. 476.

HO + H,S — H,0 + HS

AH°=—117.5 kKJ-mol™!

Rate coefficient data

kfem* molecule™' 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients .
(5.2£0.5)x 10712 298-423 Perry, Atkinson, and Pitts, 1976 FP-RF
64X 1071 exp[—(55=58)/T] 245-366 Wine ez al., 1981° FP-RF
(5.1320.57)X 10712 297
227X 10775 exp(725/T) 228-518 Leu and Smith, 1982° DF-RF
(3.9%07)x 107" 298
(5.01£0.55)x 107" 228-437 Michaet ef al., 1982* FP-RF
7.8X 107" exp[ — (146 105)/T] 239-425 Lin, 1982} FP-RF
(4.42+0.48)x 107" 295
(43+06)x 1071 300 Wang and Lee, 1985° DF-RF
3.81X 10719724 exp(732/T) 245-450 Lin et al., 19857 DF-RF
(44+0.7)x 107" 299
(49+0.9)x 107" 245 Lafage ef al., 19878 DF-RF/LIF
(38+06)X 10712 763
1.32x 107" exp — (394 190)/T] 294-450
(3.3+05)x 107" 294
Reviews and Evaluations
6.0x107'2 exp(—75/T) 220-520 NASA. 1997° (a)
6.3X 107" exp(—80/T) 200-300 [UPAC, 1997" (b)

Comments

(a) Based on the absolute data of Perry er al.,' Wine
etal.? Leu and Smith, Michael eral.* Lin® Lin
eral.] and Lafage et al.® and the relative rate data of
Cox and Sheppard'' and Barnes et al.'?

(b) Based on the absolute rate data of Westenberg and de-
Haas.'? Perry eral.! Wine eral.’ Leu and Smith.’
Michael er al..* and Lin.*

Preferred Values

k=4.7x10"" em® molecule™" 57! at 298 K.
k=6.1X 107" exp(—80/T) cm® molecule ™ s7! over the
temperature range 220-520 K.

Reliabiliry
Alog k==0.08 at 298 K.
A(E/RY= =80 K.

Comments on Preferred Values

The preferred values are obtained from a unit-weighted
least-squares analysis of the absolute rate constants of Perry
et al." Wine er al.” Leu and Smith.” Michael er ul..* Lin.”
Wang and Lee." Lin er al..” and Lafage er «l.> The studies of

Leu and Smith,® Lin er al.,” and Lafage et al.® show non-
Arrhenius behavior of the rate coefficient, with a shallow
minimum in the rate coefficient at ~270-300 K. The rate
coefficient is independent of pressure® ™37 and the nature of
the diluent gas.” These findings® 7 cast some doubt upon
the suggestion that the non-Arrhenius behavior is due to the
occurrence of both addition and abstraction channels.

Despite the non-Arrhenius behavior of the rate coefficient
k over an extended temperature range, the preferred expres-
sion is given in the Arrhenius form which is satisfactory for
the temperature range covered by our recommendation.

References

'R. A. Perry. R. Atkinson. and J. N. Pius. Jr.. J. Chem. Phys. 64, 3237
(19/6).

“P. H. Wine. N. M. Kreutter. C. A. Gump. and A. R. Ravishankara, J. Phys.
Chem. 85. 2660 (19811,

*M.-T. Leu and R. H. Smith. J. Phys. Chem. 86. 73 (1982).

Y50V, Michiael. DL F. Nava, W, D. Brobst, R. P. Borkowski. and L. J. Sticf,
J. Phys. Chem. 86. 8} (19821

*C. L. Lin. Int. J. Chem. Kinet. 14, 393 (19821,

“N.-S. Wang and Y.-P. Lee. Proc. Natl. Sci. Council ROC{A} 9. 87 (1985).
Y. L. Lin. NS Wang, and Y.-P. Lee. Int. J. Chem. Kinet. 17. 1201
(19850,

“C. Lafage. J.-F. Pauwels. M. Carlier. and P. Devolder. J. Chem. Soc.
Faraday Trans. 2 83, 731 (19871,
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9NASA Evaluation No. 12, 1997 (see references in Introduction).
OIUPAC, Supplement V, 1997 (see references in Introduction).
""R. A. Cux and D. W. Sheppard, Nature (Lundon) 284, 330 (1980).

AH®

"21. Barnes, V. Bastian, K. H. Becker, E. H. Fink, and W. Nelson, J. Atmos,

Chem. 4, 445 (1986).
"*A. A. Westenbery and N. deHaas, J. Chem. Phys. $9, 665 (1973).

H0+302+M—*H0302+M

=—127 kJ-mot ™'

Low-pressure rate coefficients

Rate coefficient data

-1

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

Absolute Rate Coefficients
(7.2£2.6)x 1073 [N, ] 300 Harris and Wayne, 1975' DF-RF
7.0x 1073 (T1300)~2° [N,] Erler, Field, and Zellner, 19752 DFE-RF (a)
49X 1073 [N,1 300 Davis. 1976* (h)
2.9x 1073 [N,] 300 Atkinson, Perry, and Pitts, 1976 FP-RF (c)
3.6X 1073 [N,] 300 Erler and Zeliner, 1978° FP-RA
(2.54+0.33)x 107Y [N,] 298 Leu, 1982° DF-RF (d)
(7.91£0.24)X 10732 (7/298) = 285202 [He] 261-414
1.6X 1073 [N,] 297 Paraskevopoulos, Singleton, and Irwin, 1983’ FP-RA (e)
5.8% 1073 (77300) 726 [N,] 260-420 Wine et al., 1984° FP-RF (f)
(2420.7)X 1073 [N,] 298 Lee, Kao, and Lee, 1990° DE-RF
(1.1£0.3)% 10732 exp(640/T) [He] 280 413

Reviews and Evaluations
3.0X 1073(7/300) =33 [air] 260-420 NASA, 19971 (2)
4.0 10731(77/300) 33 [N,] 300-400 IUPAC, 1997'! ()

(a)
(b)

(c)

——
o= iy (]

Comments

Temperature range not cited.

Measurements cited in Ref. 12 in the pressure range
6.7-670 mbar (5-500 Torr), extrapolated to ky and
k.

Converted from M=Ar with an assumed relative effi-
ciency Ni:Ar=1.8:1. Pressure range 33-870 mbar
(25-650 Torr) extrapolated with Lindemann-
Hinshelwood plot to kg and k.. .

Measurements at pressures near 1.3 mbar (1 Torr).
Pressure range 73-1013 mbar (55-760 Torr). Falloff
extrapolation using Lindemann-Hinshelwood (i.e.. ne-
glecting broadening factors). and hence responsible for
low value.

Temperature range 260—420 K. pressure range 17-928
mbar (13-696 Torr). bath gases He. Ar. N». and SF;.
Based on the rate coefficients of Ref. 6.

See Comments on Preferred Values.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Preferred Values

ko=4.0x 107" (1/300)"33 [N,] c¢m® molecule™! s~

over the temperature range 300-400 K.
Reliabiliry
Alog ky==0.3 at 300 K.

An==+1.

Comments on Preferred Values

The preferred values are based on an average of the data
from Refs. 1-9, correcting for inadequate falloff extrapola-
tions. and are identical to those in our previous evaluation,
are constructed with
F.=0.45 near 300 K and k. such as given below. The dif-
ference between kg from Refs. 10 and 11 is due to the use of

[UPAC, 1997.'"' Falloff curves

F.=0.6 in Ref. 10.
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High-pressure rate coefficients

Rate coefficient data

i /cm® molecule™ " s lemp./K Reference Technigue/Comments
Absolute Rate Coefficients
1.8x107 12 435 Gordon and Mulac, 1975 (a)
9.0x 10~ 14 300 Davis, 1976° (b)
83x107 " 300 Atkinson, Perry, and Pitts, 1976* FP-RF (c)
1.2x10° " 297 Paraskevopoulos, Singleton, and Irwin, 19837 FP-RA (d)
1.26x 10 ' (77300) °7 260-420 Wine er al., 1984% FP-RF (¢}
Reviews and Evaluations
1.5 10712 260-420 NASA. 1997° G
2x 107" 200-300 1UPAC. 1997" (g)
Comments Comments on Preferred Values
. L. See Comments on Preferred Values for k. Falloff repre-
(a) Pulsed radiolysis in H,O vapor at 1 bar. ) . . B 0 p
. sentation with F.=0.45 near 300 K.
{b) See comment (b) for k.
{c) See comment {c) for k. References
(d) See comment (e) for k.
(. ) ©) 0 . 'G. W. Harris and R. P. Wayne. J. Chem. Soc. Faraday Trans. | 71, 610
{e} See comment (f} for ky. The negative temperature co- (1975).

efficient from the falloff extrapolation may indicate
that the true k. is still higher.

(f) Based on a fit of the data of Refs. 6-8.

(g) See Comments on Preferred Values.

Preferred Values
ke=2X10"" cm® molecule™" 57!, independent of tem-

perature over the range 200-300 K.

Reliabiliry
Alog k.=%0.3 over the temperature range 200-300 K.

*K. Erler, D. Field, and R. Zellner [cited in R. Zellner, Ber. Bunsenges.
Phys. Chem. 82. 1172 (1978)]

*D. D. Davis (cited in Ref. 12).

*R. Atkinson, R. A. Perry. and J. N. Pitts, J. Chem. Phys. 65, 306 (1976).

K. Erler and R. Zeliner [cited in R. Zeliner, Ber. Bunsenges. Phys. Chem.
82, 1172 (1978)].

°M. T. Leu, J. Phys. Chem. 86, 4558 (1982).

G. Paraskevopoulos, D. L. Singleton. and R. S. Irwin, Chem. Phys. Lett.
100. 83 (1983).

3P. H. Wine. D. H. Semmes. R. J. Thompson. C. A. Gump. A. R. Ravis-
hankara. A. Torabi. and J. M. Nicovich. J. Phys. Chem. 88, 2095 (1984).
?Y.-Y. Lee. W.-C. Kao. and Y.-P. Lee. J. Phys. Chem. 94, 4535 (1990).

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

TUPAC. Supplement V. 1997 (see references in Introduction).

'?R. F. Hampson and D. Garvin. Natl. Bur. Stand. (U.S.). Spec. Publ. 513
119781

*S. Gordon and W. A. Mulac. Int. J. Chem. Kinet. Symp. 1. 289 (1975).
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HOSOz + 02 nd H02 + 803

AH°=4 kJ-mot™!

Rate coefficient data

L1

klem® molecule™' s Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(4x2)x 1071 250 Margitan, 1984 FP-RF (a)
(4x2)x10~" 298
(3.551)x1071 298 Martin, Jourdain, and Le Bras, 1986 DF-EPR (b)
(4.3720.66)x 10~ 298 Gleason. Sinha, and Howard, 1987° DF-CIMS (c)
1.3¢x 1071 exp[— (330£ 70)/T} 297-423 Gleasor and Howard, 1988* . DE-CIMS (c)
(4.3720.66)x 107" 297
Reviews and Evaluations
1.3%x 107 exp(—330/T) 290-430 NASA. 1997° (d)
1.3X 107 exp(—330/T) 290-430 [UPAC, 1997¢ (e)

Comments

(a) The reaction was studied at 53 and 133 mbar (10 and
100 Torr) of Ar diluent at 250 and 298 K. HO radicals
were removed by the HO + SO, + M — HOSO, + M
reaction, but the addition of O, and NO regenerated
HO radicals by the reactions HOSO, + O, — HO,
+ SO; and HO, + NO — HO + NO,. The effects of
varying the amounts of O, were studied. The same rate
coefficient was measured at 250 K and 298 K, but it
was suggested' that this was due to a lack of precision
in the technique rather than indicating that & is tem-
perature independent.

(b) The effects of addition of NO and O, on the HO radi-
cal decays were studied. A system of 12 reactions was
used to model the reaction system to obtain the rate
coefficient k.

(c) HO radicals were produced by the H + NO, reaction,
and SO and O, were added down-stream. HOSO, was
monitored by sampling into a flowing afterglow con-
taining C1” ions. SO; ions, formed by the reaction C1~
+ HOSO, — SO; + HCI. were detected by quadru-
pole MS. The SO, product of the reaction was also
detected by CI7 + SO; + M — {CISO;)” + M with
MS measurement of (CISO;) ™. The total pressure was
varied over the range 2.7-10.7 mbar (2-8 Torr). and
no change in & was observed. allowing an upper limit
of 34X 107 em® molecule ™ s7'(M = N,) for the
rate coefficient for the reaction HOSO, + O, = M
— HUbU:U: — M to be set.

id) Based on the studies of Gleason e al® and Gleason
and Howard.?

(et See Comments on Preferred Values.

J. Phys. Chem. Ref. Data. Vol. 26, No. 6. 1997

Preferred Values

A=4.3%10"15 cm® molecule ™! s71 at 298 K.
k= 1.3X10""? exp(—330/T) cm® molecule ™' s™' over the
temperature range 290-430 K.

Reliabilinv
Alog k==0.10 at 298 K.
A(E/R)=%x200 K.

Comments on Preferred Values

In the earlier studies,'” HO radical decays due to the re-
action HO + SO, + M — HOSO, + M were mouitored in
the presence of NO and O,. The reaction sequence HOSO,
+ 0, — HO, + SO; and HO; + NO — HO + NO, then
regenerates HO radicals. Modeling of the NO decay led to
the rate coefficient k. This method of determining k is less
direct than the more recent measurements of Gleason and
Howard* and of Gleason et al.,” where HOSO, radicals were
monitored by MS. We therefore accept the temperature-
"dependent expression obtained by Gleason and Howard.”
The earlier resulis.' though less precise, are in good agree-
ment with the preferred values. which are identical to those
in our previous evaluation. IUPAC. 1997.°

References

11. 1 Murgitan. J. Phys. Chen. 88, 3314 (19841

SD. Martin. 3. L. Jourdain. and G. Le Bras. J. Phys. Chem. 90. 4143 (19861
JLF. Gleason. A. Sinha. and C. 1. Howard. J. Phys. Chem. 91, 719 (19871,
3. F. Gleason and C. J. Howard. J. Phys. Chem. 92, 3414 (19881
“NASA Evaluation No. 12,1997 tsee references in Introduction).
“IUPAC. Supplement V. 1997 tsee references in Inwroductiont
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HO + OCS — products
Rate coefficient data

k/cm* molecule™ s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients

1.3X 107 "% exp[— (2300 100)/T] 300-517 Leu and Smith, 1981’ DF-RF (a)

(6£4)Xx107'® 300

113X 107" exp[(— 1200+ 400)/7T] 255-483 Cheng and Lee, 19867 DF-RF (b)

(2025x 1071 300

(1.92%0.25)x 1071 298 Wahner and Ravishankara. 19873 FP/PLP-LIF (c)
Reviews and Evaluations

11X 107" exp(—1200/T) 250-490 NASA, 1997* (d)

11X 107" exp(—1200/T) 250-500 IUPAC. 1997% (e)

Comments

(a) The measured HO radical decay rates were corrected
for the presence of H,S in the OCS sample used
(0.01£0.003% H,S for the experiments at 300-421 K
and 0.04*0.01% H,S for the experiments at 517 K).
At 300 K the measured rate coefficient, uncorrected for
the presence of H,S, was 1.0X 107 ¢m?® molecule™!
s™h

(b)  The purity of OCS was checked by FTIR spectroscopy,
showing that H,S was present at less than 0.005%. The
measured rate coefficient k was indcpendent of pres-
sure [1.2-7.9 mbar (0.9-5.9 Torr)] and the addition of
O, (up to 18% or 0.36 mbar of 0,).

(c) The rate coefficient k was independent of pressure
[120-400 mbar (90-300 Torr)]. the nature of buffer
gas, and the addition of O, (up to 48 mbar).

(d) Based on the results of Cheng and Lee? and Wahner
and Ravishankara®

(e) See Comments on Preferred Values.

Pretferred Values

k=2.0x10"" cm® molecule ™" s™! at 298 K.
k=11X107" exp(~1200/T) cm® molecule™! s~ ! aver
the temperature range 250-490 K.

Reliabiliry
Alog k==0.3 at 298 K.
A(E/R)==3500 K.

Comments on Preferred Values :
The rate coefficients measured by Cheng and Lee” and
Wahner and Ravishankara® are approximately a factor of 3
higher at 298 K than the carlier value of Leu and Smith.!
This may be due to the corrections applied by Leu and

Smith' to account for the presence of traces of H,S in their
system since in the absence of any correction to the mea-
sured rate coefficient of Leu and Smith! there is reasonable
agreement between the studies.! ~3 Cheng and Lee? took care
to keep the H,S level in their OCS very low and this, to-
gether with the confirmatory measurements of Wahner and
Ravishankara,® leads us to recommend their values. These
recommendations are compatible with the carlicr upper lim-
its given by Atkinson ef al.® and Ravishankara ef al., but
not with the higher value obtained by Kurylo,® which may
have been due to the occurrence of interfering secondary
chemistry and/or excited state reactions. The preferred values
are identical to those in our previous evaluation, IUPAC,
1997.°

Kurylo and Laufer’ have suggested that the reaction pro-
ceeds through adduct formation, as found for the reaction of
HO with CS,, followed by decomposition of the adduct to
yield mainly HS + CO,. This is supported by the product
study of Leu and Smith' at 517 K. However, in contrast to
the HO + CS, reaction, there is no marked effect of 0O, on
the rate coefficient. Furthermore, very little oxygen atom cx-
change between H'80 and OCS is found,'® which may sug-
gest that any adduct formed is weakly bound and short-lived.

References

"M.-T. Leu and R. H. Smith, J. Phys. Chem. 85. 2570 (1981

*B.-M. Cheng and Y -P. Lee. Int. J. Chem. Kinet. 18. 1303 (1986).

*A. Wahner and A. R. Ravishankara. J. Geophys. Res. 92, 2189 (1987).

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

*IUPAC. Supplement V. 1997 (see references in Introduction).

°R. Atkinson, R. A. Perry. and J. N. Piuts. Jr.. Chem. Phys. Lett. 54. 14
(1978).

"A. R. Ravishankara. N. M. Kreuter. R. C. Shah. and P. H. Wine. Geo-
phys. Res. Lett. 7. 861 (19804

*M. J. Kurvlo. Chem. Phvs. Lett. 58. 238 (1978).

M. J. Kurylo and A. H. Laufer. J. Chem. Phys. 70. 2032 (1979,

“'G. D. Greenblatt and C. J. Howard. J. Phys. Chem. 93. 1035 (1989).
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HO + CS, + M — HOCS, + M (1)

HO +CS, - HS +0CS (2)

AH°(1)=—46.0 kI-mol ™"
AH®(2)=—156 kI-mol !

Low-pressure rate coefficients

Rate coefficient data

koy [IMYVem® molecule™ s Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1 X 10712 at 93 mbar [N,] 247-299 Hynes, Wine, and Nicovich, 1988! PLP-LIF (a)
6x 10713 at 40 mbar [N,] 259-318 Murrells, Lovejoy, and Ravishankara, 19902 PLP-LIF (b)
7.2X 107" at 31 mbar [He] 298 Diau and Lee, 19913 PLP-LIF (c)
3.4X 107" at 43 mbar [Ar] 246
Reviews and Evaluations
8.0x 1073 [N,] 270-300 [UPAC, 1997 @
Comments Reliability
‘ =
(a) Photolysis of H,O, at 248 nm in mixtures of CS, and Alog koy==0.5.
He, Ny, air, or O,. Pressure range 87—920 mbar (65—
690 Torr) Comments on Preferred Values
(b) Photolysis of H,0, at 248 nm or 266 nm in mixtures of Beclziusedgf t:e low thermal fstabﬁlty O;, HO,CS?’ ex[fxe;l-
CS, and He-N, or He-SF,. Pressure range 12-80 rrcliinta i;l; 1esl ayﬁe to. accofur;lt or the rF:- lssoc1at10?ﬁ0' the
mbar (9-60 Torr). The effect of O, [0.7-20 mbar adduct, bterc a.r%ﬁczu?;lho t efmecd amlsm, rate T)OC dcwms
(0.5-15 Torr)] on the rate was studied. nowbc.:an' © Sl;ei: Z ' f € K;e_e;ref va l;:Sf ar;: a3e2 on g
(c) Photolysis of H,0, at 248 nm in mixtures of CS, and combination of the data tor M=N; from Kels. ap - Wit
added He or Ar. Pressure range 12—360 mbar (9270 :a ?HUH l'clflprcb;:lnlzauun, The dalal.‘au?l a. falloff [t:p;l't:.:icute?l;:u
Torr) of Ar or He. Effect of CS, on rate was studied. 11noc;cate1t at the ow-irelssureb 1m1t2 715 ekt)pproza(n): ; w1En11n
(d) See Comments on Preferred Values. o only at pressures below about mbar ( orr). The

kor=8% 107 [N,] cm® molecule™ s™', independent of

Preferred Values

temperature over the range 250-320 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

strong temperature dependence of kg for M=He derived in
Ref. 3 (E/R=-1610 K) is apparently not consistent with the
results from Refs. | and 2. It appears that reaction (2) is
slow, with a rate coefficient of k,<<2X 1075 cm® mole-
cule™ s7! at 298 K (see next data sheet). The preferred
values are identical to those in our previous evaluation, IU-
PAC. 1997
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High-pressure rate coefficients
Rate coefficient data

;(-,:,/cm3 molecule ™' 57! Temp./K Reterence Technique/Comments
Absolute Rate Coefficients

5.8% 107" at 0.91 bar [N,] 250-270 Hynes, Wine, and Nicovich, 1988' PLP-LIF (a)

3.1x 107'? at 0.88 bar [N,] 297

1.9% 1072 at 1.01 bar [Ar] 298 Bulatov er al., 1988° PLP-LIF (b)

1.3% 1072 at 1.01 bar [air] 295 Becker er al., 1990° PLP-LIF (c)
Reviews and Evaluations

8x 107" 250-300 IUPAC, 1997 (&)

Comments

(a) See comment (a) for k.

(b) Mixtures of O;-H,;0—-CS;—Ar. The rates of HOCS,
formation and decomposition were measured, with an
equilibrium  constant of K. =2.6X10" 7 cm?
molecule™ "

(¢) H,0, photolyzed at 248 nm in mixtures of CS, and
N,—0, or Ar—0,. The partial pressure of O, was in the
range 0.32-1013 mbar (0.24-760 Torr), at a total pres-
sure of 1.01 bar (760 Torr).

(d) See Comments on Preferred Values.

Preferred Values

k., =8% 107" cm® molecule™" s~ independent of tem-

perature over the range 250-300 K.

Reliabiliry
Alog k., =*0.5 over the temperature range 250-300 K.

Comments on Preferred Values

The preferred rate coefficient k., is based on a falloff
representation of the data from Refs. | and 2. with high-
pressure data mostly from Ref. 1, and is identical to that in
our previous evaluation, [UPAC, 1997.* The largest weight
is given to the measurements near 250 K where decomposi-
tion of the adduct and the subsequent kinetics are of compa-

rably minor influence in contrast to the room temperature
experiments. A falloff curve with an estimated value of
F.=0.8 was employed for extrapolation. Experiments at 1
bar total pressure are apparently still far below the high-
pressure limit. An extensive discussion of the complicated
mechanism is given in Refs. 7-9 as well as in Refs. 1, 2, and
10. Rate expressions combining adduct formation, dissocia-
tion, and subsequent reaction with O, have been proposed
which are not reproduced here (see also data sheets on
HOCS, + M and HOCS,; + O,). More experiments separat-
ing the individual steps are required.

References

'A. J. Hynes, P. H. Wine, and J. M. Nicovich, J. Phys. Chem. 92, 3846
(1988).

2T. P. Murrells, E. R. Lovejoy, and A. R. Ravishankara, J. Phys. Chem. 94,
2381 (1990).

3E. W.-G. Diau and Y.-P. Lee, J. Phys. Chem. 95, 379 (1991).

*JTUPAC. Supplement V, 1997 (see references in Introduction).

SV. P. Bulatov, S. G. Cheskis, A. A. logansen, P. V. Kulatov, O. M.
Sarkisov, and E. Hassinen, Chem. Phys. Lett. 153, 258 (1988).

K. H. Becker, W. Nelsen, Y. Su, and K. Wirtz, Chem. Phys. Lett. 168, 559
(1990).

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

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

9IUPAC, Supplement III. 1989 (see references in Introduction).

19E R. Lovejoy. T. P. Murrells, A. R. Ravishankara, and C. J. Howard, J.
Phys. Chem. 94. 2386 (1990).
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HO + CS; — HS + OCS

AH®=-156 kJ-mot '

Rate coefficient data

k/em® molecule™! 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<9.9x107" 251 Wine. Shah. and Ravishankara, 1980 FP-RF
<1.5x107% 297
<1.6X107% 363
<2x107"3 299 Murrells, Lovejoy, and Ravishankara, 1990° PLP-LIF
<3X10713 330 Lovejoy et al., 1990° DF-LMR (a)
Reviews and Evaluations
<1.5%107% 298 NASA, 1997* (b)
<2x10718 298 IUPAC, 1997° (c)
Comments et al.,* and is consistent with the study of Lovejoy er al.® in

(a) Based on the observed HS radical yield of <50% of
the HO radicals consumed and a total HO radical loss
rate of 6 X107 cm® molecule™! s7L.

(b) Based on the data of Wine et al.!

(c) Based on the data of Murrells er al.’

Preferred Values
k<2x107"5 cm® molecule™ 57! at 298 K.
Comments on Preferred Values

The upper limit to the preferred value is based on the
absolute rate coefficient studies of Wine er al.' and Murrells

which HS radical formation and HO radical decays were
measured. The preferred value is identical to that in our pre-
vious evaluation, TUPAC, 19973

References

'p. H. Wine, R. C. Shah, and A. R. Ravishankara, J. Phys. Chem. 84, 2499
(1980).

T, P. Murrells, E. R. Lovejoy, and A. R. Ravishankara, J. Phys. Chem. 94,
2381 (1990).

3E. R. Lovejoy, T. P. Murrells, A. R. Ravishankara, and C. J. Howard, J.
Phys. Chem. 94, 2386 (1990).

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

SIUPAC, Supplement V, 1997 (see references in Introduction).

HOCS, + M — HO + CS, + M

AH°=46.0 kJ-mol "

Low-pressure rate coefficients

Rate coefficient data

ky [MYs™! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.3 10% at 0.100 bar [N.] 235 Hynes. Wine. and Nicovich. 1988' PLP-LIF ()
26X 10* at 0.108 bar [N-] 280
4.3%10% at 0.020 bar {N.] 277 Murrells. Lovejoy. and Ravishankara, 19907 PLP-LIF (b)
3.0% 107 at 0.032 bar [N.] 298
7.8% 107 at 0.031 bar [He) 298 Diau and Lee. 19917 PLP-LIF (¢)
13X 107 at 0.043 bar [Ar] 246
Reviews and Evaluations
£8:5 107N 298 IUPAC. 1997° (!

1.6 107" expt=3160/T1 [N5) 250-300

J. Phys. Chem. Ref. Data, Vol. 26, No. 6. 1997
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Comments

a) Photolysis at 298 K in mixtures of CS, and He, N,, air,
or O,. Pressure range 87-920 mbar (65-690 Torr). A
value of K. (297 K)=1.39x 107" em® molecule™!
was obtained for the equilibium HO + C§,
= HOCS, as well as K, (247 K) = 3.5X 107" cm®
molecule™ !

(b) Photolysis of H,O, at 248 nm and 266 nm in
He-N,-CS, or He-SF¢—CS, mixtures. Pressure
range=12-80 mbar (9-60 Torr). The effect of
0, [0.7-20 mbar (0.5-15 Torr)] on the rate was stud-
ied. K. (299 K)=1.7X 10" cm? molecule™!. K, (274
K)=7.5%x10""7 cm? molecule ™!, and K (249 K)=5.1
% 10719 cm® molecule ~! were obtained for the equilib-
rium HO + CS, = HOCS,.

(c) Photolysis of H,O, at 248 nm in mixtures of CS, and
He or Ar. Pressure range 12-360 mbar (9-270) Torr of
He. The effect of CS, on the rate was studied. K (298
K)=0.87x 10" cm® molecule™!, K. (273 K)=4.2
%1077 cm® molecule™" and K, (249 K)=2.6x107'®
cm® molecule™! were obtained for the equilibrium HO
+ CS,= HOCS,.
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(d) See Comments on Preferred Values.
Preferred Values

ko=4.8X 107" [N,]s™" at 298 K.
ko=1.6X107% exp(—5160/T) [N,] s~! over the tempera-
ture range 250-300 K.

Reliability
Alog ky==%0.5 at 298 K.
A(E/R)==500 K.

Comments on Preferred Values

The- preferred values are based on a falloff representation
from Refs. 1 and 2 of the data for the reverse process HO
+CS, + M — HOCS, + M and the determination of the
equilibrium constant from the same work. The data from
Ref. 3 are not consistent with this evaluation (with differ-
ences of about a factor of 2). HOCS, formation and disso-
ciaton are characterized by an equilibrium constant of
K.=5.16X 10" exp(5160/T) cm® molecule™ ', such as de-
rived from the data of Ref. 2. The preferred values are iden-
tical to those in our previous evaluation, [UPAC, 1997.*

High-pressure rate coefficients

Rate coefficient data

kots™! Temp./K Reference Technique/Comments
Absolute Rate Coefficients

3.1X 10* at 0.907 bar [N,] 252 Hynes, Wine. and Nicovich. 1988" PLP-LIF (a)

6.5% 10" at 0.913 bar [N.] 270

2.2X10° at 0.880 bar {N,] 297

7.4X 10" at 200 mbar {Ar] 298 Bulatov ez al., 1988* PLP-LIF (b)
Reviews and Evaluations

4.8%10° 298

1.6X 10" exp(—5160/T)

IUPAC. 1997* (c)

Comments

(a) See comment (a) for k.

(b)  Photolysis of Os in the presence of H,O. CS,. and Ar.
Rate of HOCS-, formation and decomposition mea-
sured and evaluated with an equilibrium constant of
K.=2.6X 1077 em® molecule™".

(¢} See Comments on Preferred Values.

Preferred Values

k,=+8x10" s~ at 298 K.
k,=16X10" expt=3160/T) s~" over the temperature
range 250-300 K.

Reliabiliry
Alog k,==*0.5 at 298 K.
A(E/R)= %500 K.

Comments on Preferred Values

The preferred values are based on the falloff extrapolation
of the data for the reverse reaction and the equilibrium con-
stant K.=5.16X 107" exp(5160/T) c¢m® molecule™" from
Ref. 2. and are identical to those in our previous evaluation,
IUPAC, 1997.* Falloff curves are constructed with an esti-
mated value ot F.=0.8. The small pre-exponential factor of
k., can be explained theoretically as being due to the low
bond energy of HOCS,. For discussion of the mechanism see
Refs. 1.2 and 6-9.
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HOCS, + O, — products

Rate coefficient data

k/em® molecule™! s™! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

1.4X 107" exp[(217+301)/T] 251-348 Hynes, Wine, and Nicovich, 1988' PLP-LIF (a)

(3.26£0.70)x 10~ * 295=1

26+1.0)x 1071 249-299 Maurrells. Lovejoy. and Ravishankara, 1990° PLP-LIF

(2.4+04)x 1071 273 Lovejoy, Kroeger, and Ravishankara, 1990° PLP-LIF (b)

(3.120.6)xX 1071 298 Diau and Lee, 1991* PLP-LIF (c)
Reviews and Evaluations

2.9% 107 240-350 NASA, 1997° (d)

3.0x 107 240-300 IUPAC, 1997¢ (e)

Comments

(a) The effects of He, N, air, and O, were studied, and the
total pressure was varied over the range 87-920 mbar
{65—-690 Torr). If the rate coefficient k is assumed to be
temperature independent, the average of the measured
values is (2.9%1.1)X 10~ 4 cm3 molecule™! s7! over
the range 251-348 K.

(b) A rate coefficient for the reaction of the DOCS, radical
with O, of (2.3%0.4)x 107" cm® molecule™ ! s at
273 K was also measured,’ showing no significant deu-
terium isotope effect and hence no evidence for a direct
H-atom abstraction process.

(¢) Values of k(HOCS, + NO)=(7.3£1.8)x 107" cm’
molecule™ s™' and k(HOCS, + NO,)=(4.2+1.0)
% 107" em® molecule ™' s™! were also obtained in this
work. The latter is the first measurement of the rate
coefficient for the reaction with NO,. The rate coeffi-
cient for the reaction with NO is in good agreement
with the value of k(HOCS, + NO)=(1.1£0.3)x 10" "*
cm® molecule™" ™' measured by Lovejoy eral’ at
249 K.

(d) Based on the data of Hynes ef al..! Murrells er al..* and
Diau and Lee*

{e) Based on the data of Hvnes er al.' and Murrells et al®

Preferred Values

k=2.8%10"" em® molecule™ s7'. independent of tem-
perature over the range 240-350 K.
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Reliability
Alog k==x0.15 over the temperature range 240-350 K.

Comments on Preferred Values

The reaction of HOCS, with O, is an intermediate step in
the overall reaction of the HO radical with CS, under atmo-
spheric conditions. The HOCS; is formed by the addition of
HO to CS,; once formed it may undergo dissociation back to
HO and CS, or react with O,.

The four studies' ™ of the kinetics of this reaction. all
using the same general experimental technique, are in good
agreement. The rate coefficients measured by Hynes et al!
over the temperature range 249-348 K could equally well be
represented by either the Arrhenius expression in the table
cited with a small negative temperature dependence or by a
temperature-independent rate coefficient. The results of Mur-
rells er al.” favor the latter. For the preferred values we as-
sume the rate coefficient to be temperature independent over .
the temperature range studied and take a mean of the values
of Hynes et al..,' Murrells et al..* Lovejoy et al..’ and Diau
and Lee.?

Lovejoy er al.” used LP-LIF (0 measuie an HO, radical
formation vield of 0.95=0.15 (249-300 K) from the reaction
of the HO radical with CS> in the presence of O, (by con-
verting HO, radicals to HO radicals by reaction with NO).
and used DF-CIMS 1o measure an SO, yield from the HO
radical reaction with CS, in the presence of O, of
0.90=0.20 at 340 K.

The main steps in the atmospheric oxidation of CS, initi-
ated by HO are then
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followed by the overall rcaction
HOCS, + 20, — HO, + SO, + OCS.

In the atmosphere, reaction of the HOCS, with O5 predomi-
nates over reaction with NO or NO,.

The study by Stickel er al® has provided some further
insight into the mechanism of this complex reaction. Two
types of experiments were performed. In one, the reaction
was initiated by pulsed laser photolysis and product concen-
trations monitored in real time by tunable diode laser absorp-
tion spectroscopy. In the other, continuous photolysis was
used with FTIR product detection. Products observed were
0CS, SO,, CO, and CO,. Both experiments gave concordant
values for the yields of OCS and CO of 0.83+0.08 and 0.16
+0.03, respectively. The yield of CO, was small (<0.01).
The overall yield of SO, (1.15%=0.10) was made up of two
compaonents, a ‘‘prompt’’ value of 0.84+0.20 resulting from
SO, produced 1n a primary channel of the reaction and a
longer time component assumed due to production of SO,
from reaction of O, with S or SO produced in another pri-
mary channel. The data of Stickel er al® thus suggest two
primary channels, the major one leading to OCS and SO,
and a minor channel leading to CO and SO. There are a
number of possible reaction channels leading directly to
these species or to their precursors which subsequently pro-
duce them on a very short time scale.

Lovejoy et al’ have used DF-CIMS to investigate the
products of the reaction of the H'®O radical with CS, in
160, at ~340 K, and observed the formation of '°0S'80
with a yield of 0.90+0.20. $'°0, formation was observed,’
and this may be consistent with the formation of S atoms or
SO radicals.®
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These studies suggest that the reaction pathway
HOCS, + 0,

followed by reactions of HCO and S to form HO, + CO and
SO, accounts for ~15% of the overall reaction,® with the
remainder (-~ 85%) proceeding Ly®

HOCS, + 0, — HO, + CS,0

» HCO + SO, + §

CS,0 + 0, — OCS + SO,
or
HOCS, + 0, — HOSO + OCS
HOSO + 0, — HO, + SO,

or

HOCS + 0, — HO, + OCS.
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HO + CH;SH — products

Rate coefficient data

kfcm® molecule ™ s7'

Temp/K Reference Technique/Comments
Absolute Rate Coefficients
8.89% 10~ "2 exp[(398 = 151)/T] 300-423 Atkinson, Perry, and Pitts, 1977" FP-RF
(3.39+0.34)x 1071 300
1.15% 107 exp[(338+ 100)/7] 244366 Wine et al., 1981* FP-RF
(3.37+041)x 107" 298
1.01x 107" exp[(347£59)/T] 254-430 Wine, Thompson, and Semmes, 1984°
3.24x 107" 298 FP-RF
3.69% 107" 270 Hynes and Wine, 1987 PLP-LIF (a)
3.17x 107" 300 -
Relative Rate Coefficients
(9.68+0.97)x 10! 297+2 Cox and Sheppard. 1980° RR (b)
(3.72£037)x 107" 300 Barnes et al., 1986° RR (c)
(3.50+0.49)x 107" 313
Reviews and Evaluations
9.9% 1072 exp(360/T) 240-430 NASA, 19977 ()
9.9% 1012 exp(356/T) 240-430 IUPAC, 19978 (e)
Comments Comments on Preferred Values
. . Thy ferred values are ba n - -
(a) The rate coefficients were observed to be independent _ Hhepre ed values are s;d upon & l‘east squareslana'ly
sis of the absolute rate coefficients of Atkinson et al.,” Wine
of total pressure and of the presence or absence of O,, 23 4. .
< et al.,>* and Hynes and Wine,” which are in excellent agree-
up to 196 mbar (147 Torr) O, (at 270 K) or 933 mbar . 6
ment. The recent relative rate study of Barnes et al.® shows
(700 Torr) O, (at 300 K). . . .
. __ that erroneous rate coefficient data are obtained in the pres-
(b) HO radicals were generated by the photolysis of . ;
) A ence of O, and NO, thus accounting for the much higher
HONO-NO-air mixtures at atmospheric pressure. The S .
. value of Cox and Sheppard.”> The preferred values are iden-
decay of CH;SH was measured relative to that of C,H, . . . . 8
. } * tical to those in our previous evaluation, IUPAC, 1997.
by GC, and the relative rate coefficient placed on an Th ! ;
. ) e study of Hynes and Wine® shows that there is no
absolute basis by use of a rate coefficient of :
L(HO + C.H,)=8.57X 10712 cm® molecule™" s~! observable effect of O, on the measured rate coefficient, and
2(97 K d2 i h i cm fmf) gecu e s oA the rate coefficients at 208 K for the reactions of the HO
) d‘?“ la‘mOSP eric Pr‘fjssb“reho a;r' s of HLO radical with CD;SH (Ref. 4) and CH;SD (Ref. 3) are within
(el HONra icals wer;ggnerare Y tTixp (;)to ySISfOCH 2SI‘ZI 156 of that for HO + CH,SH. These data indicate®* that the
in N at atmgspleﬁlc pres‘sluref. € ecaybo ae 3 p reaction proceeds via initial addition of HO to form the ad-
v;/las nllegsure re anf\;le .to t at] ordpropeneb yl b any duct CH,S(OH)H.}
the relative rate coe c1§nts place gn an absoluté asis Tyndall and Ravishankara'® have determined, by monitor-
by us—ePor a rate coefﬁcxegn of k(H ° P“_’ﬁ"’”c)44'85 ing the CH,S radical by LIF, a CH;S radical yield from the
X 107" exp(S04/T) em” molecule™ s7" al alMO-  yeaction of the HO radical with CHySH of 1.10.2. The
spheric pressure of air. icient data of reaction then proceeds by
(d) Qemed fmm\ [h? absolutewr\ate coefficient data o j\t- HO + CH:SH — [CH;S(OHIH] — H:0 + CHS.
kinson et al..! Wine et al..™ and Hynes and Wine. ’
{e) See Comments on Preferred Values.

Preterred Values

£=3.3 X107 em’ molecute™" s7 ' at 298 K.
£=9.9 X107 "2 exp(356/T) cm’ molecule™ 57"
temperature range 240-430 K.

over the

Reliability
Alog A==0.10 at 298 K.
A(E/RY == 100 K.
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HO + CH;SCH3; — H,0 + CH,SCH; (1)
— CH3S(OH)CH,  (2)
AH2(1)=—107.1 kJ-mol ™!
Rate coefficient data (k=k,+ k;)

kfem® molecule™! 7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients

ki =1.15%10"" exp[—(338= 100)/T] 248-363 Wine er al., 1981' FP-RF

k,=(4.26+0.56)x 10712 298 .

(6.28+0.10)X 107" (I bar of air) 298 Hynes. Wine. and Semmes, 1986° PLP-LIF (a)

ki =1.36X10""" exp[—(332+96)/T] 276-397 Hynes, Wine, and Semmes, 1986° FP-RF

ki=446x 1071 298

k=1.18x 107" exp[~(236 = 150)/T] 260-393 Hsu. Chen, and Lee. 1987} DF-RF (b)

ki =(5.54%0.15)x 10712 298

ky;=1.35X 107" exp[~(285+ 135)/T} 297-368 Abbatt. Fenter, and Anderson. 1992* DF-LIF (c}

b =(498+0N46)X 10712 297+

k,=(4.95+0.35)x 10" " 298 Barone, Turnipseed, and Ravishankara, 1996% PLP-LIF
Branching Ratios

k\/k=0.84%0.15 298 Stickel, Zhao, and Wine, 1993° (d)
Reviews and Evaluations

ky=113x 107" exp(—254/T) 248-397 Atkinson, 19947 (e)

~42 2

- 1.68X 1074[0,] exp(7812/T) 260-360

TT[1+5.53x107°"[0,] exp(7460/T)]

ky=1.2X10""" exp(—260/T) 240-400 NASA. 19943 (f

k=48X 10"+ {(4.1x107% [0,]V 298 IUPAC. 1997° (2) (h)

(1+4.1x 1072 [0,])}
ky=1.13X 107" exp(—254/T) 250-400 h
ky=1.7x107% [0,] exp(7810/TV 260-360 (g)

{1+5.5% 1073 0,] exp(7460/1}

(b)

Comments

Detection of HO. with the effects of O, being investi-
gated over the temperature range 261-321 K. The
measured rate coefficient was observed to depend lin-
early on the O, concentration. and the rate coefficient
given in the table is that measured at 1 bar (750 Torr)
total pressure of air. The rate coefficient measured in
the absence of O- is ascribed to reaction (1). with the
adduct formed in (2) rapidly dissociating back w the
reactants. In the presence of O- this adduct reacts rap-
idly with O,. and hence the measured rate coefficient
increases with the Q. concentration.

Rate coefficient not affected by the addition of up to
1.3 mbar (I Torr) of O-.

HO generated from the H + NOs reaction. The total
pressure was varied over the range 14.1-130 mbar
(10.6-97.5 Torry of N5, The measured rate coefficient
was invariant to the total pressure over this range.

For the reaction DO — CH;SCHi:. HDO wus moni-
tored by tunable diode laser absorption spectroscopy.
and the branching ratio obtained by assuming a unit
HDO vield from the DO radical reaction with # hexane
and cvelohexane. The branching ratio was independent
of total pressure of N- [13-40 mbar (10-30 Tom].

{e)

(f)

temperature (298-348 K) and replacement of 13 mbar
(10 Torr) total pressure of N, by 13 mbar total pressure
of O,. From the temporal profiles of the HDO signais.
rate coefficients k| for the reaction of the DO radical
with CH;SCH; of (5.4=0.4)X 107" cm® molecule ™
s™! at 298 K and 13 mbar (10 Torr) Ny. (5.8%1.9)
X 107" cm® molecule™" 57" at 298 K and 40 mbar (30
Torr) N». and (4.4 1.0)X 1077 em® molecule™' §7!
ar 348 K and 13 mbar (10 Torr) N, were also obtained.
in agreement with the rate coefficients for the HO radi-
cal reaction.

The rate coefficient for the abstraction (1) was derived
from the data of Wine eral.' Hynes etal.” Hsu
etal.’ and Abbatt ¢r al.* The rate coefficient for the
addition process (2) is that of Hynes er uf.”

The rate coefficient for the abstraction process (1) was
derived from the absolute rate coefficient data of Wine
et al.! Hynes er al.” Hsu eral.’ Abbatt ef «l.* and
Barone et al.®

See Comments on Preferred Values.

The rate coefficient &k, was derived from the data of
Wine eral.' Hynes e¢ral.” Hsu eral ’ and Abbatt
cral’?

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Preferred Values

k=4.8%10"24+{(4.1x 1073 [0,])/(1+4.1x 1072 [0,]}
cm® molecule™! s7! at 298 K.

k,=4.8x107"'% cm’ molecule ™' s~ at 298 K.

k=1.13X 1071 exp(—=253/T) arn® molecule™! 57
the temperature range 240-400 K.

k,=1.7x107"'? cm® molecule™ s™' at 298 K and 1 bar
air.

ky=1.7%107% [0,] exp(7810/D){1+55%x 107" [0,]
Xexp(7460/T)} cm® molecule™ s™' over the tem-
perature range 260—360 K.

! OvVCr

Reliability
Alog ky==0.10 at 298 K.
A(E,/R)=*150 K.
Alog k,==*0.3 at 1 bar of air.

Comments un Preferred Values

It is now recognized>”%!0 that this reaction proceeds via
the two reaction steps (1) and (2). The CH;S(OH)CH; ad-
duct radical decomposes sufficiently rapidly such that in the
absence of O, only the rate coefficient k| is measured. In the
presence of O, the CH;S(OH)CH; radical reacts by
CH,S(OH)CH; + O, — products. Hence only in the pres-
ence of O, is the addition channel (2) observed, with the rate
coefficient being dependent on the O, concentration (but, to
at least a first approximation, not on the concentration of
other third bodies such as N,, Ar, or SFg).2

The relative rate study of Wallington et al."" showed that
previous relative studies carried out in the presence of NO
are dubious. The most recent absolute rate coefficients mea-
sured in the absence of O,' 19719 agree that the earlier ab-
solute rate coefficients of Atkinson ef al.'* and Kurylo' are
erroneously high. and those of Mac Leod er al.'® were in
error because of wall reactions.!> The preferred rate coeffi-
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cients &, for the abstraction channel (1) are based on the
studies of Wine eral.,! Hynes et al.> Hsu et al,® Abbatt
et al.,* and Barone et al.,’ and the rate coefficient for the HO
radical addition channel (2) utilizes the data of Hynes et al.?
While the expression for & is strictly valid only for 0.93 bar
of air* (where the rate coefficients for HO addition to
CH,SCH; and the reverse dissociation step may be in the
falloff region), this equation fits the room temperature data
obtained at pressures of air from 0.07 to 0.93 bar. The pre-
ferred values are almost identical to those in our previous
evaluation, TUPAC, 1997.°
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HO + CH;SSCH; — products
Rate coefficient data
k/em® molecule™! s~! Temp /K. Reference Technique/Comments
Absolute Rate Coefficients
5.9x 107" exp[(380= 160)/T] 249-367 Wine et al., 1981} FP-RF
(1.98+0.18)x 10710 298
6.2x 107! exp[(410=210)/T] 297-366 Abbatt, Fenter, and Anderson, 19922 DF-LIF
(2.39+0.30)x 10710 297
(24+0.9)x 1070 298 Dominé and Ravishankara, 1992° (a)
Relative Rate Coefficients Lo
(2.40x0.86)x 10710 297+2 Cox and Sheppard, 1980* RR (b)
Reviews and Evaluations
7.0X 10™ " exp(350/7) 249-367 Atkinson, 1994° ) ©)
6.0X 10" exp(400/T) 249-367 NASA, 1997¢ (d)
7.0x 107" exp(350/T) 250-370 IUPAC, 1997" (c)

Comments

(a) Discharge-flow system with photoionization-MS detec-
tion of CH3;SOH and CH;S product species. The tem-
poral profiles of these product species yielded the cited
rate coefficient. The CH,S radical formation yield from
the HO radical reaction with CH;SSCH; was measured
to be 0.28+0.20 using a pulsed laser photolysis system
with LIF detection of CH;S. The photolysis of
CH;SSCH; at 266 nm was used to normalize the CH;S
radical signal, with the CH;S radical formation yield
from the photolysis of CH;SSCH; being 1.8+0.2 at
248 nm.®

(b) A rate coefficient ratio of k(HO + CH;SSCHj3)/k(HO
+ ethene)=28=* 10 was measured by GC analyses of
CH,SSCH; and ethene in irradiated HONO-
CH;SSCH;~ethene—air mixtures at atmospheric pres-
sure. The measured rate coefficient ratio is placed on
an absolute basis by use of a rate coefficient of
k(HO + ethene)=8.57x 107" cm® molecule™! s™! at
297 K and atmospheric pressure of air.’

(c)  Obtained from a least-squares analysis of the absolute
rate coefficients of Wine er al.' and Abbatt et al.

{d) Based on the absolute rate coefficients of Wine er al.!
and Abbatt et al.* and the room temperature relative
rate coefficient of Cox and Sheppard.?

Preferred Values

k=23 107" em* molecule™" s at 298 K.
k=7.0 X 107" exp(350/T) cm” molecule ™ s~ over the
temperature range 250-370 K.

Reliabiliry
Alog k=+0.10 at 298 K.
A(E/R)=%200 K.

Comments on Preferred Values

The absolute rate coefficients of Wine et al.,' Abbatt
etal,” and Dominé and Ravishankara® are in excellent
agreement. The preferred values are derived from a least-
squares analysis of the absolute rate coefficients of Wine
etal' and Abbatt er al.,? and are identical to those in our
previous evaluation, IUPAC, 1997.” The magnitude of the
rate coefficient and the negative temperature dependence in-
dicates that the reaction proceeds by initial HO radical addi-
tion to the S atoms:

HO + CH,SSCH; — CH,SS(OH)CH,,

References

'P. H. Wine, N. M. Kreutter. C. A. Gump. and A. R. Ravishankara, J. Phys.
Chem. 85, 2660 (1981).

1. P.D. Abbatt, F. F. Fenter. and J, G. Anderson. J. Phys. Chem. 96, 1780
(1992).

*F. Dominé and A. R. Ravishankara. Int. J. Chem. Kinet. 24, 943 (1992).

*R. A. Cox and D. W. Sheppard. Nature 284. 330 (1980).

’R. Atkinson. J. Phys. Chem. Ref. Data. Monograph 2, 1 (1994).

®NASA Evaluation No. 12. 1997 (see references in Introduction).
"IUPAC, Supplement V. 1997 (see references in Iniroduction).

YALA. Turnipseed. S. B. Barone. and A. R. Ravishankara, J. Phys. Chem.
97.5926 (19931

YR Atkinson. J. Phys. Chem. Ref. Data. Monograph 1. 1 (1989).
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HO, + H,S — products

Rate coefficient data

k/cm® molecule™" s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(5x1)x107"? 298 Bulatov et al., 1990' FP-A (a)
<3x107% 298 Mellouki and Ravishankara, 1994° DF-LMR
Reviews and Evaluations
<3.0x1071 208 NASA, 1997 (b)
Comments for the corresponding reactions of HO, with CH;SH and
. . . . CH3SCH;. This upper limit 1s three orders of magnitude
(a) HO, radicals were monitored by intracavity laser ab- 3 3 PP gnitud

sorption in the near IR.
Based on the results of Mellouki and Ravishankara.’

(b)

Preferred Values
k<3x10"1% ¢cm? molccule™! s7! at 298 K.
Comments on Preferred Values

This upper limit is taken from the study of Mellouki and
Ravishankara.? It is consistent with the upper limits reported

lower than the value reported by Bulatov ef al.! from a flash
photolysis study using intracavity laser absorption in the near
infrarcd to monitor HO;. The results of the recent, more
direct study? are preferred.

References

'V. P. Bulatov, S. I. Yereshahuk, F. N. Dzegilenko, O. M. Sarkisov. and V.
N. Khabarov, Khim Fiz. 9, 1214 (1990).

*A. Mellouki and A. R. Ravishaukara, Int. J. Chem. Kinet. 26, 355 (1994).

INASA Evaluation No. 12, 1997 {see references in Introduction).

HO, + SO, — products

Rate coefficient data

k/em® molecule™' s Temp./K Reference Technique/Comments
Relative Rate Coefficients
(1.0+0.2)x 1073 300 Payne, Stief. and Davis. 1973} RR (a)
<I1x]0° " 300 Graham er al., 1979* RR (b}
<13x107" ~298 Burrows er al., 1979 RR (c)
Reviews and Evaluations
< LOX 0 "™ 298 NASA. 199/ (d)
<Ix10™"™ 298 ILPAC. 1997* te)
Comments Value tabulated here was calculated using

(a)  Photolysis of H,O~CO-'%0,—N, mixtures at 184.9
and 253.7 nm. with formation of C'®0, and C'®1%0,
being monitored by MS. k/k'/*(HO, + HO.) was de-
termined. The value tabulated here was calculated us-
ing the effective value of A(HO. + HO.) in this system
of 44X 1077 em® molecule ™! 57! (this evaluation).
Thermal decomposition of HO-NO- monitored by IR
absorption. Upper limit to & derived tfrom the absence
of a detectable effect of added SO, on the HO.NO,
decay rate.

{c) DF-LMR study. A/&(HO = H.0.) was determined.

(b)

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

k(HO + H,0,)=1.7X10""? cm® molecule ™" s™' (this
evaluation).

Accepted the upper limit to the rate coefficient of Gra-
ham er al.”

{e) See Comments on Preferred Values.

(d}

Preferred Values

A<1x 107" em® molecule ' 7" at 298 K.
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Comments on Preferred Values

The measurement of Burtows e al.3 coufirms that the 1e-
action is slower than some earlier results’ had suggested and
supports the even lower upper limit set by Graham e al.,”
which we take as the preferred value. The preferred value is
identical to that in our previous evaluation, IUPAC, 1997.°
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References

'W. A. Payne, L. J. Stief, and D. D. Davis, J. Am. Chem. Soc. 95, 7614
(1973).

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

3J. P. Burrows, D. L. Cliff, G. W. Harris, B. A. Thrush, and J. P. T.
Wilkinson, Proc. R. Soc. London Ser. A 368, 463 (1979).

*NASA Evaluation No. 12, 1997 (see references in Introduction).
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HO, + CH;SH — products

Rate coefficient data

tlem® molecule™! s7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<4x1075 298 Mellouki and Ravishankara, 1994! DF-LMR
Reviews and Evaluations
<4.0x1071 298 NASA, 19972 (a)
Comments nes et al.® study of the reactions of the HO radical with

(a) Based on the results of Mellouki and Ravishankara.'

Preferred Values

k<4x10™" cm® molecule™! 57! at 298 K.

Comments on Preferred Values

This upper limit is taken from the study of Mellouki and
Ravishankara.' It is consistent with the upper limits reported
for the corresponding reactions of HO, with H,S and
CH,;SCHs. It is also consistent with results noted in the Bar-

various sulfur compounds. In that publication® the authors
stated that previous experiments in that laboratory had
shown that the rate coefficients for reactions of HO, with
thiols were <1X107'> cm® molecule ™! s™".

References

'A. Mellouki and A. R. Ravishankara, Int. J. Chem. Kinet. 26, 355 (1994).
>NASA Evaluation No. 12. 1997 (see references in Introduction).

*1. Barnes. V. Bastian, K. H. Becker. E. H. Fink. and W. Nelsen. J. Atmos.
Chem. 4, 445 (1986).

HO, + CH,SCH; — products

Rate coefficient data

k/em® molecule ™! 57! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients
<axlg” 298

Reviews and Evaluations
<30%107"7 298

Comments

(a)  Based on the results of Mellouki and Ravishankara.'

Mellouki and Ravishankara, 1994'

NASA. 1997-

DF-LMR

N

(a)

Preferred Values

k<3x 107" em® motecule™ 57! at 298 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6. 1997
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Comments on Preferred Values

This upper limit is taken from the study of Mellouki and
Ravishankara.! It is consistent with the upper limits reported
for the corresponding reactions of the HO, radical with H,S
and CH;3SH. It is also consistent with unpublished results of
Niki, who in a study of the decay of CH;SCH; in the pres-
ence of HO, in [ bar air showed the reaction of HO, with

ATKINSON ET AL.

CH;SCH; to be very slow with k<iX10™" cm’
molecule™! s~ ! (reported in Mellouki and Ravishankara! as
a private communication from H. Niki).

References

'A. Mellouki and A. R. Ravishankara, Int. J. Chem. Kinet. 26, 355 (1994).
?NASA Evaluation No. 12, 1997 (see references in Introduction).

NO; + H,S — products

Rate coefficient data

kfcm?® molecule ' s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients

<3x107H* 298+2 Wallington et al.. 1986' FP-A

<8x 10710 208 Dlugokencky and Howard, 10882 F-LIF
Relative Rate Coefficients

<3x10~" 298 Cantrell er al., 1987* RR (a)
Reviews and Evaluations

<8.0x1071 298 NASA, 1997 (b)

<1x1071 298 IUPAC, 1997° ()

Comments

(a) NOj radicals were generated by the thermal decompo-
sition of N,Os, and the rate coefficient placed on an
absolute basis by use of an equilibrium constant for the
NO; + NO, = N,Os reactions of 3.41X 107" cm®
molecule ™. '

(b) Based upon the upper limit to the rate coefficient de-
termined by Dlugokencky and Howard.

(¢} See Comments on Preferred Values.

Preferred Values

k<1x107 " ¢cm® molecule™ s™! at 298 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Comments on Preferred Values

The preferred upper limit to the rate coefficient is based
upon the absolute rate coefficient study of Dlugokencky and
Howard,” and is identical to that in our previous evaluation.
IUPAC, 1997.°

References

''T. J. Wallington. R. Atkinson, A. M. Winer, and J. N. Pitts, Jr., J. Phys
Chem. 90. 5393 (1986).

*E. J. Diugokencky and C. J. Howard. J. Phys. Chem. 92, 1188 (1988).
*C. A. Cantrell. I. A. Davidson. R. E. Shetter. B. A. Anderson, and J. G.
Calvert. J. Phys. Chem. 91. 6017 (1987).

*NASA Evaluation No. 12, 1997 {see references in Introduction).
SIUPAC. Supplement V. 1997 (see references in Introduction).

®R. Atkinson. J. Phys. Chem. Ref. Data 20, 459 (1991).
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NO; + CS, — products
Rate coefficient data
t/em® molecule™! 57! Temp./K Reference Technique/Comments

Absolute Rate Coefficients

<4x10716 298 Burrows, Tyndall, and Moortgat, 1985' MM-A
Relative Rate Coefficients
<LIX1078 297+2 Mac Leod ez al., 19867 RR (a)
Reviews and Evaluations i .
<4.0x107'0 298 NASA, 1997 (b)
<ix107% 298 IUPAC, 1997* (c)
Comments Comments on Preferred Values

(a) NOj radicals were generated by thermal decomposition
of N,Ojs at atmospheric pressure of air. The decay rates
of CS, and propene were monitored by FTIR absorp-
tion spectroscopy. The upper limit to the rate coeffi-
cient was obtained by use of a rate coefficient of
k(NO; + propene)=9.4X 10~ cm® molecule ™' s71.#

(b) Based on the upper limit to the absolute rate coefficient
determined by Burrows et al.'

(c) See Comments on Preferred Values.

Preferred Values

k<1x10™" cm® molecule™ s7! at 298 K.

The preferred value is based upon the absolute study of
Burrows et al.,' which is consistent with the slightly higher
upper limit derived by Mac Leod ez al.? The preferred value
is identical to that in our previous evaluation, [UPAC, 1997.4

References

'J. P. Burrows, G. S. Tyndall, and G. K. Moortgat, J. Phys. Chem. 89, 4848
(198S).

2H. Mac Leod, S. M. Aschmann, R. Atkinson, E. C. Tuazon, J. A. Sweet-
man, A. M. Winer, and J. N. Pitts, Jr., J. Geophys. Res. 91, 5338 (1986).

3NASA Evaluation No. 12, 1997 (see references in Tatroduction}.

*TUPAC, Supplement V, 1997 (see references in Introduction).

NO; + OCS — products

Rate coefficient data

kfcm® molecule™" s™! Temp./K

Reference Technique/Comments

Relative Rate Coefficients

<16%x107" 2972
Reviews and Evaluations

<LOX 107 298

<Ix10°te 298

Mac Leod er al.. 1986 RR {a)
NASA, 1997° (b)
IUPAC. 19973 (c)

Comments

{a) NO; radicals were generated by the thermal decompo-
sition of N>Os at atmospheric pressure of air. The de-
cay rates of OCS and propene were monitored by FTIR
absorption spectrosopy. The upper limit to the rate co-
efficient is obtained by use of a rate coefficient of
L(NO; + propene)=9.1X 10" S em® molecule™! 713

(b)  Based upon the upper limit to the rate coefficient de-
termined by Mac Leod er al.!

(¢) See Comments on Preferred Values.
Preferred Values
k<1x107'"® cm® molecule™" s7' ar 298 K.
Comments on Preferred Values
The preferred value is based upon the sole study of Mac
Leod eral.' with a somewhat higher upper limit than re-

ported. The preferred value is identical to that in our previ-
ous evaluation, IUPAC. 1977.°

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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NO; + SO, — products

Rate coefficient data

klem® molecule™! 7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<4x1071® 298 Burrows, Tyndall, and Moortgat, 1985 MM-A
=4x107'¢ 298+2 Wallington et al., 1986° FP-A
<1x107"7 295+2 Canosa-Mas et al., 19883 DF-A
<12x107" 473 Canosa-Mas er al., 1988* DF-A
<1x107% 298 Diugokencky and Howard, 1988° F-LIF
Relative Rate Coefficients
<7x107% 303 Daubendiek and Calvert, 1975% RR (a)
Reviews and Evaluations
<70x107% 298 NASA, 19977 (b)
<1x107% 298 IUPAC, 1997° (c)
Comments coefficient studies of Burrows er al.,! Wallington er al.,

(a) Derived from the lack of observation of SO; formation
in N,05~S0O,~-0; mixtures, using IR absorption spec-
troscopy to measure the concentrations of SO;.

(b) Based upon the study of Daubendiek and Calvert.S

(c) See Comments on Preferred Values.

Preferred Values

k<1X107" cm?® molecule™! s7! at 298 K.

Comments on Preferred Values

The preferred value is based upon the relative rate study of
Daubendiek and Calvert,® with a much higher upper limit.
This preferred upper limit to the 298 K rate coefficient is
consistent with the upper limits measured in the absolute rate

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Canosa—Mas et al.,>* and Dlugokencky and Howard.® The

preferred value is identical to that in our previous evaluation.
IUPAC, 19978

References
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Chem. 90, 5393 (1986).
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NO; + CH3SH — products

Rate coefficient data

trem® molecute™! 7! Temp./K Reference Technique/Comments
\hsolute Rate Coefficients
1.0% 107 expl(600= 400)/T) 280-350 Wallington et al., 1986 FP-A
(8.1+0.6)x 10~ 1 298
17.720.5)x 107 "* 298 Rahman er al., 1988* DE-MS
1.09X 107 "2 exp[(0+ 50)/T] 254-367 Dlugokencky and Howard, 19883 F-LIF
(1.0920.13)x 1071 298
Kelative Rate Cogfficients .
(1.00£0.22)x 1072 297 = 2 Mac Leod er al., 1986* RR (a)
Reviews and Evaluations .
4.4% 1073 exp(210/T) 250-370 NASA, 1997° (b)
9.2x 1071 250-370 IUPAC, 1997° ()

Comments

(a) NOj radicals were generated by the thermal decompo-
sition of N;Os in NyOs—NOj—air mixtures al auno-
spheric pressure. The decay rates of CH;SH and trans-
2-butene were monitored by FTIR and GC
respectively. and the measured rate coefficient ratio of
k(NO;+CH;SH)Y/k(NO; +trans-2-butene)=2.57+0.55
is placed on an absolute basis by use of a rate coeffi-
cient of k(NO3 +trans-2-butene)=3.89x 10° 13 cm?
molecule™! s717

(b} Derived from the absolute rate coefficient data of Wall-
ington er al.,' Rahman et al.> and Dlugokencky and
Howard.*

(c) See Comments on Preferred Values.

Preferred Values

k=9.2x10"" cm® molecule™! 57!, independent  of

temperature over the range 250-370 K.

Reliability
Alog k==*0.15 at 298 K.
A(E/R)=x 400 K.

Comments on Preferred Values

The preferred value at 298 K is the mean of the four stud-
fes carried out to date.! ~* which are in reasonably good
agreement. Although a significant negative temperature de-
pendence is indicated by the absolute rate coefficient study
of Wallington ¢ al.." this is due to the rate coefficient mea-
sured at 350 K. and the rate coefficients at 280 and 298 K are

identical.' The temperature independence of the rate coeffi-
cient determined by Dluogokencky and Howard® is accepted.
The experimental data indicafe that there is no pressure de-
pendence of the rate coefficient, at least over the range
~0.0013—1 bar. The preferred values are identical to those
in our previous evaluation, IUPAC, 1997.°

The magnitude of the rate coefficient and the lack of a
temperature dependence of the rate coefficient shows that
this reaction proceeds by initial addition, followed by de-
cunposition of the adduct to yield CH;S radicals (see also
the data sheet on the NO; + CH;SCH, reaction)

NO; + CH;SH & [CH3S(ONO,)HJF — CH;S + HNO;.

This conclusion is consistent with the product studies car-
ried out by Mac Leod et al.* and Jensen er al.® Jensen er al.®
identified CH3SO;H (methanesulfonic acid), SO,, HCHO,
CH3;0NO,, CH,SNO, and HNO, as products of the NO;,
radical reaction with CH;SH at 295+ 2 K and 0.99+0.01 bar
(740= 10 Torr) total pressure of purified air.
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NO; + CHySCH; — CH;SCH, + HNO,

Rate coefficient data

k/cm® molecule™! s7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(1.0£0.2)x 107" 278-318 Tyndall er al., 1986' MM-A
(9.9%£3.5)x 1071 298
(7.5£05)x 10713 298+2 Wallington er al., 1986 FP-A
4.7x1071 exp[(170£130)/T} 280-350 Wallington et al., 1986 FP-A
(8.1x1.3)x107" 298+2
1.79% 10713 exp[(530+40)/T] 256-376 Dlugokencky and Howard, 1988* FLIF °
(1.06*0.13)X 107" 298 -
(1.3£0.3)x 10712 298+ 1 Daykin and Wine, 1990° PLP-A
Relative Rate Coefficients
(9.92+0.20)x 107" 2962 Atkinson ef al., 1984° RR (a)
Reviews and Evaluations
1.9X 107" exp(500/T) 250-280 NASA, 19977 (b)
19X 10713 exp(520/T) 250-380 IUPAC, 19978 (c)

Comments

(a) NOj; radicals were generated by the thermal decompo-
sition of N,Os in air at 1 atm total pressure. The con-
centrations of CH3;SCHj; and trans-2-butene were mea-
sured by GC, and the measured rate coefficient ratio of
k(NO; + CH;3SCH;)/k(NO; + rtrans-2-butene)=2.55
+0.05 are placed on an absolute basis by use of a rate
coefficient of k(NO; + rrans-2-butene)=3.89x 10" 13
cm® molecule™ 57! at 296 K.°

(b) Derived from the absolute rate coefficients of Tyndall
etal,! Wallington eral,’ and Diugokencky and
Howard.*

(c) See Comments on Preferred Values.

Preferred Values

k=1.1x10"" cm® molecule™ s™' at 298 K.
k=19x10"" exp(520/T) cm® molecule™" s7!
the emperature range 250-380 K.

over

Reliability v
Alog k=*0.15 at 298 K.
A(E/R)==200 K.

Comments on Preferred Values

The absolute' “% and relative® rate coefficient studies are
in reasonable agreement. although the data of Wallington
et al.™* are ~20% lower than the other data.'*~® The abso-
lute rate coefficients measured by Tyndall er al..' Dlugo-
kencky and Howard.* and Davkin and Wine” and the relative
rate coefficient of Atkinson et al.® have been fitted to an
Arrhenius expression to obtain the preferred values. The ex-
perimental data show that the rate coefficient is independent
of total pressure over the range ~0.0013-1 bar. The pre-

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

ferred values are identical to those in our previous evalua-
tion, [UPAC, 1997.%

The magnitude of the rate constant and the negative tem-
perature dependence indicates that this reaction proceeds by
initial addition of the NOj; radical to the S atom. The kinetic
data of Daykin and Wine®> and Jensen er al.'° for CH;SCH,
and CD;SCDj show that the rate determining step involves
H- (or D-) atom abstraction, indicating that the reaction is

NO; + CH;SCH;=[CH;S(ONO,)CH;J*
!

CH,SCH, + HNO;.

This conclusion is consistent with the product studies
of Jensen eral!™' and Butkovskaya and Le Bras.”
Butkovskaya and Le Bras'? used a DF-MS technique to
show that the alternative reaction pathway yielding
CII3SONO, t Cll3 accounts for <2% of the overall reac-
tion at 298 K and 1.3 mbar (1 Torr) total pressure.
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NO; + CH3SSCH; — products
Rate coefficient data

k/cm® molecule™" 57 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

1.9% 107" exp[(290=50)/T] 280-350 Wallington er al., 1986 FP-A

(4920.8)x 1071 298+2

74X 1075 expl(0+200)/T] 334-382 Diugokencky and Howard, 1988 F-LIF

(14£1.5)%1078 298
Relative Rate Coefficients

(See comment) 297+2 Mac Leod et al., 1986 RR (a)
Reviews and Evaluations

1.3x 107" exp(—270/T) 280-380 NASA, 19977 (b)

71071 300-380 IUPAC, 1997° ()

Comments

(a) NO, radicals were generated by the thermal decompo-
sition of N,Os in N,Os~NO,-air mixtures at
atmospheric pressure. The relative decay rates of
CH;SSCH; and trans-2-butene were monitored by
FTIR spectroscopy and GC, respectively. However, the
more recent study of Atkinson ef al.% has shown that
reliable rate coefficient data cannot be obtained from
the chemical system used by Mac Leod er al.®

(b) Derived from the absolute rate coefficients of Walling-
ton er al.' and Dilugokencky and Howard.

(¢) See Comments on Preferred Values.

Preferred Values

k=7x10"" cm’ molecule™ s, independent of tem-

perature over the range ~300-380 K.

Reliability
© Alog k=*0.3 at 298 K.
A(E/R)= %500 K.

Comments on Preferred Values

The two absolute studies'? are in reasonable agreement
with respect to the room temperature rate coefficient. While
the reported rate coefficient from the relative rate study” was
an order of magnitude lower than the absolute data. the re-

cent study of Atkinson et al.® shows that this was due to
complexities in the experimental system used. Accordingly,
the preferred values are based upon the absolute rate studies,
and mainly on the data of Dlugokencky and Howard,” with
the error limits being sufficient to encompass the data of
Wallington et al.' The preferred values are identical to those
in our previous evaluation, 1UPAC, 1997.°

As for the NO; radical reactions with CH;SH and
CH,SCH;, the NO; radical reaction with CH;SSCH; is ex-
pected to proceed by initial addition, followed by decompo-
sition of the addition adduct®’

NO,; + CH;SSCH; = [CH;SS(ONO,)CH,J*
l
CH,S + CH;S0 + NO,.

References

I'T. J. Wallington, R. Atkinson, A. M Winer, and I. N. Pitts. Jr.. J. Phys.
Chem. 90, 5393 (1986).

2E. J. Dlugokencky and C. J. Howard, J. Phys. Chem. 92. 1188 (1988).

*H. Mac Leod, S. M. Aschmann, R. Atkinson, E. C. Tuazon, J. A. Sweet-
man. A. M. Winer. and I. N. Pitts, Jr., I. Geophvs. Res. 91. 5338 (1986}

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

SIUPAC. Supplement V. 1997 (see references in Introduction).

SR. Atkinson, S. M. Aschmann, and J. N. Pius. Jr., . Geophys. Res. 93.
7125 (1988).

“N. R. Jensen. J. Hjorth, C. Lohse. H. Skov. and G. Restelli. J. Atmos.
Chem. 14,95 (1992).

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997



1462

ATKINSON ET AL.

HS + O, — products

Rate coefficient data

kicm® molecule™ s7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<4x107"7 298 Black, 1984' PLP-LIF
<1x107" 298 Friedl, Brune, and Anderson, 19857 DE-LIE
<ixio™" 208 Schoenle, Rahman, and Schindler, 19873 DF-MS
<4x107" 298 Stachnik and Molina, 1987+ PLP-UVA
<1.5%x10717 295 Wang, Lovejoy, and Howard, 1987° DF-LMR
Reviews and Evaluations -
<40x107" 298 NASA, 1997° (a)
<4x107Y 2038 IUPAC, 19977 (b)
Comments nik and Molina,* which gives the lowest upper limit and

(a) Accepted the upper limit determined by Stachnik and
Molina.*
(b) See Comments on Preferred Values.

Preferred Values

k<4%x107Y cm® molecule™! s™! at 298 K.

Comments on Preferred Values

The reaction of HS with O, is so slow that attempts to
measure the rate coefficient have yielded only upper limits
that fall in the range 4X 107 "-4x 1077 cm® molecule™
s~ ! at 298 K. The preferred value is from the study of Stach-

appears reliable. The preferred value is identical to that in
our previous evaluation, IUPAC, 1997.7

References

'G. Black, J. Chem. Phys. 80, 1103 (1984).

2R. R. Friedl, W. H. Brune, and J. G. Anderson, J. Phys. Chem. 89, 5503
(1985).

3G. Schoenle, M. M. Rahman, and R. N. Schindler, Ber. Bunsenges. Phys.
Chem. 91, 66 (1987).

*R. A. Stachnik and M. J. Molina, J. Phys. Chem. 91, 4603 (1987).

SN. S. Wang, E. R. Lovejoy, and C. J. Howard, J. Phys. Chem. 91, 5743
(1987)

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

"IUPAC, Supplement V, 1997 (see references in Introduction).

HS + O; — HSO + O,

AH°=-290 kJ-mol ™!

Rate coefficient data

kliem® molecule™ 57! Temp./K Reference

Technique/Comments

Absolute Rate Coefficients

(3.2 1.0)x 107" 298 Friedl. Brune. and Anderson. 1985' DF-LIF
(2.920.6)x 107 "* 298 Schoenle, Rahman, and Schindler. 1987:* Schindler and Benter. 1998° DF-MS
11X 107! exp[ - (280=50)/T} 296—431 Wang and Howard. 1990* DF LMR
(4.39=0.88)x 107 '* 298
Reviews and Evaluarions )
9.0%X 107" exp( — 280/T) 290-440 NASA. 1997 (a)
9.5% 1071 expt —280/T) 290-430 1UPAC. 1997° (b)
Comments (b) See Comments on Preferred Values.

{a) The temperature coefficient was taken from Wang and
Howard.* The pre-exponential factor was based on the
studies of Friedl er al..! Schoenle er al.” (as revised by
Schindler and Benter®) and Wang and Howard.*

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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k=37x10"" c¢m® molecule™ s7! at 298 K.
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k=9.5X10""% exp(—280/T) cm’ molecule™! s~!
over the temperature range 290-440 K.

Reliability
Alog k=%0.2 at 298 K.
A(E/R)= %250 K.

Comments on Preferred Values

The values'** of k at 298 K agree reasonably well. A
mean of the values from the three studies'* is taken as the
preferred value. There is only one measurement of the tem-
perature coefficient,® which is the basis of the recommended
expression, with the pre-exponential factor chosen to fit the
recommended value of & at 298 K.

Since there is only one determination of the temperature
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dependence of k, and in view of the complexity of the sec-
ondary chemistry in these systems, substantial error limits
ae assigned. The preferred values are identical (0 those in
our previous evaluation, [UPAC, 1997.°

References

'R. R. Friedl, W. H. Brune, and J. G. Anderson, J. Phys. Chem. 89, 5505
(1985).

2G. Schoenle, M. M. Rahman, and R. N. Schindler, Ber. Bunsenges. Phys.
Chem. 91, 66 (1987).

*R. N. Schindler and Th. Benter, Ber. Bunsenges. Phys. Chem. 92, 558
(1988).

*N.-S” Wang and C. J. Howard, J. Phys. Chem. 94, 8787 (1990).

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

SIUPAC, Supplement V, 1997 (see references in Introduction).

HS + NO + M — HSNO + M

AH°=-139 kJ-mol™!

Low-pressure rate coefficients

Rate coefficient data

kg/cm® molecule™! s7! Temp./K

Absolute Rate Coefficients

2.7%1073" (T7300) 2% [N,] 250-445

(1.4%0.13)x107% [Ar) 293
Reviews and Evaluations

2.4x 1073 (77300) 30 [air] 250-300

24X 1073 (77300) 7% [N, ] 200-300

Reference

Technique/Comments

Black et al., 1984' PLP-LIF (a)
Bulatov, Kozliner, and Sarkisov, 1985° PLP (b}
NASA, 1997° (c)
IUPAC, 1997* (d)

Comments

(a) Detection of HS at 354.5 nm. 'I'he pressure dependence
was studied over the range 40-1013 mbar (30-760
Torr). The falloff curve was represented with F.=0.6
and k,=28%10"'"" cm® moleculc™! s7!. Theoreti-
cal modeling with the given AH°.

{b) Intracavity laser spectroscopic detection of HSO radi-
cals at 583 nm in photolyzed H.S—-NO~NQO,~Ar mix-
tures. with HSO radicals being formed from the reac-
tion HS + NO,. Measurements were carried out at 16
mbar (12 Torr) total pressure.

{c) Based on the data of Black er al.'

(d) See Comments on Preferred Values.

Preferred Values

ko=2.4x1073" (T/300)"%% [N,] cm’ molecule™" s~
over the temperature range 250-300 K.

Reliabiliry
Alog ky=*0.3 at 298 K.
An==x1.

Comments on Preferred Values

The preferred temperature-dependent measurements from
Ref. | give a consistent picture for the association reaction.
and the preferred values are identical to those in our previous
evaluation, [UPAC. 1997.*

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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High-pressure rate coefficients

Rate coefficient data

k. /cm® molecule™! 7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(2.7x05)x 1071 250-300 Black er al., 1984! PLP-LIF (a)
Reviews and Evaluations

27%x 107" 250-300 NASA, 1997° (b)

2.7x107 200-300 IUPAC, 1997* (c)

Comments

(a)  See comment (a) for k. .
(b) Based on the data of Black et al.!
{c) See Comments on Preferred Values.

Preferred Values

k=2.7%10"" cm® molecule™! s7F, independent of
temperature over the range 250-300 K.

Reliability
Alog k.=0.5 over the temperature range 250-300 K.

Comments on Preferred Values

The falloff extrapolation with F.=0.6 of Ref. 1 towards
k.. appears less certain than to k,. The preferred values are
based on the data of Black ef al.,,' and are identical to those
in our previous evaluation, IUPAC, 1997.*

References

'G Rlack, R Patrick, I. E Tucinski, and T G. Slanger, I Chem. Phys 80,
4065 (1984).

2V. P. Bulatov, M. Z. Kozliner, and O. M. Sarkisov, Khim Fiz. 4, 1353
(1985).

3NASA Evaluation No. 12, 1997 (see references in Introduction).

*IUPAC, Supplement V, 1997 (see references in Introduction).

HS + NO, — HSO + NO

AH®=-90 kJ-mol "

Rate coefficient data

kfem® molecule ™ 57! Temp /K Reference Technique/Comments

Absolute Rate Coefficients
(35204 x 107" 298 Black. 1984! PLP-LIF
(24x02)x107" 293 Bulatov, Kozliner, and Sarkisov. 1984° PLP-A (a)
(3.0:0.8)x10™" 298 Friedl. Brune, and Anderson, 1985 DF-LIF
(8.6+0.9)x107"" 298 Schoenle. Rahman. and Schindler. 1987* DF-MS
(48=to)yx 107! 298 Stachnik and Molina, 1987° PLP-UVA
29% 107! exp( 2377y 221415 Wang, Lovejoy, and Howard. 1987° DF-LMR
(6.7=1.0yx 107! 298

Reviews and Evaluations
2.9x 107" exp( 240/T) 220-420 NASA. 1997 (b)
26X 107 exp(240/Ty 220-450 [UPAC. 1997° (c

Comments Preferred Values

{a}  HSO radical product was monitored by intracavity la-
ser absorption at 583 nm.

(b1 Accepted the value of Wang er al.®

(¢} See Comments on Preferred Values.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

£=358x107" em® molecule™ 7' ar 298 K.
k=2.6X10"" exp(240/T) cm’® molecule ™' 7' over the
temperature range 220-420 K.
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Reliability
Alog k=%+0.3 at 298 K.
A(E/R)=*200 K.

Comments on Preferred Values

There is considerable scatter in the measured values of
k'~ with no obvious correlation with the conditions used or
the technique. The presence of H atoms in the system is
known to lead to complicating secondary chemistry, and
some of the differences may be due to this, particularly
where HS has been generated by photolysis of H,S. In more
recent studies,>® care has been taken to eliminate or model
such effects, but significant ditterences still persist. The pre-
ferred value at 298 K is the mean of the results of Stachnik
and Molina® and Wang et al.® The temperature coefficient is
that of Wang et al.® and thc prc-cxponcntial factor is ad-
justed to fit the recommended value of & at 298 K. The
preferred values are identical to those in our previous evalu-
ation. TUPAC. 19978
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The absence of any pressure effect on the rate constant at
pressures up to 0.96 bar' indicates that any addition channel
is unimportant up o tiese pressures.,

References

'G. Black, J. Chem. Phys. 80, 1103 (1984).

V. P. Bulatov, M. Z. Kozliner, and O. M. Sarkisov, Khim. Fiz. 3, 1300
(1984).

3R. R. Friedl, W. H. Brune, and J. G. Anderson, J. Phys. Chem. 89, 5505
(1985).

*G. Schoenle, M. M. Rahman, and R. N. Schindler, Ber. Bunsenges. Phys.
Chem. 91, 66 (1987), revised by R. N. Schindler and Th. Benter, ibid. 92,
558 (1988).

SR. A Stachnik and M. J Mbolina, J. Phys. Chem. 91, 4603 (1987)

SN. S. Wang, E. R. Lovejoy, and C. J. Howard, J. Phys. Chem. 91, 5743
(1987).

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

8IUPAC. Supplement V, 1997 (see references in Introduction).

HSO + O, — products

Rate coefficient data

k/em® molecule ™' ™! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

<20x107" 296 Lovejoy, Wang, and Howard, 1987" DF-LMR
Reviews and Evaluations
<2.0x107" 298 NASA, 1997° (a)
<2.0x107" 298 IUPAC. 1997° (b)
Comments Comments on Preferred Values

(a) Based on the rate coefficient of Lovejoy et al.!
(b) See Comments on Preferred Values.

Preferred Values

k<2.0x107" cm® molecule™ s7! at 298 K.

The reaction is slow and only an upper limit to & is avail-
able.! The preferred value is identical to that in our previous
evaluation, IUPAC, 1997.°

References
"E. R. Lovejoy. N. S. Wang. and C. J. Howard. J. Phys. Chem. 91. 5749
(1987).

INASA Evaluation No. 12. 1997 (see references in Introduction).
*JUPAC. Supplement V, 1997 (see references in Introduction).

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997



1466

ATKINSON ET AL.

HSO + O, — HS + 20, @)

—-HO+80+0, (2

— H502 + O, 3)

AH°(1)=4 kJ-mol™"
AH(2)=—94 kJ-mol ™!
AH°(3)=—361 kf-mol ™’

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

k/em?® molecule™! 57! Temp./K Réference Technique/Comments
Absolute Rate Coefficients
1.1x107 1 297 Wang and Howard, 1990' DF-LMR
ky=7x1071 297
ky=2.1X 1072 exp[ — (1120%320)/7] 273-423 Lee, Lee, and Wang, 1994 DF-LIF/A
ky=(4.7:1.0)x 107" 298
Relative Rate Coefficients
Lix1071 208 Friedl, Brune, and Anderson, 1985° RR (a)
Reviews and Evaluations
1.0x 1077 298 NASA, 1997 (b
L1X1078 298 IUPAC, 1997° (c)
k=6x10"" 298
ky=5x10"" 298

Comments

(a) Discharge flow system. The HS + O; reaction was
studied with HS radicals being monitored by LIF. Ad-
dition of O; gave an initial decrease in [HS], which
finally attained a steady state indicating regeneration of
HS, postulated to be by the HSO + Oj reaction. A rate
coefficient ratio of x/k(HS + O3)=0.031 was obtained
and placed on an absolute basis by use of k(HS
+.03)=3.7X 1072 cm’ molecule ™! s™! (this evalua-
tion).

(b) Based on the studies of Wang and Howard' and Eried!
et al’

(¢} See Comments on Preferred Values.

Preferred Values

k=1.1x10""% ecm® molecule™ 57! at 298 K.
ky=6% 107" cm® molecule™ s7! at 208 K.
ky=3X10"" cm® molecule™ s7' at 298 K.

Reliabilite
Alog k==0.2 at 298 K.
Alog k;==0.3 at 298 K.
Alog k;=%0.3 at 298 K.

Comments on Preferred Values

In the recent study by Lee ez al.” the rate coefficient mea-
sured is that for HSO removal by all channels other than

J. Phys. Chem. Ref. Data. Vol. 26, No. 6, 1997

channel (1) giving HS as a product, which subsequently re-
generates HSO by reaction with the O present. However,
in our recommendations the rate coefficients measured by
Lee er al.” are assigned to channel (3) on the grounds that
Fried! er al.® could not detect HO production [channel (2)]:
some further support for channel (3) comes from the work of
Lovejoy et al.® who found that HSO, is readily formed by
the HSO + NO, reaction.

The value at 298 K of k; obtained by Lee ef al.* is com-
patible within the assigned error limits with the overall rate
coefficient and the value of A (7x107" cm?
molecule™! s™') determined by Wang and Howard.'

Although Lee er al.” measured a temperature coefficient
for kj, the preferred values are only given at 298 K until
further studies are made on the effects of temperature on all
of the rate coefficients. The preferred values are identical to
those in our previous evaluation. [UPAC, 1997.3

References

INCS. Wang and C. J. Howard. 1. Phys. Chem. 94. 8787 (19901

SYSY. Lee. Y.-Po Lee. and N. S, Wang. J. Chem. Phys. 100. 387 (1994).
TR, R. Friedl. W, H. Brune. and §. G. Anderson. J. Phys. Chem. 89. 3503
(19851,

FNASA Evaluation No. 12, 1997 tsee references i Introduction),
“IUPAC. Supplement V. 1997 tsee references in Introduction).

“E. R. Lovejor. N. S, Wang. and C. 1. Howard. J. Phys. Chem. 91, 5749
19871
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HSO + NO — products
Rate coefficient data
#/cm® molecule™ 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(26+04)x10™ 293 Bulatov, Kozliner, and Sarkisov, 1985 PLP-A (a)
<1.0x107"8 298 Lovejoy, Wang, and Howard, 1987° DF-LMR

Reviews and Evaluations

<10Xx1071 298 NASA, 1997° (b)
<1.0x1071 298 IUPAC, 1997* (c)
Comments from secondary chemistry in their HSO source which em-

(a) HSO radicals monitored by intracavity laser absorption
at 583 nm.

(b) Accepted the results of Lovejoy er al.?

(c) See Comments on Preferred Values.

Preferred Values

k<1.0x1075 cm?® molecule™! s™' at 298 K.

Comments on Preferred Values

The only two available measurements of £ differ by at
least a factor of 26. This is unlikely to be due to the higher
pressures used in the Bulatov ef al.! study, but may arise

ployed relatively large H,S concentrations. Provisionally, the
upper limit to the rate coefficient reported by Lovejoy ez al.?

is preferred. The preferred value is identical to that in our
previous evaluation, [IUPAC, 10074

References

'V. P. Bulatov, M. Z. Kozliner, and O. M. Sarkisov, Khim. Fiz. 4, 1353
(1985).

2E. R. Lovejoy, N. S. Wang, and C. J. Howard, J. Phys. Chem. 91, 5749
(1987).

3NASA Evaluation No. 12, 1997 (see references in Introduction).

*IUPAC, Supplement V, 1997 (see references in Introduction).

HSO + NO, — products

Rate coefficient data

k/cm® molecule™" 57! Temp./K

Reference

Technique/ Comments

Absolute Rate Coefficients

4x 107 293 Bulatov. Kozliner, and Sarkisov. 1984’ PLP-A (a)
(9.6=24HXx107" 298 Lovejoy. Wang, and Howard. 1987° DF-LMR
Reviews and Evaluations
9.6x 107" 298 NASA. 1997° (b)
9.6x 107" 298 [UPAC. 1997+ (c)
Comments Reliabiliry

(a)  HSO radicals monitored by intracavity laser absorption
at 583 nm.

(b)  Accepted the rate coefficient of Lovejoy er al.

(¢} See Comments on Preferred Values.

Preferred Values

k=9.6%10"" em® molecule ™! <! at 298 K.

Alog k==*0.3 at 298 K.

Comments on Preferred Values

The only two measurements of k differ by at least a factor
of 2. Lovejoy ef al.” have suggested that the relatively high
H-S concentrations used by Bulatov er al.' may have led to
side reactions regenerating HSO. The value of Lovejoy
et al " is preferred. but wide error limits are assigned await-
ing confirmatory studies. The preferred value is identical to
that in our previous evaluation. [UPAC, 1997.*

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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HO, was observed as a product of the reaction by Lovejoy
et al.2 which they suggest arises from the reaction sequence

HSO + NO, — HSO, + NO

HSO, + 0, — HO, + SO,.

ATKINSON ET AL.

References

'v. P. Bulatov, M. Z. Kozliner, and O. M. Sarkisov, Khim. Fiz. 3, 1300
(1984).

E. R. Lovejoy, N. S. Wang, and C. J. Howard, J. Phys. Chem. 91, 5749
(1987).

3NASA Evaluation No. 12, 1997 (see references in Introduction).

*IUPAC, Supplement V, 1997 (see references in Introduction).

HSO, + O, — products

Rate coefficient data

k/em® molecule™! 57! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

3.0x10718 296 Lovejoy, Wang, and Howard, 1987' DF-LMR
Reviews and Evaluations
3.0x10718 298 NASA, 1997* (a)
30x1071 298 IUPAC, 1997° (b)
Comments Comments on Preferred Values

(a) Based on the rate coefficient of Lovejoy et al.!
(b) See Comments on Preferred Values.

Preferred Values

k=3.0X10" 13 ¢m3 molecule™! 7! at 298 K.

Reliability
Alog k=*0.8 at 298 K.

There is only one study of this reaction.' The method used
to obtain the rate coefficient was indirect, and this leads us to
suggest substantial error limits despite the high quality of the
experimental work. The preferred value is identical to that in
our previous evaluation, IUPAC, 1997.2

References

'E. R. Lovejoy. N. S. Wang, and C. J. Howard, J. Phys. Chem. 91, 5749
(1987).

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

*IUPAC, Supplement V, 1997 (see references in Introduction).

€0+ 0, ~S0,+ O

AH®=—52.6 kl-mol ™!

Rate coefficient data

k/em® molecule™ 57! Temp./K Reference Comments
Absolute Rate Coefficients
(1.07=0.16)x 107'° 298 Black. Sharpless, and Stanger. 1982' (a)
2.4%x 107 H expl — (237073817 230-420 Black. Sharpless. and Slanger. 1982° (a)
g.4x 107" 298
100X 107 H exp[ — (2180 = 11TV T] 262363 Goede and Schurath. 1983% (b)
6.7x107" 298
Reviews and Evaluations
26X 1071 expl— 24007 230-420 NASA. 1997 (c)
16X 107" expt — 2280/T) 230-420 IUPAC. 1997° (d)
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Comments

(a) Pulsed laser photolysis of SO, at 193 nm, with SO
radicals being detected by chemiluminescence from
the SO + Oj reaction. Pseudo-first-order decays of SO
were monitored in the presence of excess O,. Total
pressure=133-667 mbar (100-500 Torr) of O, + He.

() SO produced from the O + OCS reaction in a flow
system. Controlled admission of SO radicals to a static
volume where the pseudo-first-order decay of SO in
excess O, was followed by SO + O; chemilumines-
cence. Total pressure=0.0013-0.27 mbar (1-200
mTorr) O,. Only an Arrhenius expression was given
with no individual rate coefficients at the temperatures
studied.

(c) Based on the work of Black et al.'”

(d) See Comments on Preferred Values.

Preferred Values

k=7.6x10""7 cm® molecule™' s™' at 208 K.
k=1.6X 107" exp(—2280/T) over the temperature range
230-420 K.
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Reliability
Alog k=%£0.15 at 298 K.
A(E/R)= =500 K.

Comments on Preferred Values

This reaction is very slow and measurement of the rate
coefficient k is subject to errors due to impurities. For this
reason, Black er al.? favor their lower value of £ at 298 K
obtained in the temperature dependence study.? The Goede
and Schurath® values are systematically about 35% lower
than those from Ref. 2, but appear to have less experimental
uncertainty at temperatures < 300 K. The preferred value for
the rate coefficient k at 298 K and for the temperature de-
pendence are from Black er al.? and Goede and Schurath.’
The A factor has been adjusted to give the preferred 298 K
rate coefficient. The preferred values are identical to those in
our previous evaluation, IUPAC, 1997.°

References

'G. Black, R. L. Sharpless, and T. G. Slanger, Chern. Phys. Lett. 90, 55
(1982).

*G. Black. R. L. Sharpless, and T. G. Slanger, Chem. Phys. Lett. 93. 598
(1982).

3H.-J. Goede and U. Schurath, Bull. Soc. Chim. Belg. 92, 661 (1983).

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

SJUPAC, Supplement V, 1997 (see references in Introduction).

SO+03—>302+02

AH®=—444.5 kJ-mol '

Rate coefficient data

kfem® molecule ™' 57! Temp./K Reference Comments
Absolute Rate Coefficients
25X 107" exp[ — (1037 202)/T] 223-300 Halstead and Thrush. 1966' DF-CL
72%x107 " 298
(8.7x1.6)x107" 2964 Robertshaw and Smith. 1980 PLP-CL
(1.06=0.16)x 107 ¥ 298 Black. Sharpless. and and Slanger, 1982° (a)
38X 107 exp[— (1170 732/T) 230~420 Black. Sharpless. and Slanger, 1982 {a)
9.46x 107 298
Reviews and Evaluations
36X 1071 expl— LHOWT) 220-420 NASA. 1997 (b
43X 107 expt = 1170/T) 230-420 IUPAC, 1997° ()

Comments .

(a)  Pulsed laser photolysis of SO-~O; mixtures at 193 nm
with SO, being monitored by CL from the SO + O,
reaction. Excess Oy was determined b\ UV absorption.
The wtal pressure =207 wibar (200 Torry of 1le.

(b1 Based on the studies of Halstead and Thrush.' Robert-
shaw and Smith.” and Black ¢f al.™

(¢} Sec Comments on Preferred Values.

Preferred Values

k=8.9%10"" em® molecule™" s™' at 298 K.
k=4.5X 107" exp(= 1170/T) cm® molecule™" 57! over

the temperature range 230-420 K.
Reliability

Alog A==0.1 at 298 K.
ACE/Ry= = 150 K.
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Comments on Preferred Values

The studies of Halstead and Thrush,! Robertshaw and
Smith,” and Black ez al.,>* are in general agreement. The
preferred 298 K rate coefficient is the mean of these mea-
surements.' ~* The temperature dependence of Black et al.*
is accepted since this study covered a much larger tempera-
ture range than the earlier study of Halstead and Thrush,'
which nevertheless gave a value of E/R within the experi-
mental error of the later study.* The preferred values are
identical to those in our previous evaluation, IUPAC, 1997.

ATKINSON ET AL.

References

'C. J. Halstead and B. A. Thrush, Proc. R. Soc. London Ser. A 295, 380
(1966).

2J. S. Robertshaw and I. W. M. Smith, Int. J. Chem. Kinet. 12, 729 (1980).

3G. Black, R. L. Sharpless, and T. G. Slanger, Chem. Phys. Lett. 90, 55
(1982).

*G. Black, R. L. Sharpless, and T. G. Slanger, Chem. Phys. Lett. 93, 598
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SNASA Evaluation No. 12, 1997 (see references in Introduction).

SIUPAC, Supplement V, 1997 (see references in Introduction).

SO + NO, — SO, + NO

AH°=—-244.5 kJ-mol ™!

Rate coefficient data

k/cm® molecule™! 57! Temp./K

Reference Technique/Comments

Absolute Rate Coefficients

(1.37x0.07) x 10~" 210-363
Reviews and Evaluations

1.4x 10" 210-360
“1.4x107" 210-360

Brunning and Stief, 1986' DF-MS
NASA, 1997 (a)
IUPAC, 1997° (b)

Comments

(a) Based on the studies of Clyne and MacRobert,* Black
er al.,’ and Brunning and Stief.!
(b) See Comments on Preferred Values.

Preferred Values

k=14x10"" cm’ molecule™" s™', independent of tem-
perature over the range 210-360 K.

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

Comments on Preferred Values

The measurements of Brunning and Stief' are the only
available temperature dependent study of the rate coefficient.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

and indicate no meacurahle change in the rate coefficient k
over the temperature range 210-363 K. This finding is the
basis for our present recommendation for the rate coefficient,
and the preferred values are identical to those in our previous
evaluation, IUPAC, 1997.% All four studies'*~¢ are in good
agreement with respect to the 298 K rate coefficient.

References

'J. Brunning and L. J. Stief, J. Chem. Phys. 84. 4371 (19806).

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

*[UPAC. Supplement V. 1997 (see references in Introduction).

M.AL AL Clync and A. J. MacRobert. Int. J. Chem. Kinet. 12, 79 (1980).

SG. Black, R. L. Sharpless, and T. G. Slanger. Chem. Phys. Lett. 90. 55
(1982).

“M. A. A. Clyne, C. J. Halstead. and B. A. Thrush. Proc. R. Soc. London
Ser. A 295. 355 (1966).
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SO; + H,0 — products
Rate coefficient data
/cm® molecule™! 7! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
9x1071 300 Castleman et al., 1974' F-MS
<(5.7+0.9)x 107" 298 Wang et al.,1989> (a)
<24x1071 ~298 Reiner and Arnold, 1994} (b)
(1.2£02)x107% 298 Reiner and Arnold, 1994* (b)
Complex mechanism 295 Kolb et al.. 1994° (c)
Complex mechanism 250-360 Lovejoy, Hanson, and Huey, 1996° (d)
Reviews and Evaluations -
See comment 298 NASA. 19977 (e)
<6,0%x10713 298 IUPAC, 19978 63}

Comments

(a) Flow system with He and N, as carrier gases and H,0
in large excess over SO;. SO; was monitored by the
photodissociation of SO; at 147 nm and detection of
SO, fluorescence at 300-390 nm. A halocarbon wall
coating of the flow tube was used.

(b) Fast flow system at pressures of 31-260 mbar of syn-
thetic air, using CIMS to detect SO3, 11,0, and H,S0,.
Small corrections for wall reactions were applied.

(c} Atmospheric pressure turbulent flow reactor using N,
as a carrier gas and CIMS detection. Roth the decrease
in SOz as well as the increase in H,SO,; were moni-
tored. The rate law was found to be first-order in [SO;]
and second-order in [H,0]. Rate constants ranging
from 2X 1070 cm? 57! to 1.4X 1072 em? 57! were
estimated based on H,O dimers and the SO; - H,O ad-
duct, respectively.

{(d) Laminar flow reactor with detection by CIMS. The ob-
servations were consistent with rapid association of
SO; with H,O to form the adduct H,O-SO;. which
then reacts with water to form H,SO,.

(e)  Accepts the data of Lovejoy er al..® which shows that
the mechanism is complex and that the first order ex-
pression for SO; loss is second-order in [H,O].

(f)  Accepted the upper limit of Wang et al.

Preferred Values

No recommendation.

Comments on Preferred Values

This reaction was first considered in our earlier evaluation,
CODATA, 1980.” No recommendation was made as the only
available data at that time, those of Castleman er al.,! were
suspect due to the likely interference of wall reactions
in their work. The studies of Wang er al,> Reiner and
Arnold,** and Kolb ez al.’® have now confirmed that suspi-
cion. Wang et al.? obtained an upper limit to the rate coeffi-
cient which is more than two orders of magnitude lower than
the value of Castleman et al.,' by treatment of the flow tube
walls to reduce wall effects, and the studies of Reiner
et al.,* using the laminar flow tube method, obtain the low-
est values for the rate constant.>* The flow studies of Kolb .
et al’ and Lovejoy et al.® arrive at a rate law second-order
in H,O. Accordingly, we make no recommendation for the
rate coefficient for the bimolecular reaction of SO, with
H,O0.

References
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*C. E. Kolb, J. T. Jayne, D. R. Worsnop. M. J. Molina, R. F. Meads. and A.
A. Viggiano. J. Am. Chem. Soc. 116, 10314 (1994).

°E.R. Lovejoy. D. R. Hanson. and L. G. Huey. J. Phys. Chem. 100, 19911
(1996).
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ATKINSON ET AL.

SO; + NH; — products

Rate coefficient data

k/cm® molecule ™! 57! Temp./K Reference . Comments
Absolute Rate Coefficients
(6.9+1.5)x 1071 298 Shen, Suto, and Lee, 1990! (a)
(4.7x1.3)x107" 295 Lovejoy and Hanson, 1996° (b)
Reviews and Evaluations
4.7x107 " 298 NASA. 1997° (c)
6.9x 1071 298 IUPAC, 1997* (a)
Comments Reliability

{a) Flow system with NH; in large excess. [SO;] moni-
tored by observation of SO, fluorescence in the range
280-390 nm from photofragmentation of SO3 by 147
nm radiation. He carrier gas at 1.3-2.7 mbar (1-2
Torr) total pressure.

(b) Laminar flow reactor study with N, as the carrier gas in
the pressure range 13-533 mbar (10-400 Torr), using
CIMS detection. Both the decrease of SO; as well as
the formation of SO;-NH; were monitored.

(c) Accepted the data of Lovejoy and Hanson.?

(d) Accepted the value of Shen ef al.!

Preferred Values

k=5.8%10"" cm® molecule™" s™" at 298 K.

Alog k=*0.2 at 298 K.

Comments on Preferred Values

The studies of Shen ef al.' and Lovejoy and Hanson® are
in good agreement. The preferred value is the average of rate
constants from these studies.'? The more recent work?
showed the product of the reaction to be the association com-
plex NH3 . SO3

References

'G. Shen, M. Suto, and L. C. Lee, J. Geophys. Res. 95; 13981 (1990).
2E. Lovejoy and D. R. Hanson, J. Phys. Chem. 100, 4459 (1996).
3NASA Evaluation No. 12, 1997 (see references in Introduction).
*IUPAC, Supplement V, 1997 (see references in Introduction).

CS+0,—~CO+S0O (1)

—-0CS+0 (2

AH®(1}=~378 k-mol '
AH®(2)=-165 kJ-mol ™"

Rate coefficient data (k=k;+ k3)

k/em® molecule™! 571 Temp /K Reterenee Comments
Absolute Rate Coefficients

=4Sz L)) 07 293 Richardson. 1975 (a)

=159 1L x0T 495

29=0.4x10"" 298 Black. Jusinski. and Slanger. 1983° (b}
Branching Ratios

kalky=1.2 298 Wood and Heicklen. 1971.° 1973/74 (c)

katky =12 34413 Wood and Heicklen. 19717 (dy
Reviews and Evaluations

29X 407 298 NASAL 1997 (e

29x 107 298 IUPAC. 1997 (N
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(d)

(e)
(f)
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Comments

Discharge flow system used. CS radicals were pro-
duced by a discharge through CS,. CS, SO,, CO, and
OCS were measured by MS. A very slow linear flow
rate (=100 cm s~ ') was necessary to observe reaction.
S0,, a product formed via channel (1), was at least one
order of magnitude lower in concentration than CO and
ocCS.

CS radicals were produced by pulsed laser photolysis
of CS, in He bath gas [32 mbar (24 Torr)], and were
monitored by LIF at 257.7 nm.

Photolysis of CS,~0, mixtures, with analysis of CO,
OCS, S0O,, and S,0 products by GC. Light of wave-
length 313 nm was used in Ref. 3, which has insuffi-
cient energy to dissociate the CS,, but CS was postu-
lated to have been formed by reaction of electronically
excited CS, with O,. In the later study, A=213.9 nm
was used, which can photodissociate CS,.

Explosion limits of CS,-0, mixtures were determined
by GC. The [CO}[OCS] ratio was relatively unaffected
by pressure and temperature changes, and the value of
0.84 found for this ratio is the same as that observed in
photochemical studies.** The explosion limits were
modeled on the basis of an assumed mechanism of
cight rcactions, and a computer fit to the data yielded
the value for k, /k,.

Accepted the rate coefficient of Black ez al?

See Comments on Preferred Values.

Preferred Values

k=2.9x%10"" cm® molecule™! s™! at 298 K.

1473

Reliability
Alog k==0.6 at 298 K.

Comments on Preferred Values

The reaction of CS with O, is slow at 298 K and difficult
to study. The technique uscd by Black e? al.? seems the most
suitable for avoiding the difficulties associated with the
slowness of the reaction, and their rate coefficient at 298 K is
preferred.

The relative importance of the two possible reaction chan-
nels is in dispute. Evidence from the photochemical and ex-
plosion limit studies® 3 indicate a comparable importance of
channels (1) and (2), but in the more direct flow system
study! &, was found to be at least an order of magnitude less
than k,. However, the value of k, obtained in the fast flow
study' appears to be unacceptably high. We make no recom-
mendation for the branching ratio.

The one available measurement of k at higher tempera-
turcs,! when combined with the 208 K values, leads to an
Arrhenius expression with an extremely low pre-exponential
factor. Hence no recommendation is made for the tempera-
ture dependence. The preferred value is identical to our pre-
vious evaluation, [UPAC 1997.

References

'R. J. Richardson. J. Phys. Chem. 79, 1153 (1975).

2G. Black. L. E. Jusinski. and T. G. Slanger, Chem. Phys. Lett. 102, 6+
(1983). .

*W. P. Wood and J. Heicklen, J. Phys. Chem. 75, 854 (1971).

*W. P. Wood and J. Heicklen, J. Photochem. 2. 173 (1973/74).

*W. P. Wood and }. Heicklen, J. Phys. Chem. 75, 861 {1971).

“NASA Evaluation No. 12. 1997 (see references in Introduction).
"IUPAC, Supplement V. 1997 (see references in Introduction}.

CS + 0; — OCS + 0,

AH?(1)=-557 kJ-mol™’

Rate coefficient data

k/em® molecute™! 57! Tewp (K Reference Comments
Absolute Rate Coefficicnts

(3.0=0Hx107'" 293 Black. Jusinski. and Slanger. 1983 (a)
Reviews and Evaluations

0x107 298 NASA. 1997 (b}

20x 101 298 ILPAC. 1997° (c)

(a)

Comments

CS radicals were produced by pulsed laser photolysis
of CS. at 193 nm. with He as the buffer gas at a total
pressure of 67-400 mbar (50-300 Torr). CS rudicals
were monitored by LIF at ?37.7 nm.

Accepted the rate coefficient of Black e¢f al!

See Comments on Preferred Values.

Preferred Values

F=30x107" cm® molecule™ 7" a0 298 K.

Reliability
Alog k==0.5 at 298 K.
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Comments on Preferred Values

The only available measurement of the rate coefficient & is
that of Black et al.! Their value is accepted, with substantial
error limits. The preferred value is identical to our previous
evaluation, IUPAC, 1997.

ATKINSON ET AL.

References

'G. Black, L. L. Jusinski, and T. G. Slanger, Chem. Phys. Lett. 102, 64
(1983).

2NASA Evaluation No. 12, 1997 (see references in Introduction).

3IUPAC, Supplement V, 1997 (see references in Introduction).

CS + NO, — OCS + NO

AH°(1)=-357 kJ-mol ™!

Hate coefficient data

k/cm® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
(7.6£1.1)%107 1 298 Black, Jusinski, and Slanger, 1983! (a)
Reviews and Evaluations
7.6%x107"7 298 NASA. 1997° (b)
7.6x107" 298 IUPAC, 1996° (c)
Comments Reliability

(a) CS radicals were produced by pulsed laser photolysis
of CS, at 193 nm and monitored by LIF at 257.7 nm.
He [32 mbar (24 Torr) total pressure] was used as the
buffer gas.

(b) Accepted the rate coefficient of Black ez al.!

(c) See Comments on Preferred Values.

Preferred Values

k=7.6%10"" cm® molecule™! s7! at 298 K.

Alog k==*0.5 at 298 K.

Comments on Preferred Values

The only available measurement of k is that of Black
et al." Their value is accepted, but with substantial error lim-
its. The preferred value is identical to our previous evalua-
tion. TUPAC, 1997.°

References

'G. Black. L. E. Jusinski, and T. G. Slanger, Chem. Phys. Lett. 102. 64
(1983).

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

}UPAC. Supplement V. 1997 (see references in Introduction).

CH,SH + O, — products

Rate coefficient data

k/em”® molecule ™' 57! Temp./K Reference Comments
Absolute Rate Cocefficients
(85=1.0yx 107" 298 Anastasi et al.. 1992} (al
(16=1.9)> 10 7% 298 Rahman ef al.. 1992° ih)
Reviews and Evaluations
6.5 107" 298 NASAL 19977 te)
6.6% 101 298 ILPAC. 1997° (di

Comments

(a)  Pulsed radiolysis of CH:SH -O. - SF, mixtures at | bar
total pressure. CH-SH and CH:S radicals were gener-

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

ated 'h_\' reactions of the radiolytically produced F at-
oms with CH;SH. [CH.SH] was monitored by UV ab-
sorption over the range 220--380 nm.

tbr Fast flow discharge study. CH>SH radicals were gen-
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erated by reaction of F atoms with CH;SH, and
[CH,SH] was monitored by mass spectrometry. The
" source reactions were simulated to check consumption
of F atoms. The total pressure was 3 mbar.
(¢) Mean of the rate coefficients of Anastasi et al.! and
Rahman et al.?
(d) See Comments on Preferred Values.

Preferred Values

k=6.6x10""? cm® molecule™' s~! at 298 K.

Reliability _
Alog k=+0.3 at 298 K.

1475

Comments on Preferred Values

The only two measurements of & differ by almost a factor
of 2. The values of k(CH,SH + NO,) measured in these two
studies also differ, although the error limits are large enough
to encompass the two results. Until further studies are carried
out, a mean of the two values is recommended, with substan-
tial error limits. The preferred value is identical to that in our
previous evaluation, IUPAC, 1997.*

References

'C. Anastasi. M. Broomfield, O. J. Nielsen, and P. Pagsberg, J. Phys.
Chem. 96, 696 (1992).

*M. M. Rahman, E. Becker. U. Wille, and R. N. Schindler. Ber. Bunsenges.
Phys. Chem. 96. 783 (1992).

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

*IUPAC, Supplement V, 1997 (see references in Introduction).

CH,SH + O3 — products

Rate coefficient data

k/cm® molecule™" 57! Temp./K Reference Comments
Absolute Rate Coefficients
(3.5+1.2)x107" 298 Rahman er al., 1992 (a)
Reviews and Evaluations .
3.5x 107" 298 NASA, 1997° (b)
3.5%x 107" 298 IUPAC. 1997 ()
Comments Reliability

(a) Fast-flow discharge study. CH.SH radicals were gen-
erated by the reaction of F atoms with CH;SH. and
monitored by MS. Source reactions were simulated to
check consumption of F atoms. The total pressure was
3 mbar.

(b)  Accepted the rate coefficient of Rahman et al.'

(c) See Comments on Preferred Values.

Preferred Values

k=235%10"" em® molecule™ 57! at 298 K.

Alog k==0.3 at 298 K.

Comments on Preferred Values

The only available determination’ of & is accepted, but
with substantial error limits until confirmatory studies can be
made. The preferred value is identical to that in our previous
evaluation, [UPAC, 1997.

References
M. M. Rahman. E. Becker. U. Wille. and R. N. Schiridler. Ber. Bunsenges.
Phys. Chem. 96. 783 (1992).

SNASA Evaluation No. 12. 1997 (see references in Introduction .
*TUPAC. Supplement V. 1997 (see references in Introduction).
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CH,SH + NO — products
Rate coefficient data

k/cm’® molecule™! 57! Tewmp./K Reference Comments
Absolute Rate Coefficients

(1.5x02)x 107" 298 Anastasi er al., 1992! (a)
Reviews and Evaluations

1.9x 107" 298 NASA, 1997 (b)

1.5x107!" 298 IUPAC, 1997° (©

Comments Reliability

(a) Pulsed radiolysis of CH3SH—-O,—-SFq mixtures at 1 bar
total pressure. CH,SH and CH;S radicals were gener-
ated by reactions of the radiolytically produced F at-
oms with CH;SH, and [CH,SH] was monitored by UV
absorption over the wavelength range 220-380 nm.

(b) Based on the rate coefficient of Anastasi ef al.!

(c) See Comments on Preferred Values.

Preferred Values

k=1.5%10"" cm® molecule™! s ! at 298 K.

Alog k=*0.3 at 298 K.

Comments on Preferred Values

The only available determination’ of & is accepted, but
with substantial error limits until confirmatory studies are
made. The preferred value is identical to that in our previous
evaluation, TUPAC, 19972

References

'C. Anastasi, M. Broomfield, O. J. Nielsen, and P. Pagsberg, J. Phys.
Chem. 96. 696 (1992).

2NASA Evaluation No. 12, 1997 (see references in Introduction).

3IUPAC, Supplement V, 1997 (see references in Introduction).

CH,SH + NO, — products

Rate coefficient data

k/cm® molecule™ 57! Temp./K Reference Comments
Absolute Rate Coefficients
(3.8x1.0)x10™" 298 Anastasi er al.. 1992 (a)
(6.9x4)x 107" 298 Rahman er al., 1992° (b)
Reviews and Evaluations
5.2x 107" 298 NASA, 19973 (c)
14x 107" 298 IUPAC, 1997* (d)
Comments (c) Average of the rate coefficients of Anastasi er al! and

(a)  Pulsed radiolysis of CH;SH-0,—SF, mixtures at 1 bar
total pressure. CH-SH and CH;S radicals were gener-
ated by reactions of the radiolytically produced F at-
oms with CH;SH. and [CH-SH] was monritored by UV
absorption over the wavelength range 220-380 nm.

(b) Fast flow discharge study. CH,SH radicals were gen-
erated by the reaction of F atoms with CH;SH and
were monitored by MS. Source reactions were simu-
lated to check consumption of F atoms. The total pres-
surc was 3 mbar.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

Rahman er al.”
(d) See Comments on Preferred Values.

Preferred Values

k=44x10"" cm® molecule™' s~' ar 298 K.

Reliabiliry
Alog k= =0.5 at 298 K.
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Comments on Preferred Values

The only two measurements'-? of k differ substantially but
because the error limits are large enough to encompass the-
wo results it is difficult to know whether the difference is
significant. In the same two studies the values obtained for
k(CH,SH + O,) differed to the same degree with much
smaller error limits.

Until further studics are carried out, we reconunend a
weighted mean of the two values and substantial error limits.

1477

The preferred value is identical to that in our previous evalu-
ation, JTUPAC, 1997.*

References

'C. Anastasi, M. Broomfield, O. J. Nielsen, and P. Pagsberg, J. Phys.
Chem. 96, 696 (1992).

2M. M. Rahman, E. Becker, U. Wille, and R. N. Schindler, Ber. Bunsenges.
Phys. Chem. 96, 783 (1992).

3NASA Evaluation No. 12, 1997 (see references in Introduction).

*IUPAC, Supplement V, 1997 (see references in Introduction).

AH°=-48.9 kJ-mol ™!

Rate coefficient data

k/em® molecule ™' 57! . TempJ/K

Reference

Technique/Comments

Absolute Rate Coefficients

<2x107" 208 Ralla, Nelsan, and McDonald, 1986! PLP.LIF
<I1x10716 298 Black and Jusinski, 19867 PLP-LIF
<2.5%x107'8 298 Tyndall and Ravishankara, 1989 PLP-LIF
(1.81£0.28)x 107 (107 mbar He) 216 Turnipseed, Barone, and Ravishankara, 1992¢ (a)
(1.55+073)x 10713 (107 mbar He) 222
(1.05+0.20)X 10”13 (107 mbar He) 233
(9.0£1.6)x107 1 (107 mbar He) 237
(8.62£0.84)X 107" (107 mbar He) 242
(7.0+2.0)x 10714 (107 mbar He) 250
Relative Rate Coefficients
2x 107 298 Hatakeyama and Akimoto, 1983° RR (b)
29x107"7 298 Grosjean, 1984° RR (c)
>2.3%x10716 296 Balla and Heicklen, 1985’ RR (d)
Reviews and Evaluations
<3.0%x107'8 298 NASA, 19978 (e)
Data of Turnipseed er al., 1992* 216-250 IUPAC, 1997° )

Comments

{(a) Pulsed laser photolysis system with LIF detection of
CH;S radicals. The measured rate coefficients were ob-
served to vary with the total pressure and the diluent
gas. An upper limit to the rate coefficient for the reac-
tion of the CH:SOO radical with O, of 4x107"7
cm® molecule ™' s7! at 258 K was also derived. The
CH;S-00 bond energy was determined to be 49 kJ
mol ™' at 298 K from measurements of the equilibrium
constant over the temperature range 216-258 K. with
AH{CH;S00)=75.7+4.2 kJ mol™! at 298 K.

(b)  Photolysis of CH;SSCH;-RONO-NO-air mixtures.
The products were analyzed by FTIR and GC-MS and
the vields of SO, and CH;SNO measured. From an
assumed mechanism. the rate coefficient ratio A(CH;S
+ NOWk=2X 10" was derived. A rate coefficient of

k(CH:S + NO) =4x 107" em® molecule ™' 57! (this
evaluation) was used to obtain the rate coefficient
given in the table.

(c) Environmental chamber study using the oxidation of
organo—sulfur compounds in air by natural sunlight.
Major products were SO,, CH3;SO;H, and HCHO. Pro-
duction of SO, and sulphur were related to an uniden-
tified compound (assumed to be CH;SNO,) formed
from CH;S + NO,. A rate coefficient ratio of
k(CH;3S + NO,)/k=2X10° was derived, and placed
on an absolute basis by use of k(CH;S + NO,)
=58% 107" cm® molecule™" s (this evaluation).

{(d) From the photolysis of (CH;3S),—0,—N, mixtures at
253.7 nm. with product analysis by GC and MS. The
SO, yield was measured as a function of [(CH;S),],
[O-] and light intensity. From an assumed mechanism,
a value of k*/2k(CH,S + CH,S)>6%X1072 cm’
molecule™ 7! was derived. A rate coefficient of
k(CH3S + CH3S) =4.1x107"" cm® molecule™" s
(from Graham et al.'®) was used to obtain the rate co-
efficient given in the table.

{e)  Based on the data of Tyndall and Ravishankara.?

J. Phvs. Chem. Ref. Data. Vol. 26. No. 6. 1997
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(f) See Comments on Preferred Values.

Preferred Values

Data of Turnipseed er al. 4 given in above table.

Reliability
Alog k= *0.3 over the temperature range 216-250 K at
107 mbar He.

Comments on Preferred Values

The study of Turnipseed ef al.* was the first to observe
addition of O, to the CH;S radical to form CH;SOO [and
not CH;S(0)O, because the reaction was observed to be re-
versible leading to equilibrium between CH;S radicals, O,
and CII3500 radicals®]. Previous studies' =2 of the reaction
of CH;S radicals with O, at 298 K did not observe the equi-
librium addition of O, to CH;S radicals, and the rate coeffi-
cients measured correspond to upper limits to the rate coef-
ficients for the reactions

CH;S + O, — products other than CH,SOO

and/or

ATKINSON ET AL.

CH;S00 + O, — products.

The reaction of CH;S radicals with O, to form the CH,SOQ0
radical, and the reverse reaction, result in ~33% of CH;$
radicals being present as the CH;SOO adduct at 298 K and
ground level,* with the [CH;SOO)}[CH,S] ratio being
strongly temperature dependent.*

The preferred values are identical to those in our previous
evaluation, [UPAC, 1997.°
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AH°=48.9 kI-mol !

Rate coefficient data

kis™! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(1.99x0.74) X 10° (107 mbar He) 216 Turnipseed, Barone, and Ravishankara, 1992! (a)
(3.20+0.80)x 10> (107 mbar He) 222
(9.1x2.6)x 10° {107 mbar He) 233
(1.00=0.12)X 10* (107 mbar He) 237
(1.28+0.12)x 10* (107 mbar He) 242
(2.4x0.4)x 10* (107 mbar He) 250
>3.5x%10* (107 mbar He} 258
Reviews and Evaluations
Data of Turnipseed er al.. 1992" 216-250 IUPAC. 1997 (b)

Comments

(a) Pulsed laser photolysis system with LIF detection of
CH;S radicals. The formation and decay rate coeffi-
cients of CH;SOO radicals were derived from the ob-
served time-concentration protiles of CH;S radicals in
the presence of O.. The measured rate coefticients for
the reactions CH3S + O, = CII;500 were observed
to vary with total pressure and with the diluent gas.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

(b} See Comments on Preferred Values.

Preferred Values
Data ot Turnipseed er al.." given in above table.
Reliabilirv

Alog A==0.3 at 107 mbar Ile over the temperaturc range

216-250 K.
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Comments on Preferred Values

The data presented by Turnipseed et al.! were the first
reported for the dissociation of the CH;SOO radical (see also
the data sheet in this evaluation for the reverse reaction
CH;S + 0, +M — CH;SOO + M). In the atmosphere,
~33% of CH;S radicals will be present as the CH;SOO
adduct at 298 K and ground level,' with the [CH;SOO}/
[CH;S] ratio being strongly temperature dependent.! The
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preferred values are identical to those in our previous evalu-
ation, IUPAC, 1997. '

References

A A Tnripseed. S. B. Bamné, and A. R. Ravishankara, J. Phys. Chem.
96, 7502 (1992).
*JUPAC, Supplement V, 1997 (see references in Introduction).

CH3S + O; — products

Rate coefficient data

k/cm® molecule™! s~ Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

<8x107™ 298 Black and Jusinski, 1986' PLP-LIF
(4.1x20)x107"? 298 Tyndall and Ravishankara, 1989° PLP-LIF
(57€1.4)x107 "1 300 Dominé, Ravishankara, and Howard, 1992} (a)
1.98X 10712 exp[ (290 40)/T] 295-359 Turnipseed, Barone, and Ravishankara, 1993* (b)
5.16x 10712 298
Reviews and Evaluations

54x107" 298 Tyndall and Ravishankara, 1991° (c)
2.0X 10712 exp(290/T) 290-360 NASA, 1997° (d)
2.0% 1072 exp(290/T) 290-360 IUPAC, 19977 (e)

Comments

(a) Discharge flow study. CH;S radicals were generated by
reaction of Cl with CH,SH. Photoionization mass spec-
trometry was used to monitor CH;S radicals. C,F;Cl
was added to scavenge OH radicals and hence suppress
OH radical-initiated chain reaction which regenerates
CH;S. Some curvature was observed on [CH;S] loga-
rithmic decay plots in excess O;. The initial slope was
used to calculate k.

(b) Pulsed laser photolysis of (CH;),S-0;-0,—He (193
nm) mixtures. [CH;S] was monitored by LIF. Pressure
range 27-267 mbar (20-200 Torr).

(c) Based on the work of Tyndall and Ravishankara® and
Dominé et al.* The corrections made in the work of
Tyndall and Ravishankara® to convert the measured
value of k(5.1X 107! cm® molecule™ s7!) to the
quoted value (.1x 107" ecm® molecule™ s7') are
now known to bc unjustified.

(d)  Derived from the absolute rate coefticients of Tyndall

“and Ravishankara.® Dominé er al..’ and Turnipseed
et al*

(e) See Comments on Preferred Values.

Preferred Values

=54X10" " em” molecule™ 57! at 298 K.
20X 10717 exp(290/T) em® molecule ™' s7! over the
temperature range 290-360 K.

k
k

il

Reliability
Alog k= =0.2 at 298 K.
A(E/R)==*200 K.

Comments on Preferred Values

It is difficult to study this reaction because in some con-
ditions rapid chain processes involving the reaction products
occur to regenerate CH,S radicals.” ™ This complication ap-
pears to be absent in the most recent study of Turnipseed
et al.* under the conditions used for rate coefficient determi-
nations. Their value of k at 298 K is in good agreement with
other studies in which care was taken to allow for this com-
plication.™ The mean of the values from the two most recent
studies™ is taken as our recommended value at 298 K.

There is only one study of the temperature dependence of
k.* Its findings are accepted with substantial error limits and
the pre-exponential factor is adjusted to yield the recom-
mended value of & at 298 K. The preferred data are identical
to those in our previous evaluation. [UPAC, 19977
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‘ATKINSON ET AL.

CH,S + NO + M — CH,SNO + M

Low-pressure rate coefficients

Rate coefficient data

ko /cm® molecule™ 57! Temp/K Reference Comments
Absolute Rate Coefficients
(3.24+0.36) X 102 [N,] 295 Balla, Nelson, and McDonald, 1986' (a)
(1.43+0.36) X 10”% {N,] 351
(1.13%£0.20) X 10~ % [N,] 397
(5.84%0.66)X 107 [N,] 453
Reviews and Evaluations
3.2x 1072 (7/300)"*° [N,] 290450 NASA, 1997 )
32X107% (11298) % [N,] 250-450 IUPAC, 19973 (©
Comments Reliability
(a) Pulsed laser photolysis of (CH;S),-NO-N, (or SFy) _glog fvz =03 at 298 K.
h=2> 4.

mixtures at 266 nm, with CH;S being monitored by
LIF. Lower part of the falloff curves were measured
over the pressure range 2—-400 mbar (1.5-300 Torr) of
N,. Falloff extrapolations were carried out with fitted
values of F, of 0.6, 0.86, 0.77, and 0.94 at 295, 351,
397, and 453 K, respectively.

(b) Based on the data of Baila et al.'

(¢) See Comments on Preferred Values.

Preferred Values

ko=3.2X10"% (77300)"* [N,] cm® molecule™! s™! over
the temperature range 290-450 K.

Comments on Preferred Values

The preferred values are based on the data of Balla ez al.'
Although the falloff extrapolations in Ref. 1 were made with
a theoretically improbable temperature coefficient of F, the
low-pressure rate coefficients are much less influenced by
this extrapolation than the high-pressure rate coefficients.

The preferred values are identical to those in our previous
evaluation, IUPAC, 1997.%

High-pressure rate coefficients

Rate coefficient data

k.. /cm® molecule™" 57! Temp./K Reference Comments
Absolute Rate Coefficients

1.81X 107" exp(900/T) 295-453 Balla. Nelson, and McDonald. 1986' (a)
Reviews and Evaluations

3.9 107 H(7/300) 2" 200450 NASA. 19077 (b)

ax107" 250-450 IUPAC. 1997° (c)

Comments

(a) See comment (a) for k. High-pressure limit was ob-
tained from measurements at 267 and 400 mbar (200
and 300 Torr) of SF,.

(b). Based on the data of Balla er al.'

(¢} See Comments on Preferred Values

Preferred Values

k,=4x10""" cm® molecule™" 57!, independent of tem-

perature over the range 290-450 K.

Reliabiliry
Alog k.= =0.5 over the temperature range 250-450 K.
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Comments on Preferred Values

The negative temperature coefficient of k. reported in
Ref. 1 is most probably due to an increasing underestimate of
the falloff corrections with increasing temperature. We rec-

1481

ommend the use of the extrapolated k.. value at 298 K over
large temperature ranges together with F.=exp(—7/580).
The preferred values are identical to those in our previous
evaluation, [UPAC, 1997.3

Intermediate Falloff Range

Rate coefficient data

k/cm® molecule™" 57! P/mbar M Temp./K Reference Comments
Relative Rate Coefficients
(1.69x0.04)x 107! 28 - He 227 Turnipseed, Barone, and Ravishankara, 1993* (a)
(L.30%0.09)x 10 " 25 He 242
(1.89+0.08)x 107" 25 He 242

Comments

(a) CHS,S radicals were generated by either photolysis of
dimethyl sulfide at 193 nm or photolysis of dimethyl
disulfide at 248 nm. The decay of CH;S radical con-
centrations was followed by LIF. Experiments were
performed under slow gas flow conditions.

References

'R. J. Balla, H. H. Nelson, and J. R. McDonald, Chem. Phys. 109, 101
(1986)

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

3IUPAC, Supplement V, 1997 (see references in Introduction).

*A. A. Turnipseed, S. B. Barone, and A. R. Ravishankara, J. Phys. Chem.
97, 5926 (1993).

CH;S + NO, — CH;SO + NO

AH°=—135kJ-mol™!

Rate coefficient data

k/cm?® molecule™! 57! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

8.3x 107" exp[(80=60)/T] 295-511 Balla, Nelson, and McDonald. 1986' PLP-LIF
9.8x 1071 295

(6.10=0.90)x 107" 298 Tyndall and Ravishankara, 1989° PLP-LIF
(5.1x0.9)x 107" 297 Dominé, Murrells, and Howard. 1990° DF-MS
21107 expf(320= 40WT} 242350 Turnipseed. Barone. and Ravishankara, 1993* (a)
(6.28+0.28)X 107 298

Reviews and Evaluations

55x107" 298 Tyndall and Ravishankara. 1991° (b)
21X 107 exp(320/T) 240-350 NASA, 1997° (c)
2.0% 107" exp(320/T) 240-250 IUPAC. 19977 (d)

Comments

(a) Pulsed laser photolysis at 193 nm or 248 nm of
(CH;)>S—NOs or (CH;)»>S>,—NO> mixtures in bath gas
of He. Na, or SF,. [CH;S] was monitored by LIF. No
effect of pressure on & was observed over the range of
27-267 mbar (20-200 Torr) He.

(b) Based on the results of Tyndall and Ravishankara® and
of Dominé er al.’

(c) Based on the rate coefficients of Tyndall and Ravishan-
kara® and Turnipseed er al.*
(d)  See Comments on Preferred Values.

Preferred Values

k=358X%107"" cm® molecule™" s7" at 298 K.
k=2.0x10"" exp(320/T) cm® molecule™' s~
temperature range 240-350 K.

" over the

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Reliability
Alog k=*0.15 at 298 K.
A(E/R)==*300 K.

Comments on Preferred Values

The recommended value at 298 K is the mean of the stud-
ies of Tyndall and Ravishankara,> Dominé et al.,’ and Tur-
nipseed et al.,* which are in good agreement. There are two
studies' of the temperature dependence of &, both giving a
negative value of E/R but differing significantly in magni-
tude. Batla e al.! obtained a very small negative temperature
coefficient but obtain values of k nearly twice as large as
those found in the other studies. It has been suggested” that
this could arise from secondary chemistry arising from the
higher radical concentrations used in the work of Balla ef al.
The alternative value of Turnipseed er al.* is preferred but
substantial error limits are recommended. The preexponen-
tial factor in the cxpression for & is based on the valuc of L/R
from Turnipseed er al.* and the recommended value of k at
298 K.

ATKINSON ET AL.

The lack of pressure dependence of k found in the recent
and earlier studies' is consistent with the major pathway for
the reaction proceeding directly to NO and CH;SO rather
than by addition to give CH;SNO,. Product studies®® are in
agreement with this conclusion.

The preferred values are identical to those in our previous
evaluation, [UPAC, 1997.7
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CH,S0O + O; — products

Rate coefficient data

k/em® molecule™ 57! Temp./K

Reference

Technique/Comments

Absolute Rate Coefficients

(X107 298 Tyndall and Ravishankara, 1989’ PLP-LIF
(6.0=3.0x 107" 300 Dominé. Ravishankara. and Howard. 1992° (a)
Reviews and Evaluations
6.0x 107" 298 NASA. 1997 (b)
6.0x 1071 298 IUPAC. 1997* (c)
Comments Comments on Preferred Values

{a) Discharge flow study. Photoionization mass spectrom-
etry was used to monitor CH;SO radicals. The reaction
of O("P) + C-HsSCH; was used as a source of CH;SO
radicals. The rate coefficient obtained was considered
preliminary.

(1 Based on the rate coefficient of Doiné er al..” which
is in agreement with the less direct study of Tyndall
and Ravishankara.'

(¢} See Comments on Preferred Values.

Preferred Values

k=6.0xX107"" em® molecule ™ 571 at 298 K.

Reliability
Alog A= Z0.3 at 298 K.

J. Phys. Chem. Ref. Data. Vol. 26. No. 6. 1997

The measurement of k by Dominé er al.> is more direct
than the previous study of Tyndall and Ravishankara' in
which the rate coetficient was derived by a complex analysig
of the reaction system. However. there are still a number of
uncertainties in the study by Dominé er al..> who consider
their quoted value of & to be preliminary. This value” is
accepted but substantial error limits are recommended. The
preferred value is identical to that in our previous evafuation.
IUPAC. 1997}

References

“G. S Tvndall and AL R. Ravishankara. J. Phys. Chem. 93. 4707 (1989).

“F. Dominé. A. R. Ravishankara. and C. J. Howard. J. Phys. Chem. 96.
2071 e1992n

TNASA Evaluation No. 12, 1997 (see references in Introduction).
TIUPAC, Supplement V. 1997 isee references in Introductiont.
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EVALUATED KINETIC AND PHOTOCHEMICAL DATA
CH3SO + NO, — products
Rate coefficient data

k/fem? molecule™! 571 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

3x2)x107" 298 Mellouki; Jourdain, and Le Bras, 1988' DE-MS

(8x5)X107" 298 Tyndall and Ravishankara, 1989° PLP-LIF

(1.2x0.25)x 107" 298 Dominé, Murrells, and Howard, 1990° DE-MS
Reviews and Evaluations

1.2% 1071 268 NASA. 1997* (a)

12x107" _ 298 IUPAC, 1997° (b)

Comments two values, both of which have much larger error limits. The

(a) Based on the rate coefficient of Dominé et al?
(b) See Comments on Preferred Values.

Preferred Values

k=1.2%10"" cm® molecule™" s~ at 298 K.

Reliabiliry
Alog k= £0.5 at 208 K.

Comments on Preferred Values

The measured values' = of k at 298 K agree within their
error limits, some of which are substantial. The preferred
value is that of Dominé et al.,’ which lies between the other

rate coefficient for this reaction is difficult to measure be-
cause of the lack of a clean primary source of CH;SO radi-
cals and thc complexity of the sccondary chemistry. Substan-
tial error limits are therefore suggested. The preferred value
is identical to that in our previous evaluation, IUPAC,
1997.7

References

' A. Mellouki, J. L. Jourdain, and G. Le Bras, Chem. Phys. Lett. 148. 231
(1988).

3G. S. Tyndal) and A. R. Ravishankara, J. Phys. Chem. 93. 2426 (1989).
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CH3S00 + O3 — products

Rate coefficient data

kfem® molecule ™ 77 Temp./K Reference Comments
Absolute Rate Coefficienis _
<8x107"1F 227 Turnipseed. Barone. and Ravishankara, 1993 (a)
Reviews and Evaluations
<8Ox 10 227 NASA. 1997° tb)
<8010 " 227 IUPAC. 1997° ()
Comments (b)  Based on the upper limit to the rate coefficient obtained

(a)  Pulsed laser photolysis of (CH:1,8-0,-0; mixtures at
193 am in bath gas of He. Nsoor SF,. CH;S + O»
= CH;SO. equilibrium established. [CH:S} was
monitored by LIF. [CH:S] temporal profiles were
simulated to obtain &. A(CH:S = O obtained in the
same study was used in the fitting procedure.

by Turnipseed et al.!
(¢} See Comments on Preferred Values.

Preferred Values

E<8x 107" em® molecule ™" s at 227 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Comments on Preferred Values

The single study of the rate of this reaction’ has provided
only an upper limit to £ at 227 K, which is accepted as the
preferred value. The preferred value is identical to that in our
previous evaluation, IUPAC, 1997.°

ATKINSON ET AL.

References

'A. A. Tumipseed, S. B. Barone, and A. R. Ravishankara, J. Phys. Chem,
97, 5926 {1993).

>NASA Evaluation No. 12, 1997 (see references in Introduction).
IUPAC, Supplement V, 1997 (see references in Introduction).

CH3;S00 + NO — products

Rate coefficient data

Voot

k/cm® molecule™ s Temp./K Referermrce Comments
Absolute Rate Coefficients

(1.10£0.38)x 107" 227-256 Turnipseed, Barone, and Ravishankara, 1993! (a)
Reviews and Evaluations '

Lixio™ ! 227-256 NASA, 1997° (b

rixi1o™" 227-256 IUPAC, 1997} (c)

Comments Reliahility
. . Alog k= 0.3 over the range 227-256 K.

{a) Pulsed laser photolysis of (CHj3),S,-0,~NO mixtures & &

at 248 nm with He or SFg as the bath gas. Only a
limited pressure range could be studied {21-28 mbar
(16-21 Torr) He, 25 mbar (19 Torr) SF4], but no effect
of pressure on k was observed. [CH;S] was monitored
by LIF and the temporal profile simulated to obtain k.
Based on the sole study of Turnipseed et al.'

See Comments on Preferred Values.

(b)
(c)

Preferred Values

k=1.1x10""" cm* molecule™! s™!, independent of tem-
perature over the range 227-256 K.

Comments on Preferred Values

The value of k obtained in the only study of this reac-
tion' is accepted but substantial error limits are assigned un-
til confirmatory studies are made. The preferred values are
identical to those in our previous evaluation, [UPAC, 1997.}

References

YA. A. Tumipseed. S. B. Barone. and A. R. Ravishankara. J. Phys. Chem.
97. 5926 (1993).

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

*JUPAC. Supplement V, 1997 (see references in Introduction).

CH3S00 + NO, — products

Rate coefficient data

kfem® molecule ™' 7! Temp./K Reference Comments
Absolute Rate Coefficients
(22206 x 107! 227-246 Turnipseed. Barone. and Ravishankara. 1993 (al
Reviews and Evaluations
22407 227-246 IUPAC. 1997° (b
Comments (b) See Comments on Preferred Values.
(a)  Pulsed laser photolysis of (CH:1,S,-0,-NO, mix-
tures at 248 nm in He [107-467 mbar (30-350 Torr}
, - [ . . ] Preferred Values
or SF, [87 mbar (65 Torr)] [CH,S] was monitored and
the temporal profile simulated to obtain k. No variation c=22%107" em® molecule ™! 7', independent of tem-

of & with pressure or temperature was observed.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

perature over the range 227-246 K.



EVALUATED KINETIC AND PHOTOCHEMICAL DATA

Reliability
Alog k= £0.3 over the range 227-246 K.

Comments on Preferred Values
The value of k obtained in the only study' of this reaction
is accepted but substantial error limits are assigned until con-
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firmatory studies are made. The preferred values are identical
to those in our previous evaluation, [UPAC,. 1997.2

References
'A. A. Turnipseed, S. B. Barone, and A. R. Ravishankara, J. Phys. Chem.

97, 5926 (1993).
2IUPAC, Supplement V, 1997 (see references in Introduction).

CH3SCH2 + 02 — CH3SCH202

Rate coefficient data

Pt

k/em® molecule ™ s Temp./K Reference Comments
Absolute Rate Coefficients )
(5.7+0.4) X 107*2 (1 bar) 298 Wallington, Ellermann, and Nielsen, 1993' (a)
2.3X 107" (1 Torr He) 298 Butkovskaya and Le Bras, 19942 (b)
1.9% 1073 (1 Torr He) 208
Reviews and Evaluations
5.7x 107" (1 bar) 298 IUPAC. 1997} (c)

Comments

(a) Pulsed radiolysis of SFg—CH;SCH;~0O, mixtures.
CH;SCH, radicals were generated by reaction of F at-
oms with CH3SCH;, and monitored in absorption at
290 nm. The total pressure was approximately I bar.

(b) Discharge flow study of the NO;~CH;SCH;—Br,—0,
system at 1.3 mbar (1 Torr) He. NO; radicals
were produced by F + HNO; reaction and added to
CH3SCH; to give CH3SCH,. Subsequent addition of
Br,-0O, mixtures allowed monitoring of competition
between O, and Br, for CH;SCH,. Competition
followed by mass spectrometric measurement of
[CH;SCH,Br] profile. Modeling of profile gives
k=2.3%10"" cm* molecule™ s~ '. Similar study of
Cl-Cl,—CH;SCH;-0, system in which CH;SCH, was
produced by Cl+ CH;SCH; reaction
:=1.9x10""* cm® molecule™! s7 1.

(¢c) See Comments on Preferred Values.

gave

Preferred Values

k=5.7%X10""* cm® molecule ™! s™' at 298 K and 1 bar.

Reliability
Alog k==*0.4 at 298 K and 1 bar.

Comments on Preferred Values

The preferred value of & is taken from the study of Wall-
ington et al.' Until confirmatory studies are made we confine
our recommendations to | bar and assign substantial error
limits. The preferred value is identical to that in our previous

evaluation. IUPAC, 1997.3

References

'T.J. Wallington. T. Ellermann, and O. J. Nielsen, J. Phys. Chem. 97, 8442
(1993).

*N. . Butkovskaya and G. Le Bras. J. Phys. Chem. 98. 2582 (1994).
*IUPAC. Supplement V. 1997 (see references in Introduction).

CH3$CH202 + NO b d CH33CH20 + N02

Rate coefficient data

klem’ molecute ™ s Temp/K Reference Comments
Absolute Rate Coetficients

(1.9=0.61 <1077 298 Wallington. Ellermann. and Nielsen. 1993' (a)
Reviews and Evaluarions

L9~ 1o 298 NASA. 19977 (b)

19 tg 298 IUPAC. 1997° ]

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Comments

(a) Pulsed radiolysis of CH;SCH;—SFs—0,~NO mixtures.
Generation of CH3SCH,0, radicals occurred by F
+ CH3SCH; — CH3SCH, + HF, followed by
CH;SCH, + 0, — CH3SCH,0,. [NO,] was moni-
tored at 400 nm. Yield of NO, compared with yield of
F atoms suggested that 80% of the reaction leads to
NO; production.

(b) Based on the rate coefficient of Wallington et al.!

(¢) See Comments on Preferred Values.

Preferred Values

k=1.9%10"" cm® molecule ™! s7! at 298 K.

ATKINSON ET AL.

Reliability
Alog k=*0.4 at 298 K.

Comments on Preferred Values

The preferred value of & is taken from the only study of
this reaction.! Substantial error limits are assigned until con-
firmatory studies are made. The preferred value is identical
to that in our previous evaluation, [UPAC, 1997}

References

'T.J. Wallington, T. Ellermann, and O. J. Nielsen, J. Phys. Chem. 97, 8442
€1993).

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

3JUPAC, Supplement V, 1997 (see references in Introduction).

CH,SCH.0, + NO, + M — CH,SCH,0.,NO, + M

Rate coefficient data

-1

k/cm® molecule™ s P/mbar M Temp./K Reference Comments
Absolute Rate Coefficients
(9.2x0.9)x107" 1000 SF, 296 Nielsen, Sehested, and Wallington, 1995' (a)
(7.1£09)x 107" 300 SF, 296
Comments Reliability

(a) Pulsed radiolysis of SFs—CH;SCH;-0,-NO, mix-
tures with measurement of the rate of decay of NO, via
its absorption at 400 nm. Insufficient data to obtain k
or k.. although the reaction was measured near the
high-pressure limit.

Preferred Values

k=9%10""" cm® molecule™ s™' at | bar and 298 K.

Alog k=*0.5 at 1 bar and 298 K.

Comments on Preferred Values

Although the rate coefficients of Nielsen eral' seem
reasonable for this type of reaction, RO, + NO, + M
— RO,NO, + M, their study is fairly indirect and we have
assigned large error limits.

Reference

0. J. Nielsen. J. Sehested. and T. J. Wallington. Chem. Phys. Lett. 236.
385 (1995).

CH3SCH,0, + CH3SCH,0, — CH;SCH,0OH + CH,SCHO + O, (1)

— 2CH;SCH,0 + O, 2)

Rate coefficient data (k=k;+k3)

k/cm’ molecule ™' s Temp/K Reference Conunents
Absolute Rate Coefficients

<7.9x10° " 298 Wallingron. Ellermann. and Nielsen. 1993 (a)
Reviews and Evaluations

=8¥107 293 IUPAC. 1997~ )

J. Phys. Chem. Ref. Data. Vol. 26, No. 6. 1997
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Comments
@ k is  defined by  -d{CH,SCH,O.Vdt
=24{CHSCH,0,F>.  Pulsed radiolysis study of

CH;SCH;~0,~SF;  mixtures with monitoring of
CH,SCH;0,, radical concentrations by UV absorption
with 0355=(4.320.7)x 107 cm® molecute™. The
observed  value of kupe=(7.9%1.4)x 107" cm?®
molecule ™ 57! is an upper limit to & because of the
poesibility of secondary reactions giving rise 10 an in-
creasing decay rate of CH3SCH,0, radicals (see Com-
ments on Preferred Vailues).
(b} See Comments on Preferred Values.

Preferred Values

k=<8X 107 ¢m’® molecule™" 57! ar 298 K.
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Comments on Preferred Values

‘We have recommended an ugpger litnit to the overall rate
coefficient at 298 K, as determined by Wallington ez gl
There is no information as yet concerning the products of the
self-reactions of the CH;SCH,0, radicals, although it has
been suggested that the alkoxy radical CH;SCH, O could re-
act as follows: CH;SCH,0 — CH;8 + HCHO and that the
CH,S radical could react with the CHySCH,Q, radical, fead-
ing to an enhanced decay rate of these radicals. The preferred
value zis identical to that in our previous evaluation, [UPAC,
1997.

References

''T. 1. Wallington, T. Ellermann, and O. J. Nielsen, J. Phys. Chem. 97, 8442
(1993).
2IUPAC, Supplement V, 1997 (see references in Introduction).

CH,SS + O; — products

Rate coefficient data

ke’ mofesnie ™/ 577 TempJK Reference Comments
Absolute Rate Coefficients
(46=1.H% 107 300 Dominé. Ravishankara, and Howard, 1992} {a)
Reviews and Evaluations
4.6x707 298 NASA. 1997 (b)
46x 107" 208 [UPAC. 1997° (et
Comments Reftiabiliry

(a) Discharge-flow swdy. Phatoionization mass spectrom-
etry was used to monitor CH,88 radicals. CH,S radi-
cals were generated by C} + CH;S¥, and CH;SS was
observed to be formed in the CH;S source and thought
to be due 10 the CH;S + S, reaction on walls. [CH;SS]
was monitored in the presence of excess Gy o obtain &.

(b} Accepted the value of Domine or )

¢} See Comments on Preferred Values.

Preferrad Values

k=4.6X1071 em® molecule ™! 57 at 298 K.

Alog k= 0.3 21 208 K.

Commenss on Preferred Values

The only available measurement’ of & is accepted but sub-
stantial error limits are assigned until confirmatory studies
are made. The preferred value is identical to that in our pre~
vious evaluation. IUPAC, 19971

References

'F. Dominé. A. R. Ravishankara. and €. . Howard, J. Phys. Chem. 96,
2171 (1092

INASA Evaluation No. {2, 1997 (sce ceferences in Introduction).
*[LPAC. Supplement V. 1997 {see veferences in Introduction).

J. Phys. Chem. Ref. Oata, Val. 26, ta. 6, 1997
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CH,SS + NO, — products

Rate coefficient data

-1

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

(1.8%0.3)x107" 297 Dominé, Murrells. and Howard. 1990' (a)
Reviews and Evaluations

1.8x 1071 298 NASA, 1997* ()

1.8x 107" 298 IUPAC, 1997° (c)

(a) Fast-flow discharge study. CH;SS radicals were pro-

Reliability
Alog k=+0.3 at 298 K.

duced as a byproduct of CH;3S radical production. C p 4 Val
CH;S radicals were produced by the Cl + CH;SH re- omments on Preferred Values

action. CH;SS was observed to be formed in the CH;S
source and thought to be due to the CH;S + S, reac-
tion on walls. [CH;SS] was monitored by photoioniza-

tion mass spectrometry in excess NO,.
(b)  Accepted the value of Dominé et al!
(c) See Comments on Preferred Values.

Preferred Values

k=1.8%x10""" cm? molecule™! s™! at 298 K.

The study of Dominé et al.! has provided the only avail-
able value for the rate coefficient of this reaction. This valuc
is accepted but with substantial error limits until confirma-

tory studies are made. The preferred value is identical to that

in our previous evaluation, [IUPAC, 1997.}

References

'F. Dominé, T. P. Murrells, and C. J. Howard, J. Phys. Chem. 94, 5829

(1990).

2NASA Evaluation No. 12. 1997 (see references in Introduction).

CH3SS0O + NO, — products

Rate coefficient data

}[UPAC, Supplement V, 1997 (see references in Introduction).

k/cm® molecule™ ! 57! Temp./K Reference Comments
Absolute Rate Coefficients

(45x1.2)x 107" 297 Dominé. Murrells, and Howard, 1990 (a)
Reviews and Evaluations

45x1071 298 NASA. 1997 (b}

15%107"° 298 IUPAC. 1997* ()

(b} Accepted the value of Dominé er al.'
(¢} See Comments on Preferred Values.

(a)  Fast-flow discharge system with photoionization mass

spectrometric detection of products. CH;SSO radicals Preferred Values

were produced by CH,SS + NO. — CH,SSO + NO. L.

Mass 47 peak was monitored in excess NO, and k=45%10"" em® molecule™ ™" at 298 K.
the contributions from CH;S and CH;SSO (from

CH;SSO + hr — CH:S™ —e™ +50) were sepa- Reliability

rated by modeling using data from other mass peaks. Alog A==0.3 at 298 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Comments on Preferred Values

The study of Dominé et al.' has provided the only avail-
able value for the rate coefficient of this reaction. This value
is accepted but with substantial error limits until confirma-
tory studies are made. The preferred value is identical to that
in our previous evaluation; ITUPAC, 1997.3

1489

References

'F. Dominé, T. P. Murrells, and C. J. Howard, J. Phys. Chem. 94, 5839
(1990).

2NASA Evaluation No. 12, 1997 (see references in Introduction).

3IUPAC, Supplement V, 1997 (see references in Introduction).

O; + CH;SCH; — products

Rate coefficient data

k/em® molecule™! 57! Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<8.3%x1071° 296 Martinez and Herron, 1978' (a)
Reviews and Evaluations
<1.0x107'8 298 NASA., 1997° (b)
<Ix107" 298 IUPAC, 1997° (b)
Comments Comments on Preferred Values

(a) Static system with MS detection of O;.
(b) Based on the study of Martinez and Herron.'
(c) See Comments on Preferred Values.

Préferred Values

k<1x107"'8 cm?® molecule ™! s7! at 298 K.

The preferred upper limit to the rate coefficient is based
upon the sole study of Martinez and Herron,' and is identical
to that in our previous evaluation, IUPAC, 1997.3

References
'R. I. Martinez and J. T. Herron, Int. J. Chem. Kinet. 10, 433 (1978).

*NASA Evaluation No. 12, 1997 (see references in Introduction).
3IUPAC, Supplement V. 1997 (see references in Introduction).

ClO + CH;SCH; — products

Rate coefficient data

k/em?® molecule™ s7!

Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(3.9x0.5)x107" 298 Barnes et al., 1989' DF-MS
(9.5=2.01x 107" 298= 1 Barnes er al.. 1991° DF-MS
Reviews and Evaluations
9.5x 1071 298 NASA, 1997° (a)
9x 107" 298 {UPAC. 1997* (b)

Comments

(a)  Based on the rate coefficient of Barnes er al.®
tb)  See Comments on Preferred Values.

Preferred Values

£=9x107" ¢m® molecule™ 57" at 298 K.

Reliability
Alog k==0.5 at 298 K.

Comments on Preferred Values

The two available measurements'? of this rate coefficient
are from the same laboratory using basically the same tech-
nique. In the earlier study.! wall effects were evident and it
was recognized that the rate coefficient & obtained was likely
to be an upper limit. Better control of wall effects was ob-

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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tained in the later study,? and the rate coefficient obtained
was preff:xred.2 The reaction is usually assumed to produce
CH,S(O)CH; + CI but, although the sulfoxide has been de-
tected,! no yields have been measured.

In view of the potential for heterogeneous wall reactions
(as evident from the discrepancies between the two studies of
Barnes et al.'?) the preferred value is based on the rate co-
efficient reported in the most recent study of Barnes et al.}
hut with suhstantial error limits. and is identical to that in onr

previous evaluation, IUPAC, 1997.

References

'1. Barnes, K. H. Becker, D. Martin, P. Carlier, G. Mouvier, J. L. Jourdain,
G. Laverdet, and G. Le Bras, **Biogenic Sulfur in the Environment, edited
by E. S. Saltzman and W. J. Cooper, ACS Symposium Series, No. 393
(ACS. Washington, DC, 1989). p. 464.

*1. Barnes. V. Bastian, K. H. Becker, and R. D. Overath. Int. J. Chem.
Kinet. 23, 579 (1991).

INASA Evaluation No. 12, 1997 (sce references in Introduction),

*IUPAC., Supplement V, 1997 (see references in Introduction).

BrO + CH3SCH; —-products

Rate coefficient data

Reference

Technique/Comments

kiem® molecule™ s~ Temp/K
Absolute Rate Coefficients
(2.65+0.65)x 107" 298
(2.7%0.5)x1071 208+ 1
1.5 107 cxp[ (845+ 175)/T) 246-320
(2.7£0.2)x 1071 297

Reviews and Evaluations
15X 107 exp(850/T) 240-320
<2.7x1078 298

Barnes er al., 1989' DF-MS
Barnes et al.. 19917 DFE-MS
Bedjanian et al., 1996° DF-MS (a)
NASA. 1997* (b}

IUPAC. 1997°

(c)

Comments

{a) CH;S(O)CH; was observed as a reaction product, with
a measured formation vield at 320 K and 1.3 mbar (1
Torr) total pressure of 0.94*0.11.

(b) Based on the rate coefficients of Bedjanian e al.’

(c) Upper limit to the rate coefficient, based on the study
of Barnes er al.”

Preferred Values

k=2.6X10"" cm® molecule™ 57! at 298 K.
k=1.5X10""* exp(845/T) cm® molecule™ s™! over the
temperature range 240-320 K.

Reliability
Alog k=*+0.2 at 298 K.
A(E/R)=%x300 K.

Comments on Preferred Values
The three available measurements of the rate cocfficient
are in good agreement.! "% In the first study of this reaction’

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

and of the corresponding reaction of ClO with CH;SCHj;.
difficulties were encountered due to wall reactions. In this
respect the later studies™ are much improved. The preferred
values are taken from the most recent eimperature-dependent
study of Bedjanian er al.?

The reaction produces CH;S(O)CH; + Br as the domi-
nant, if not only, products under the experimental conditions
employed.® The reaction is postulated® to proceed by:

BrO + CH;SCH, = [CH;S(OBr)CH;]
!
CH:S(O)CH, + Br.

References

'I. Barnes. K. H. Becker. D. Martin. P. Caslier. G. Mouvier. J. L. Jourdain.
G. Laverdet. and G. Le Bras. Biogenic Sulfur in the Environment. edited
by E. S. Saltzman and W. J. Cooper. ACS Symposium Series. No. 393
(ACS. Washington. DC. 1989). p. 464 )

“L. Barnes. V. Bastian. K. H. Becker. and R. D. Overath. Int. J. Chem.
Kinet. 23. 5379 (1991,

Y. Bedjunian. G. Poulet. and G. Le Bras. Int. J. Chem. Kinet. 28. 383
119961

TNASA Evaluaton No. 120 199/ (see references in Introduction).

SIUPAC. Supplement V. 1997 (see references in introduction).
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10 + CH;SCH; — products
Rate coefficient data

klem® molecule™ ™! Temp./K Reference Technique/Comments
Afsvluie Rute Cogfficients '

(3.0£1.5x107Y 296+2 Barnes et al., 1987 (a)

(1505 x 107" 298 Martin et al., 1987 DF-MS

=3.5x 107" 298+2 Daykin and Wine, 199¢° PLP-A (b)

(1.5+02)X 107" 298 Maguin er al., 1991* DE-MS

(88+2.1)x 1071 298x ] Barnes er al., 1991° DF-MS
Reviews and Evaluations

12x 1074 298 NASA. 1997 ()

1ax 107 298 TUPAC, 19977 (d)

Comments

(a)  Photolysis of NO,-I;~CH;SCH;-N; mixtures. Pho-
tolytic production of O(*P) atoms from NO, formed 10
radicals via the reaction O[’P) + I, — 10 + 1. The
concentrations of NO, NO,, CH,SCH;, and
CH,3S(0)CH; were followed as a function of time by
FTIR absorption spectroscopy. A computer fit of the
wcasured product yields o a {G-step reaction mecha-
nism yielded the cited rate coefficient.

{b) 10 radicals were monitored by long-pathiength absorp-
tion at 427 nm.

(¢) Derived from the rate coefficients of Maguin er af.*
and Barnes er af.,” which are consistent with the upper
limit to the rate coefficient measured by Daykin and
Wine 3

(d) See Comments on Preferred Values.

Preferred Values
k=1.2%10"" cm® motecute™ s a1 298 K.

Reliapility
Alog k= %(.5 at 298 K.

Cennvments on Preferred Values

In the cartier studies of this rcaction by Barnes er ul and
Martin ef al..? erroneousty high values were obtained which
are now believed to have been due to features of the second-

ary chemistry and heterogeneous processes occusting under
the coaditions used. The two most recent studies, ™’ both us-
ing the same technique, give much lower values but differ
from each other by nearly a factor of 2. Support for these
lower values comes from the laser photolysis study by
Daykin and Wine,’ where an upper limit to the rate coeffi-
cient was obtained which is some three orders of magnitude
lower than those derived in the earlier studies of Barnes
et al. and Martin et al.?

CH;S(O)CH; has been detected in a number of
studies,**’ and a semi-quantitative measurement of the
vield by Barnes et al.’ gave a yield of 0.840.40. The pre-
ferred value is the mean of the rate coefficients of Maguin
et al.* and Barnes er al..’ and is identical to that in our pre-
vious evaluation, ITUPAC, 1997.7 In view of the differences
between the rate coefficients abtained from these two stud-
ies,*> substantial error limits are assigned.

References

'I. Barnes. K. H. Becker. P. Carlier. and G. Mouvier. Int. 3. Chem. Kinet,
19, 489 (1987). -

*D. Martin. J. L. Jourdain. G. Laverdet. and G. Le Bras. Inv. J. Chem.
Kinet. 19, 503 (19873

‘E P Daykin and P. H. Wine, J. Geophys. Res. 95, 18547 (19901,

*F. Maguin. A. Mellouki. G. Laverdel. G. Poulet. and G. Le Bras. Int. J.
Chem. Kinet. 237 (1991,

*I. Bames V. Rastian. K H. Recker and R D Overath. Int J. Cham,
Kinet. 23, 579 (1991,

ONASA Evatuation No. 12, 1997 tsee references in Introduction).
TJUPAC. Supplement V. 1997 (see references in Introduction).
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OCS + hv — products

Primary photochemical processes

Reaction AH°/k)-mol™} N tuestor/nm
OCS + hv — CO + S(°P) (1) 308 388
— CO+S('D) (2 419 286
Absorption cross-section data
Wavelength range/nm Reference ) Comments
185-300 Molina, Lamb, and Molina, 1981! (a)
Quantum yield data (¢= ¢+ &)
Measurement Wavelength region Reference Comments
¢,/ $,=0.055 222 Nan, Burak, and Houston, 19932 (b)
$=1.04 = 0.09 248 Zhao, Stickel, and Wine, 1995 (©
Comments Preferred Values
(a) At a spectral resolution of 0.2 nm, at temperatures
of 295 and 225 K. Data were given in figures and 10%! ofem?
tables showing values averaged over 1 nm and aver- A/nm 295 K 225K )
aged over wavelength intervals generally used in 300 0.0009
stratospheric photodissociation calculations. A value of 295 0.0023 0.0013
_ 19 .2 o . 290 0.0077 0.0035
O max=3.27X107 " cm” molecule™ " was determined at 285 00218 0.0084
223 nm. 280 0.0543 0.0206
(b) Pulsed laser photolysis of OCS at 222 nm. Doppler 3;3 8;24 8~?227
profile of S(*P,) was monitored by LIF at 147 nm. CO 365 0.960 0.423 v
used to quench S('D). S(*P,) yield of 0.050 relative to 260 2.52 1.16 1.0
S('D) obtained. S(*P;) and S(*P,) were not monitored 235 6.64 346 10
) ! 0 250 16.5 9.79 1.0
but if they were present in statistical amounts then total 245 1R 251 L0
triplet yield=0.055. 240 813 59.3 Lo
. L . 235 153.6 123.7 1.0
(c)  Excimer laser flash photolysis of flowing OCS—N,- 230 243.8 2118 10
N.O and C(O)Cl, N, N,O gas mixtures at 218 nm. 235 310.4 283.0 1.0
Concentration of CO was monitored by TDLS. ¢ was 220 3048 287.5 Lo
centration o as Y : : 215 216 236.2 10
measured relative to the quantum yield for production 210 150.8 151.6
of CO from photolysis of C(O)Cl,. which is known to :8(‘) i;g f;;
be unity. Measurements were carried out at 297 K and 195 202 189
pressures of 5—133 mbar (4-100 Torr) N, + NO. 190 39.7 2638
185 190.3 135.7

J. Phys. Chem. Ref. Data. Vol. 26, No. 6, 1997
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Comments on Preferred Values

There is good agreement among all of the recent cross-
section measurements for A <280 nm.!*3 At \>280 nm the
data of Molina et al.! appear to be the most accurate. The
higher values in Ref. 4 may be due to the presence of CS, or
other unidentified trace contaminants or alternatively dimer-
jzation of OCS in the pressurized cell employed. The pre-
ferred values are 5 nm averages based on the Molina et al.!
data. The results of Locker et al.,> whose results were pre-
sented in graphical form, agree with these values.

The preferred overall quantum yield of 1.0 is based on
results reported recently by Zhao et al.? This value is signifi-
cantly higher than the preferred value ¢=0.8 given in our
previous evaluation,® which was the average of the values
reported by Rudolph and Inn* (0.72) and by Sidhu er al”
(0.9). Results of all studies indicate that S atoms are pro-
duced predominately in the S('D) electronically excited
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state. Sidhu er al.” reported ¢,/¢=0.74 and Breckenridge
and Taube® reported ¢,/¢p=0.74+0.04. Nan ef al’ re-
ported ¢, /¢,=0.055, which when combined with the pre-
ferred value of ¢= ¢, + ¢$,=1.0 yields ¢,/$=0.95.

References

'L. T. Molina, J. J. Lamb, and M. J. Molina, Geophys. Res. Lett. 8, 1008
(1981).

2G. Nan, L. Burak, and P. L. Houston, Chem. Phys. Lett. 209, 383 (1993).
37. Zhao, R. E. Stickel, and P. H. Wine, Geophys. Res. Lett. 22, 615
(1995).

4R. N. Rudolf and E. C. Y. Inn, J. Geophys. Res. 86, 9891 (1981).

3J. R: Locker, J. B. Burkholder, E. J. Bair, and H. A. Webster, §. Phys.
Chem. 87, 1864 (1983).

SIUPAC, Supplement V, 1997 (see references in Introduction).

K. S. Sidhu, I. G. Csizmadia, O. P. Strausz, and H. E. Gunning, J. Am.
Chem. Soc. 88, 2412 (1966).

SW. H. Breckenridge and H. Taube, J. Chem. Phys. 53, 1750 (1970).

CS; + hv — products

Primary photochemical processes

A threshold/ M

Reactions A HSgg/kJ -mot ™!

CS, + hv— CS* ) _ >277
- CS+SCP) (2 432 : 281
—~cs+s('n) (3) 543 23

' Absorption cross-section data

Wavelength range/nm Reference Comments

271-374 Hearn and Joens, 1991° (a)

180-230 Chen and Wu, 1995° (b)

Comments Preferred Values
(a) Spectral resolution 0.06 nm. Deuterium lamp was used
as source but results checked using atomic lines (nar-  A/nm 10° g/cm® Afnm 10 ofem?
row band width) from argon-mercury lamp. and by 295 10 135 6.0
measurements at 260 nm on the well characterized ben- 305 35 345 3.0
zene spectrum. Results presented in graphical form in 315 62 355 0.8
325 37 -

paper but authors provide data points at 0.02 nm inter-
~vals on request.

(b)  Spectral resolution 0.08 nm. Synchroton radiation was
used as a continuum light source. Measurements were
made at 203. 295, and 385 K. Significant temperature
effects and hot bands were observed. Results were pre-
sented in graphical form in paper but authors provide
data points at 0.005 nm intervals on request.

Quantum Yields

docs=1.2X1077 for 290-360 nm region in | bar air.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997
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Comments on Preferred Values

The weasurements of Hearn and Joens' on the absorption
spectrum were carried out using similar conditions of tem-
perature, resolution, pathlength, and gas pressure to those
used hy Wu and Judge? In both cases the resolution used
(0.06 nm) is higher than in the study of Wine e al.* (0.4
nm). All of these studies confirm the banded nature of the
spectrum (280-370 nm). The values of the cross-section ob-
tained by Hearn and Joens! are some 10-15% higher than
those obtained by Wu and Judge® and there are minor differ-
ences_in the band structures observed. The preferred values
given are mean values of unpublished results from the AERE
Laboratories, Harwell (quoted as preferred values in IUPAC,
1992%) and those of Hearn and Joens."

The recommended quantum yield for OCS production
from the photoinitiated oxidation of CS, in air is that re-
ported by Jones et al..% which is in good agreement with the
value estimated by Wine e al.* from the earlier data of
Wood and Heicklen” (i.e., ¢ocs=0.01-0.015). The recom-
mended value might best be considered an upper limit since
the observed slow oxidation of the CS, could have been due,
at least in part, to other méchanisms.

ATKINSON ET AL.

Since there is insufficient energy to dissociate CS, at
A>>281 nm the photochemical reaction yielding OCS and
SO,, studied by Jones et al.® in the range 290-360 nm and
others,”® must arise from reactions involving excited CS,
molecules; see discussion of this in Goss et al.’

References

'C. H. Hearn and J. A. Joens, J. Quant. Spectrosc. Radiat. Transf. 45, 69
(1991).

2F. 7 Chen and C. Y. R. Wu, Geophys. Res. Lett. 22, 2131 (1995).

3C. Y. R. Wu and D. L. Judge, Geophys. Res. Lett. 8, 769 (1981).

*P. H. Wine, W_I. Chameides, and A R Ravishankara, Geophys. Res.
Lett. 8, 543 (1981).

SIUPAC, Supplement IV, 1992 (see references in Introduction).

®B. M. R. Jones, R. A. Cox, and S. A. Penkett, J. Atmos. Chem. 1. 65
(1983).

"W. P. Wood and J. Heicklen, J. Phys. Chem. 75, 854 (1971).

#M. DeSorgo, A. J. Yarwood, O. P. Strausz. and H. E. Gunning. Can. ).
Chem. 43, 1886 (1965).

L. M. Goss, G. J. Frost, D. J. Donaldson, and V. Vaida, Geophys. Res.
Lett. 22, 2609 (1995).

CH;SSCH; + hv — products

Primary photochemical processes

Reaction AH°/kI-mol™! N teeshold/ M
CH;SSCH; — CH,SS + CHy (1) 238 502
— 2CH;S (2) 274 i 437

Absorption cross-section data

Wavelength range/nm Reference Comments

201-360 Hearn. Turcu. and Joens. 1990' (a)
Quantum yield data

Wavelength range/nm Reference Comments

193-248 Barone er al.. 1994 (b)

Comments

(a)  Cary 2300 double beam UV spectrophotometer used
with a resolution of 0.10  nm. Photolysis of
(CH:),S-—N. mixtures at a constant pressure of 133
mbar (100 Torr). Temperature=300=2 K.

J. Phys. Chem. Ref. Data, Vol. 26, No. 6, 1997

(b) Primary quantum vields for formation of H(?S) and
CH,S(*E) from photodissociation at excimer wave-
lengths 193. 222 and 248 nm were measured. with H
atom detection by RF and CH;S- detection by pulsed
LIF.
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Preferred Values -

A/mm 102 o/cm?® Nom 109 glem?®
201 1053.0 280 498
205 850.0 285 36.0
210 630.0 290 25.15
215 312.0 295 17.06
20 138.7 300 11.27
225 85.6 305 7.24
228 (min) 82.3 310 457
230 © 842 315 2.85
235 96.0 320 1.79
240 110.0 325 1.09
245 120.7 330 0.67
250 1254 335 ’ 0.38
251 (max) 1256 340 0.22
255 123.3 345 0.14
260 1139 350 0.07
265 99.3 355 0.04
270 82.7 360 <0.01
275 65.4

Comments on Preferred Values
The preferred values for o are those of Hearn ez al.’
which agree well with the earlier values cited in Calvert and
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Pitts.> Sheraton and Murray’s spectrum® agrees qualitatively
with the other studies, but the reported absorption coeffi-
cients are significantly lower.

Barone et al.? report the primary quantum yield for CH;S
production to be 1.65*0.38 at 248 nm and 1.20+0.14 at 193
nm. These authors report that no H atoms were observed at
248 nm, and that at 193 and 222 nm H atom production was
only a minor process and could be due to sample impurities.
These results and those of Balla and Heicklen® indicate that
at wavelengths of importance to atmospheric photochemistry
dissociation occurs primarily by S-S bond scission to give
2CH;S. The significantly lower value of ¢(CH;S) at 193 nm
implies the existence of an additional channel at these short
wavelengths.
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CH;SNO + hv — products

Primary photochemical processes

Reaction

AH® /] -mol ™! " Nihroshold/NM

CH;SNO — CH,$ + NO (1)
—CH, +SNO  (2)

Absorption cross-section data

Wavelength range/nm

Reference

Comments

190-430

Niki er al., 1983' (a)

Quantum yield data

No data available

Comments

ta} Cary 14 double beam spectrophotometer used: the
spectral resolution was not reported. Measurements of
o were made over the range 190-600 nm. but only the
results in the range 190-430 nm were given in graphi-

cal  form. Values of ¢=24X10 * and
5.8% 107 ¢m® molecule ™" were quoted for 510 and
545 nm. respectively. Values given in the table were

taken from the graph. Temperature=298 K.
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Preferred Values
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5. Appendix 1

Enthalpy Data

Wavelength/nm 10" ofcm? Wavelength 10" g/cm®
190 5 310 14.9 Most of the thermochemical data have been taken from
195 104 320 18.5 evaluations or reviews. In some cases, we have selected
200 (max) 162 330 21.3 more recent experimental data, which appear to be reliable.
205 91 335 (max) 21.6
210 (min) 81 340 215
215 98 350 19.6 Species AH og/kI-mol ™! AHYKI-mol ™! Reference
218 (max) 104 360 16.5
220 96 370 12.7 H 217.998 24
225 73 380 9.6 H, 0 0 24
230 40 390 6.7 6] 249.18 246.79 24
240 16 400 45 o('D)- 4389 4366 29
250 35 410 29 0, 0 0 24
260 1.7 420 2.0 0,('A) 943 94.3 29
264 (min) 1.5 430 13 0,('%) 156.9 156.9 29
270 1.8 0; 142.7 145.4 63
280 2.7 510 0.24 HO 393 39.0 35
290 5.2 545 0.58 HO, 14.6 35
300 93 H,O ~241.826 24
H,0, -136.32 ~130.04 63
N 472.68 24
» N, 0 0 24
Comments on Preferred Values NH - 352 53
The spectrum of CH3;SNO consists of a weak transition in ~ NH, 168.7 35
the 500—-600 nm region showing some vibrational fine struc-  NH; —45.94 24
ture and stronger continuous bands at shorter wavelengths.? NO 90.25 8975 63
S . 3 NO, 332 36 63
The CH3S-NO dissociation energy has been estimated” to NO, 737 25
be approximately 110 kJ mol™! but because more reliable N,O 82.05 85.50 63
data are not available we do not give wavelength limits for N0, 9.1 18.7 18
the dissociation channels tabulated. N2Os 1.3 18,25
The only available data for o values in the gas phase HNO t29 1100 28
be those of Niki er al.' who have published their o e o o
appear to be those of Niki eral.” w ve published their o, —135.06 12507 63
results mainly in the form of graphs covering the range 190— HO,NO, -57 5]
430 unm. Their published spectrum shows no fine structure  CH 596.4 35
but appears to consist of overlapping continua with three CH:(TBO 3904 35
. . 2
maxima at approximately 200, 218, and 335 nm. The pre- CH(CA) 4283 33
. CH; 146.4 35
ferred values of ¢ in the range 190-430 nm are taken from CH, _748] 6687 63
the graphs of Niki et al.! and cannot be considered to be very CN 435 18.35
precise. The two values at 510 and 545 nm are numerical HCN 135 18
values quoted in the same study.’' HCO 41.8 20
There have been no quantum yield measurements. By CH,0 —108.6 — 1047 2
. NO photolysis the pri d CH;0 17.2 35
analogy with CH;ONO photo ysis t e primary products are oy oy 178 3
expected 10 be CH;S and NO. This is supporied by the work CH,OH —301.6 23
of McCoustra and Pfab” who studied the photodissociation  co -110.53 24
of CH3SNO in a molecular beam and by the study of Niki ~ NCO 159 18
et al.' who found CH;SSCH; and NO to be the only major f{gggH ‘;;; . e 3;
products from CH;SNO photolysis at 300-400 nm. CH,0. o4 N
CH,00H 131 18
HOCH,0, -162.1 41
CH;ONO —65.3 8
CH;ONO» - 1197 8
CH.0.NO, — 44 51
CO, -1393.51 24
C.H 566.( 35
References CiH. 280 3
C.H; 300.0 35
"H. Niki. P. D. Maker. C. M. Savage. and L. P. Rreitenbach. T Phys C.H, 522 23
Chem. 87. 7 (1982, C.Hq 1209 33
AL R.S. McCoustra and J. Pfab. Chem. Phys. Lett. 137, 335 (19871 C.H, — 840 23
*S. W, Benson. Chem. Rev. 78. 2309780, CH.CN 24301 35
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Enthalpy Data—Continued Enthalpy Data—Continued
Species AgH 50g/kJ -mol ™! AHY/KI-mol ™! Reference Species A¢HSog/kI-mol =" AH /KT -mol ™" Reference
CH:CN 64.3 _ 57 FO - 109 108 17
CH.CO —477 50 FO, 254 272 17
CH;CO —-100 _ 35 FONO 67 4
CH,CHO 10.5 35 FNO, —108.8 st
CH=CHOH 115 56 FONO, 10 18 18
CH;CHO —-165.38 23,57 CH,F -31.8 35
C.H;0 —-155 35 CH,F —2326 37
C,H,OH -34 3 CH;CH,F —263 40
CH,CHOH —636 35 HCOF —-392.5 64
C,H;0H 2348 23.57 FCO —1715 -172.1 18
(CHO), ~2119 23,57 F 0 0 24
CH,CO, ~207.5 35 CHE, ~2389 35
CH;CO.H ~432.04 23,57 CH,F, —453 40
CyH50; —28.7 41 g?'lCHF? - ?g}l 1 _;(5)
CH;00CH, —1257 257 COZFZ 6347 -631.6 63
CH;C(0)0, ~172 41 CHF. 6976 o
C:H;ONO - 1038 23,57 CF, 4674 35
C,H;0NO, ~ 1540 2357 CH,CF; ~517.] 35
C,H,0,NO, ~63.2 27 CH,CF, ~748.7 36
CH,=CHCH, 170.7 35 CH,FCHF, — 691 . 6
C3H, 202 23,57 CF.0 —6556 s
n-CyHy 97.5 3 CF,0H —9234 21
i-CsHy 90.0 35 CF,OF —785 40
CyHy - 1045 23,57 CF,0, —6140 il
CH;COCH, ~-239 35 CE.CO-H 1031 P
C,H;CHO -1874 23,57 CF,0,NO, — 686 57
CH;COCH, —-217.2 23.57 CF, —o13 —97 5
C3HOH =74 8 c 121.30 24
n-GH,0 —dl4 35 HCL -92.31 24
i-C3H,0 —52.3 35 HOCI -8 =75 29.44
i-C3;H,0H ~2715 23.57 ClO 101.6 1
CH;COCHO S —2711 23.57 (e lele} 975 3
C3H;0, 87.9 41 ocClo 95.6 30.46
i-C3H,0, -68.9 41 sym-ClO; 2326 22
n-C3H,0NO, —174.1 23.57 CINO 51.7 536 18
i-C4H,0NO, -190.8 23.57 CINO, 125 18.0 63
CH;C(0)0-NO- ~258 12 CIONO 56 51
S 277.17 24 CIONO, 229 2
HS 143.0 48 CH.CI 121.8 60
H.S -206 24 CH,ClO, 9.2 41
HSO -4 e CH;Cl -82.0 —74.0 : 54
SO 50 50 18 CHF,CI —483.7 19
HSO, -m 1 CH,CHFCl ~313.4 36
SO, ~196.81 24 CH,CF.Cl —536.2 36
HOSO, — 385 £3 Cico -218 17
SO, 13957 —~390 63 COFCI 427 -423 18
HSNO 94 10 CFCI ~20 40
CH,S 124.6 48 CF.Cl —-279.1 35
CH.SH ~229 32 CF-Cl0, - 406.5 41
CH,SCH, 136.8 0 CF,CIO,NO; ~ 480 8
CH.SCH, 3704 63 CF.Cl ~707.9 —-7029 19
cs okl 268 7 Cly 0 0 24
CH.SO -67 14 Cl.O 77.2 38
CH;S00 75.7 87.9 61 Cl,0, 127.6 16
ocs -4 -4 63 C1,0; 153 _ 13
S» 128.60 24 CCl, 239 35
C}“l 5SS 68 7 CHCl. 98.3 60
CH:SSCH T 7 CHCI.0, 1.6 41
cs- 117.2 116.6 63 CH.Cl; -95.4 ~88.5 54
HOCS. 110.5 15 CHFCI, ~ 2849 19
F ) 79.38 2y COCl. ~220.1 -218.4 29
HF —-273.30 24 CFCl: —39.1 60)
HOF -98 - 93 18 CFCIL0, —-213.7 41
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Enthalpy Data—Continued
Species A¢H %o5/k] -mol ™ AHY/KI-mol ™! Reference
CFCL,0,NO, -286 38
CF,Cl, -493.3 —489.1 19
CH,CICF,Ct —543 40
CF,CHCl, 740 40
CF,CICHFCI —-724 40
CF,CICF,Cl —925.5 36
cal, 711 69.9 31
CCL50, =113 41
CC1,0,NO, -83.7 38
CHCl, -103.3 18
C,HCl, -7.8 -43 63
CH;CCl, —144.6 36
CFCl, ~2849 —281.1 19
CF,CICFCl, —-726.8 36
CCl, —958 ~-93.6 54
C,Cly -124 -119 18
C,Cls 335 49
Br 111.87 24
HBr —36.29 24
HOBr =-56.19 55
BrO 125.8 133.3 15
BINO 822 915 63
BrONO 103 26
BINO, 63 39
BrONO, 47 51
CH,Br 169.0 60
CH,Br -38.1 9
CF;Br - 650 40
CF,CIBr -438 40
BrCl 14.6 22.1 18
Bry(g) 30.91 2
Br,O 107.1 59
CHBr, 188 60
CF,Br, - 379 40
CF.BrCF,Br -789.9 36
CHBry 238 9
i 106.76 24
HI 26.50 24
HOI —-90 33
10 126 6.16
INO 121.3 1243 62
INO, 60.2 66.5 62
CH.I 230.1 35
CH,l 14.2 23
CF;l - 589 18
L,g) 62.42 24
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