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ABSTRACT. The development of data banks on chemical kinetics
and photochemistry for use in modelling the atmosphere is
examined. A table representing a compilation of data on the
chemistry of the formation of stratospheric ozone in which the
reactions are grouped into families (O, HO., NO,, ClO,, and
organic reactions) is published. An approach to the selection of the
recommended values of kinetic and photochemical quantities,
developed by CODATA/IUPAC experts, is described in detail.
The review is completed by a brief discussion of the immediate
prospects for the development of expert evaluations of data for
atmospheric chemistry.
The bibliography includes 40 references.
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1. Introduction

Studies on expert evaluations of Kkinetic data for use in
atmospheric modelling were initiated in 1971 by the Information
Centre on Chemical Kinetics at the National Bureau of Standards
(Washington). They were stimulated by the suggestion that, as a
consequence of chemical reactions involving nitric oxide ejected by
supersonic aeroplanes, a significant decrease in the ozone content of
the stratosphere might take place!?. Studies on expert evaluations
of kinetic data at the National Bureau of Standards soon included in
the Program for the Evaluation of Influences on the Climate
(Department of Transportation of the USA). This program was
started in 1970—1971 with the aim of determining the possible
ecological consequences of the pollution of the stratosphere by
aeroplane exhausts. A characteristic feature of the program involved
studies designed to estimate the photochemical and kinetic
parameters of stratospheric reactions: these investigations were
published in the open press and also in the reports of the National
Bureau of Standards>*.

In September 1975 the CODATA Expert Panel on Chemical
Kinetics held an international symposium on ‘“‘Kinetic Data for the
Upper and Lower Atmosphere”. This symposium and its published
proceedings® constituted the cornerstone in establishing the

importance of kinetic information for the chemistry of the
atmosphere.

In 1976 the National Aeronautics and Space Administration of
the USA (NASA) assumed the duty of assessing the influence of the
released ureons on stratospheric ozone. The next landmark in the
creation of surveys of data on atmospheric processes was the NASA
publication 1010 “Chlorofluoromethanes and the Stratosphere” .
This publication became the first of the regular surveys of kinetic
and photochemical data for stratospheric modelling which are
prepared by the NASA Expert Panel, and is published by the Jet
Propulsion Laboratory in Pasadena (California). Approximately one
review has been published every 18 months in this series since 1977.
Communication No. 9 has already been published and work of this
kind is being continued.

Together with the start of the NASA publications, the necessity
for organising an international Expert Panel for the preparation of
surveys of kinetic parameters for reactions relevant to atmospheric
chemistry was recognised. The principal feature of this approach
was the global nature of the object of study. The CODATA
Working Group on Chemical Kinetics has been newly created under
the aegis of the International Council of Scientific Societies. The
first publication of this international group® dates back to 1980.
Supplements were issued in 1982, 1984, and 1989.° The last of these
communications was prepared by the IUPAC Subcommittee for the
evaluation of data for atmospheric chemistry which has replaced the
CODATA Working Group and has continued to work on surveys of
kinetic data.

The NASA Expert Panel and the CODATA/IUPAC Group have
collaborated closely during the last 13 years. The NASA surveys are
published more frequently and are aimed at stratospheric chemistry
whereas the CODATA/IUPAC surveys include both stratospheric
and tropospheric reactions. Both groups have prepared a general
survey of data for inclusion in the report by the World
Meteorological Organisation “the Stratosphere” '°,

The creation of these two independent Expert Panels,
supplementing one another, has made it possible to solve the difficult
problem of evaluating kinetic and photochemical data on a collective
basis. The NASA Panel (USA) has at its disposal the national
system for the dissemination of data whereas the IUPAC
International Subcommittee has a broader base but publishes its
surveys more rarely.

This communication considers the approach used and the results
of the surveys of the IUPAC Subcommittee on Kinetic and
Photochemical Data for Atmospheric Chemistry.

As an illustration, a list of data for one of the reactions is given
and there is also a complete list of reactions together with the
recommended rate constants and errors
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II. Families of reactions in atmospheric chemistry

In 1930 Chapman put forward a photochemical theory of the
formation of stratospheric ozone in reactions involving species
containing oxygen alone 12

0, +hv—>0+0, (6)]
0+0,+M—>0;+M, o)
O;+ Av—>0+0,, 3)
0+0,20,. @

These reactions constitute the basis of the O, family. Reactions of
vibrationally and electronically excited species were recently added to
this family (see Section V).

The measurements of the rate constants for reaction (4) carried
out in the 1950s showed that the reaction is much slower than had
been believed at the time when Chapman proposed his theory.
The concentration of ozone calculated on the basis of reactions
(1)-(4) by the method of stationary concentrations proved to be
higher than that observed in the atmosphere. In order to account
for this discrepancy, Hunt'? suggested that the HO, species (H, HO,
HO,), first introduced by Bates and Nicolet', participate in the
ozone destruction catalytic cycles:

H-+ 0> HO + 0,, ®
HO +O0—-H-+ 0,, ®)

total O+ 03=20,.

HO + O, HO, + 0,, @
HO, + O—HO + O, @®

O+ 03 =20,.

HO, 4+ O;—~HO +20,, ®
HO + O; —-HO, + O,, (10)
0O;+0;=30,.

Reactions (5)—(10) form part of the family of the HO, reactions
presented below in Table 2.

The next step in the development of the theory of the
photochemical formation of ozone occurred at the beginning of the
1970s when Crutzen! proposed a catalytic cycle with participation of
NO,. Johnston? suggested soon afterwards that the nitrogen oxides
from the exhausts of supersonic aeroplanes lead to the depletion of
the ozone layer, which has serious consequences as a result of the
increase in the transparency of the atmosphere to ultraviolet rays.

NO + 03— NO, + O,, an
NO, + O~ NO + O,, (12)
0+ 0,=20,.

The family of the NO, reactions, presented below in Table 2, was
thus introduced into comsideration. It shows that there is an
appreciable interaction between the catalytic NO, cycle, the HO,
and ClO, families (see below). One of the pathways in such
interaction involves reactions which have a direct influence on the
conversion of the NO, and ClO, species into other active forms, for
example:

HO.+NO—HO+NO,, (13)

Cl0+ NO—CI+NO.,. 14)

The hypothesis by Molina and Rowland!® that the chlorine atoms
formed on photochemical decomposition of chlorofluorocarbons
(CFC) in the upper atmosphere can lead to an appreciable
destruction of ozone in the catalytic cycle

Cl 4 0,—CIO +0,, (15)
ClO +0—Cl+0,, -
O+ 0,=20,.

made the problem of the decomposition of the ozone layer still more
acute.  Subsequently an appreciable number of supplementary
reactions were added to the ClO, family (see Table 2 below).

Chlorofluorocarbons accumulate rapidly in the atmosphere and,
because of their long lifetime, it would be impossible to neutralise
their influence in the foreseeable future. A need therefore arises for
predictive mathematical models capable of describing the behaviour
of atmospheric ozone now and in the future. Such models have
been vigorously developed during the past 15 years.  One-
dimensional models with transport are being replaced nowadays by
two-dimensional (width—height) models. Both types of models
include 150 elementary gas phase chemical and photochemical
reactions. The characteristics of these models as well as kinetic data
banks have been periodically considered in reviews, so that the
prediction of the changes in the ozone content rests on a reliable
scientific basis.

The report!® of a significant decrease in the amount of ozone
during springtime over the Antarctic (“ozone hole”) in 1985 was very
unexpected. Models did not predict such changes. The subsequent
vigorous field and laboratory studies revealed new chemical
processes in the lower stratosphere. These include heterogeneous
reactions on the surfaces of polar stratospheric clouds which are
formed on condensation of water vapour with an admixture of nitric
acid. These reactions convert a large proportion of chlorine into a
catalytically active form. Thus it was shown that chlorine
constitutes a serious threat to ozone. These studies led to attempts
to replace the long-lived chlorofluorocarbons by substances with
similar properties but more readily removed from the atmosphere,
for example, by reaction with the HO radicals in the troposphere.

Tropospheric chemistry has become a rapidly developing field
after it was suggested that there are high stationary concentrations of
HO and HO, in the troposphere in the presence of sunlight.!” Since
HO radicals are highly reactive, the reactions with them constitute
an important sink for the majority of trace impurities. Further
progress in tropospheric chemistry is associated with the study of the
photochemical formation of oxidants or smog. Demerjian et al.'®
were the first to formulate the mechanisms of the oxidation of
hydrocarbons in the presence of NO, with formation of ozone in
polluted air. Kinetic data for the modelling of tropospheric
chemistry are presented in Table 2 in the “Organic reactions”
Section.

The complexity of both tropospheric and stratospheric chemistry
requires accurate data for a multiplicity of elementary gas-phase
reactions. Expert evaluation of data has played a major role in
combining experimental and theoretical information. In the sections
which follow in this review, an approach is described to the
evaluation of data for atmospheric chemistry.
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II1. Format for the presentation of data

At the beginning of studies concerning the expert evaluation of
chemical and photochemical data, the CODATA Working Group
had to select a suitable format for the presentation of data. Previous
reviews were either detailed, involving a detailed consideration of
individual measurements, for example, the reviews on high-
temperature kinetics !, or were abbreviated, as in the early Tables of
the National Bureau of Standards*. The CODATA Group selected
an intermediate degree of detail: the experimental methods and
conditions are indicated and the discrepancies between the results of
different studies are discussed. This was achieved by employing the
“list of data” approach in which information is compiled and
discussed in a standardised form for each elementary reaction. The
reactions were grouped in terms of the O,, HO,, NO,, organic,
SO,, FO,, ClO,, BrO,, and 10, families.

IV. Compilation of lists of data

1. Thermal reactions

The list of data!® is begun with the formation of the reaction
equation taking into account all of its feasible pathways. Next, the
enthalpy change at 298 K is quoted. The available kinetic data are
presented in four sections—the rate constants obtained from
absolute and relative measurements, branching parameters, and
recommended constants with an indication of the Expert Panel.

Since all the reactions considered are elementary chemical
processes, the expression for the rate of reaction is formulated in
accordance with the reaction equation:

A+A->B4C,
1 dIAL _dIBI _ dIC _ e
d¢ d¢ dt

Thus the stoichiometric coefficient 2 for A appears in the
denominator before the rate of change of [A] {it is equal to 2k [A%]}
and in the power exponent in the right-hand side of the equation.

The rate constants for reactions are presented in the form of the
simple Arrhenius equation: & = A4 exp(—B/T), where B = E/R can
be both positive and negative.  For the pressure-dependent
recombination and dissociation rate constants, a non-Arrhenius
temperature variation is used, which is discussed in the next Section.

The kinetic data are provided with commentaries in which
experimental details are described. The recommended rate constants
are quoted for 298 K and also in the form of a temperature
variation equation for the temperature range indicated. The errors
in lgk at 298 K and in the values of E/R in the temperature range of
the recommended rate constants are indicated. The choice of the
recommended values is justified in the commentary and other
relevant information is presented.

A typical list of data for the thermal
HO+HCHO - H,O+HCO is presented in Table 1.

reaction

2. Recombination and dissociation reactions

The rates of recombination and dissociation reactions depend on
the temperature T, the nature of the species, and the concentration
of the third body M:

A+B+M—->AB+ M.

Table 1. Typical list of data from a CODATA survey’

HO+HCHO-H;0+HCO, (1)
HO+HCHO-H+HCOOH, (2)
AH(1)= — 1353 &J mol”?,
AH°Q2)=-91.5 kJ mol™!

The rate constant k =k, +k,.

k, om® s T,K Refs. Remarks**
Absolute measurement
(8.4-0.5)-1012 296 [20] 1
(1.6640.20)-10"exp(—86/T) 296—576 2] 2
(1.254-0.11)-10™ 298
Relative measurements
(8.440.5)-10712 ‘ 299 | {22] l 3
Branching parameters
ky/k=1.004+0.05 296 [20] {
ky/k<0.02 299 [22] 3
Values recommended previously
144072 200—425 [23] 4
5.0-10" exp (—600/T) 300—2500 [24] 5
1.0.4071 228426 [25] 6
9.0.10712 228—426 {26} 1
5.7-4075T 1 18 exp (225/T) 300—1660 [27] 8
1.0-10™m 228—426 128} 6
Recommended values®
144071 298 — _
1,610 exp (—110/7) 230—580 — —
ky/k=1.0 298 - —
Reliability
Algk=+0.1at 298K
Determination of errors
AER)=£10K;
Akyfk)y=£0.1 at 298 K

*The recommended values were obtained by the method of least
squares using the absolute rate constants determined in a number of
investigations 22213031 and agreeing well with one another at room
temperature. The results of relative measurements obtained in
several investigations?%?** correspond to the recommended values
at 298 K. Analysis of the products?®** showed that at 298 K this
reaction proceeds predominantly via pathway 1 with formation of

H,0 + HCO.
**The figures in the remarks column have the following
significance; (1) discharge flow—detection of HO and HCO

radicals by the laser magnetic resonance method. The ratio k;/k was
obtained by comparing the amount of HCO formed with the amount
of HO which had reacted; (2) laser photolysis— detection of HO by
the laser-induced fluorescence method; (3) method of relative rates.
The HO radicals were generated by the photolysis of
CH3;0NO —NO—air and C,HsONO-—NO-—air mixtures at an
overall air pressure of 700 mmHg. The rates of disappearance of
H"®CHO and C,H, were determined by IR spectroscopy. The rate
constant ratio k/k(HO + C,Hy) = 0.99 + 0.06 was converted into
the absolute value assuming that k(HO + C,H;) = 8.5 x 107'2
em® s7' % The !3C isotope effect was neglected. The ratio
kaf/k = 0.02 was estimated on the basis of the absence of H'*COOH
from the products; (4) obtained as the average of the rate constants
determined in a number of studies?®~3!; (5) based mainly on rate
constant data3%3%3%; (6) the rate constant at 298 K is the mean of
the absolute values determined in two studies3®*!. These data do
not indicate any temperature dependence of the rate constants;
(7) obtained from values determined in a number of
investigations2%223%3! on the assumption that the rate constant is
independent of temperature®**®; (8) based on a number of
data30—33,
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The rate constants for such reactions should be expressed in a more
complex form than the rate constants for simple bimolecular
reactions. Recombination reactions are described in terms of a
pseudo-second order law:
d [AB])
——— = k[A][B].
> = kIA][B]
Here the second-order rate constant k depends on [M]. The low

pressure limit for the third-order rate constant is characterised by a
quantity ko proportional to [M]:

ky= lim E(IM]).
[M]-0

The high pressure limit (the bimolecular constant) is characterised by
a quantity ko which is independent of [M]:

ke — lim & (IM]).
[M}>o0

For recombination reactions in the region of low pressures, Table 1
presents second-order rate constants expressed as the product of the
third-order rate constant and the concentration of the third species.
The transition between third- and second-order regions is described
by the equation quoted for the decrease in k/k, as a function of

kolko=[M]/[M].,

where the ‘‘centre of the decrease curve” [M], denotes the
concentration of the third species at which the extrapolated value of
kg coincides with k.. This is illustrated in uig. 1. The dependence
of k on [M] is generally speaking complex and the theory of
unimolecular reactions has to be applied in its analysis. However,
for moderately complex molecules in the region of not unduly high
temperatures, an approximate expression is applicable:

[M]/[M],
1+ [MI/M],

k
b= &F=ko !
ky+ kg, 14 [M]/[M],

’

where the first terms represent the Lindeman—Hinshelwood
equation and the additional expanding multiplier F at not unduly
high temperatures is specified>*~37 by

Ig F
1 4 [1g (IMI/[M])F

Thus, three quantities—Kko, ko, and F, together with

kao
M =
characterise the decrease curves for the purpose under consideration.
It is also possible to employ the quantities ko, [M]., and F, or kg,
[M]., and F,. The temperature variation of F,, which is significant
in certain cases, can be estimated by Troe’s method*~>’. The
results are usually represented by the approximate equation

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

The first two terms are significant under atmospheric conditions,
while the third term begins to contribute in most cases at much
higher temperatures. In the first reviews, it was assumed for
simplicity that @ = 1 and that T#* ~ 4T*. If the values of F, are
known for only one temperature, then the approach remains

the same. The term exp(—T**/T) is frequently negligible at
temperatures below 300 K. However, for a more detailed
consideration, it is necessary to determine g, T***, T*, and T**.
Theoretical predictions® =37 have been made with the aid of rigorous
models of the RRKM type taking into account the influence of weak
collisions. For reactions which are significant in the atmosphere,
systematic calculations of this type have been published by Patrick
and Golden®®. The question whether these calculations are
applicable to barrier-free radical recombination reactions, where
rotation effects are important, remains open. The changes in F, may
require changes in the limiting quantities ko and k. For the
purposes of the present review, this is insignificant in most cases if
the recommended values of ko and k. agree with the recommended
F..

ko (M)
Ko |
l p—
01
a.0f : | 1
o1 )

0
M/ M,
Figure 1. The reduced curve for the decrease in k/k, as a function
of [M]/[M]...

The dependence of ko and k. on the temperature T has the form
of a power function: K oc T ™" (except in cases with an appreciable
energy barrier). This form of the temperature variation has
therefore been used because it frequently yields a better agreement
with experimental data over a wide temperature range than the
Arrhenius law. The dependence of ko on the nature of the third
species is usually reflected in the relative efficiencies of M; and M;:

{R, (Ml)/[Mi]} : {ko (M,) /[Mz]}

Several thermal dissociation reactions of interest have been examined
similarly to recombination reactions with pseudo-first order
constants k(M). The rate constants, expressed in s, are designated
in the Tables by the symbols ko/s™ and k. /s~'. The multiplier F,
has the same significance in recombination and dissociation
reactions.
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Table 2. Compilation of data for reactions and the recommended rate constants.

Reaction kasg, om® 87! Alghy, Temperature dependence of K, cm® 5™ T?:‘ﬂl’;”{”' A(E/R), K
0O, reactions
040, +M—0y+ M 6.2-107%[0y] (ky) +04 16,240 (T/300)2[0y] 200300 |An=40.5
5. 74078 [N,] (k) 0.4 [5.7-407% (T/300)*4[N,] 200300 [An=-0.5
284078 (k) 0.2 [2.8.4078 ' 200-300 |An=F0.5
. F,=0,65 AF, = 40,1 |F, = exp (—T/696) 200—300 -
0+0,-0, se¢ Ref9
0, +M-0;+M see Ref9
0+04-20, 8.0-107% 40.08  {8.0-10"12 exp (—2060/T) 220400 | 4200
0+0;-products 1.5.401 +0.5 - — —
0(*D)+0,~ O {*P)+0, 4.0-4071 +0.4 [3.2.40Wexp (+67/ 200350 100
0 (*D)+0y~ 0y+20 (P) 1.2-40700 04 [1.2.40700 PEHSTID 100—400 %100
- 20, (3Z,) {.2-407% +0.4 1240 100—400 | 4100
0,+0; se¢ Ref9
0, (8g)+M - 0, (2,) +M 1.6-407%  (M=0,) £0.2 13.0-407% exp (—200/T) 100—450 | 4200
<LAA0H (M=Ny) - - _ —
540-8 (M = H,0) +0.3 - _ _
Q0P (M=CO0y - — _ —
0, ('Zp) + M0, (Z) +M 8.0-104  (M=0) +0.3 - — -
40401 (M=0y) +0.3 - - —
2040 (W= N§)0 04 .00 200-300 | 4200
P Mzoe) %8? A0 Us—350 | +200
0, (lz;) +03-sproducts 2,207 - +0.06  |2.2.40°1 205-360 | 4300
05 (2}) +0p=0, (325)+0, se¢ Ref9
0+ hv-products see Ref.9
03+ hv—sproducts see Ref.9
HO, reactions
i fe [ 000 | 42
- 2H 240" - 4 {7240 5—
- H0+0 24001 — 105 |2.4401 245300 | 200
H+0;+M - HOp+ M 5.9:107% [Oy] (ko) +0.1  |5.9-10-% (7/300)"1:4(0s] 200—300 |An=40.6
5.9-10°% [Ny] (k) 404 |5.9-407% (730010 [Ne] 200-300 |An=+0.6
154071 (k) 0.2 |7.5.0071 (T/300) " 200—300 |An=+0.6
040 Fy=0,55 AF,= +0.45| F, = exp (—T/502) 200—300 =
H+03~ HO+0, 2.8.4071 2 |1.440710 exp (—480/T, 220—360 100
3*2:”}?8;;0’ e el3, 10 10710 exp (—480/T) +
+Hy— 9.40~ 4-0.2 - — -
0+HO- O, +H 3.3.4071 F04  [2.3.40exp (+410/T) 220—500 100
0+HO;~» HO+0, 5.7.40°1 F0.08 |2.9-40°" exp (4-200/7) 200—400 400
0+-H,0, » HO+HO, 1.7.4071 0.3 |4.4.1072 exp (—2000/T) 250—390 1000
8%13% ig:()—» Hgﬂ%ﬂ ; “gig F04 {1410 200—350 ﬂgg
- 340" Fo4 2,340 200—350
HO+H, - H0+H 6.7-10°1 04 | 7,740 exp (—2100 200—450 200
i et T i A el
+HO - Hj 1.8.40" $0.45 — — —
HO+HO+M - H,0,+M 6.9-107% [Oy] (k) +0.5  [6.9.40°% (7/300) ™ [Oy] 200-300 | An=?,
6.9:10°% [Ny] (k) +0.5 6,940 (T/300)™* [Ny] 200-300 | An=H,
3.0-4071 (k) +0.5  |3.0.401 200300 | An=-0.5
F,=0,72 AF, =401 |F, = exp (—T/913) 200—300 =
0+HO; > Hy0+0, 1,440 A 14,840 exp (4250/7) 250—400 | 4200
SOIH,&: H:Otﬁ’Oa 1.7.4071 fo).i 2.9.407 exp (—160/T) 20460 | F100
HO+0, - HO;+0; 6.7-101 F0.45 |1.9-40"%exp (—1000/T) 220450 | F300
HO*+M— HO+M e ll::ft.g
HO* + 0y products e Ref.
Oy + HO, - Hy0y-+0; " Lo o4 045 | 2240 exp HO0IT) 230420 | 4200
M HyOp+ 0yt 519 +0. i —- —
HO,+HO+M - Hy0, 0, 5.2.40-% [Ny] F0.45  [1.9-10%%xp (-980/T) [Ny] 230420 | 4300
influence of H;0, see Ref9
HO, +0, — HO+20, 2.0-40°1 +0.2  |1.4.407 exp (—600/T) 250350 ﬁ%
H,0+hv —» HO+H see Ref9
H,0,+hv - 2HO see Ref9
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Table 2 (cont’d.)
Reaction kg, o’ 57! Alghy, | Temperature dependence of K, cm’ s™ T?.ge;ll“(m AER), K
NO, reactions
O+NO+M — NOj+ M 8.6.107% [0y] (ko) 0.2 |8.6-14708 (7/300)14 [0y 200-300 |An=40.5
L0401 Ny (k) ﬁ.i 1.0-407% (7/300y™* [Ny} 200—300 |An=+0.5
304071 (k) 2 13,0407 (1/300) 0 3004500 | An = 0.5
F,=0.8 AF, =401 F, = exp (—T/1850) 200—300 =
0+NO,; - 0,+NO 9.7-407% 1006 |6.5-402exp (+420/7) 280350 | 4120
0+NO;+M - NO; + M 9.10-%[0y] (ky) +0.3 9.107%(7/300)°[0,] 200400 {An=44.0
9-107% [Ny} (ko) 0.4 9.107% (T/300) [N, 200400 | An =410
2240 (k) 404 [2.2.401 200—400 {An=40.5
F,=08 AF, = $0.4 | F, = exp (—T/1300) 200—400 =
0+NO; - 0,+NO, 14071 +0.5 - - -
0+N;05-sproducts <3.40718 N S 220--300 —
O(D)+N; - OPP) +N, 2.6.4071 +04 1840 exp (+407/7) 200350 | 4100
O(*D) +N;0 - Ny +0, 444071 F045 |4.44071 200350 | FH00
- 2NO 7.2.40-1 0.45 |7.2:401 200-350 | 3100
N+HO - NO+H 4£,9.40°1 0.45 [3.8:40 exp (+85/T) 250500 | 100
N+0; -» NO+0 8.9-40% A |4.4-10" exp (—3220/T) 280333 | 350
N+0,('A,) » NO+0 <t-4071 ~ <1107 200—300 -
N+0;~ NO+0, 1.40-16 +0.3 - - -
N+NO - N;+0 3.4.4071 F0.45 |3.4.070 200—400 | 4100
N+NO, -» N;0+0 3.0.40712 0.2 - - —
HO+NHj; -~ H,0+NH, 1.6.40% F0.45 [3.5-10 exp (—925/T) 230450 | 4200
HO-+HONO-~H,0+NO, 49-10-'2 0.3 | 1810 exp(—390/T) 280340 | 400
HO+HONOz~H;0-+NOs 1.5.10° (1 atm) F0.4 | see R
HO+HO,NO,-products 50-10-12 F0.2  |15-10-12 exp(+360/T) 240—340 +ggg
HO+NO+M~HONO+M 74.10-% 02} (k) +0.2 |74-10-% (7/300)-24[0;] 200440 [An=-1,0
7.4-10-9 [Ny] (ko) $g.i 7.4-10-% (T/300)-24[N,] 200—440 (An=3F0.5
10-10-11 (o) Fo.2  |10-10-1 200—400 |An=F0.
F,=08 AF, = F0.1| F, = exp (—T/1300) 200—400 =
HO+NOy+ M—HONO,+ M 22:10-% [0y] (ko) H0.4 |22:107% (7/300)-22[0 200-300 [An=+40.5
R B 26-10- Ni} (%) Foi1  |26-10-w (T7300)-2 N:} 200-300 |An=T0.5
521071 (k) 0.2 (52-10-1 200-300 |An=F0.5
=043 AF, = +0.1| F, = exp (—T/353) 200—300 =
HO+NOg~HO,+NO 23.10- +0.2 - - -
oA, o) T LY = )
NO,+ M~HO,NO, + M Fo. 5103 (7/300)~ — n=1
HO,+ NO,+M~HO:NO, 1.8-10-3 sz] () Fo0.4 1.8-10-% (T/300)-3/2 N:} 220—360 [An=+1
4710712 (ko) 0.4 [47-10-% 200300 [An=+F1
0= 091.‘6 1 AF =404 3we Ref9
0+ N0+ M 93107 (0] (kofs") 40.3 | 36107 exp(—10000/7)[05] c=' | 260300 | 500
HONOy+ 81> H0, NOrt L310% N3] ko) 350 ot oo | e | T
0.23 (kw/c") To.g |34 10% exp(—10420/T) -1 250—300 500
=0, AF,= 404 - - ol
HO;+ NOs—+0,+NONO, 43-10-12 - _ —
OO0 0 102
NH, + HO-products no recommended value
see Ref9
ey a i ol
+0;-products <10~
NH.+ Oy products 171012 40,5 |49-10-* exp(—1000/T) 250380 | 500
NH, + NO-products 16-10- 3 | L6-1071 (7/298)-1s A0—500 |An=-0.5
NH, +NO;~products 19.10-1! 3| 191071 (7/298)-22 250500 |An=F1.5
INO+0,+2NO, 90.10-% A 33.10-% exp(+530/1') 273600 400
NO+05>NO;+0, 1.8-10-% ig,os 1.8-10-12 exp(—1370/T) 195304 200
NO+NOy—2NO; 27-10-! io'm 16-10-" exp(+lﬁg/% ) %% : ixioé)o
NOy+ 05N +0; 32.10-1 06 | 12:10-18 exp(—2450 2
27-10-% [Ny (ko) A |27-107% (T/300)-%4[N;] 200300 | An=40.5
NOy+ NOy+M--Ni0s + M 20-10-#2 [(ki]) ( 3.4 20-10-12 (T/300)+0-2 200—500 | An=F0.6
F,=0.3
N,Os + M—-NOy+ NOy+M L6101 [N (k™) +0.2 uli}tr"_gmom*‘exp(-uow/n. 200-300 | 4500
69102 (kaft™) 40,3 |97-101 (T/300)+lexp(—11080/ | 200—300 | 500
- /T) !
F,=0.3 _ — _ _
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Table 2 (cont’d.)

Reaction kage, cm® 71 Algkns | Temperature dependence of X, cm® 5! ’ T‘::ll:;:“]'g” A(E/R), K
NO, reactions
N:Osz=NO,+NO. e Ref9
NyOs ¢ H;0—» 2HONO, <2.10-4 - - - -
HONO + hv—products see Ref.9
HONO, + hv-»products see Ref9
HO,NO, + hv-sproducts see Ref9
NO+hv-products see Ref9
NO;, + hv-sproducts see Ref.9
NOs+ hv—products see Ref.9
N0 +hv-products see Ref9
N;0s + hv-products see Ref.9
Organic reactions
0+ CHy~HCHO+H 1.4.10-1 +0.4 1.4.10-1° 200—900 +100
0+CN--CO+N (D) 14.10-1 +0.2 - - -
—CO+N(*S) 3.4-10-1 +0.2 - - —
0('D)+CH;~HO+CHj, 1.4-10-10 +0.4 14-10~10 200—300 +100
L HCHO+H, 15-10-1 +04  [15-10- 200300 | F100
HO+CH,~H,0+CH, 83-10-13 F0.4 37.10-'2 exp(—1820/T) 240-300 | F100
HO+ CyHy + M—CyH,OH+ M 5:10-% [N;] (ko) F0.4  [5-10-% [N, 220—300 | An'=+1
83-10-15 (hy) F04 8310~ (T/300)+ 220—300 | An=F1
F,=0,6 AF = 40.2 - — =
HO+CH,+ M—>C,H,OH+M 9.5-10-2 [0y] (k) +0.3  |95-10-2 (T/300)-*4[0,] 200—300 | An =2
Ly G I = I
. P . 10~ n=
F,=0.7 AF,=0.2 | F.=exp(—T/840) 200—300 =
HO +CoHgrHy0+CoH: 27-10-1 0.4 |7.440" exp (—990/T 230—300 100
HO+ Cyblg + Mo>CyH:OH+ M 8.10-2 ozﬂ (k) %1 3-10—27(1/3%5)—3.5‘ o) 300 | ant +1
ek R = =
e 0] . 010~ —, =
.= 0.5 AF, =4-0.2| F,=exp(—T/433) - —:-t
HO+ C3Hg—H;0+ CH; L1-10-12 +0.15  [86-10-12 (—610/T) ~300 200
HO+CO~H-+C0, 8'5';%'221}:&%/‘@)] Fo.1 g‘s.%'Mo.s(r{m)] 200—300 %300
- - g, air)
HO+HCHO~H,0+HCO L.1-10-1 +04 [ 161071 exp(—110/T) 230—580 150
]:{8+ &I:{;’(&P;g—»HﬁwLCHaCO ég {g—:: F04  {56-10-2 exp(+310/T) 240530 200
+ ->products 010~ A5 - - T
HO +(CHO); - products 1.1.10-1 3,3 - - -
HO+HOCH,CHO~~H,0+ HOCH,CO 8.0-10-12 303 - - -
—H,0+HOCHCHO 2.0-10-12 $0.3 - - -
gg+ (C:l;iggggo»ﬁﬂbmcmcoco 17-10-1 $0.3 - - -
+ ~H,0-+ CH,COCH 23101 F0.2 | L7-10-12 exp(—800/T
HOT G }-1320+2CH20HQ} 3 - +0 . o1 10 p(-—600/T) 240—440 +300
SHO0+CHO 9.0-10 0.2 110712 exp(—690/T) 201000 | +250
HO+ nCgh0H prodcts 33 10 fop | e .
HO+iso-C;H;OH - products 56-10-12 0.2 |56-10~12
HO+ CH;00H--H,0+CH;00H 44-10-1 %0.3 - el
HO+HCOOH »?;O+CI—L,OO g'g'}g_“ 3 g0 - - =
+ -»products .8-10-13 0,2 -0
HO+CH,COOH-products 74-10-19 i0 3 | 13-10-2exp(~170/7) 338:228 4_-130.5?
HO+CH;00:NO; »products 14.10-1 i@'g 1.2:10-12 exp(—650/T) 270—300 @00
HO+ HCN~products 3,107 (1 atm) 5| 1210 exp(~d00/T)(! atm) 206—433 300
HO+CH;CN-products 20-10-u ig.z 6_‘3:10-—13 exp(—1030/T) 950—360 950
HOp+ CH;0,~0,+ CH;O.H 49.10-12 F0.3 [ 17-10719 exp(+1000/7) 250—380 500
HO, + C;Hs0p0y+ CyH;0;H 581012 F02 {6510~ exp(+650/T) 240—380 200
gg&ﬂg&oggo%%gg {.9-13;“ F0.2  |97.10-1 expp(+625/T) 220420 %600
+ 5102 ¢-1
N0 Oy 1510 102 2400 exp(~T000/T) zzojzo F1000
NO; +CoH~products 2.1.10-10 +0.3 - - -
NO3 + CsHg—products 94.10-1 +0.2 - - _
NOs+ HCHO-~HNO, + HCO 6-10-10 Fo3 - - -
NOs+ CH;CHO-HNO3+CH;CO 2.7i “1)6”' 5 +0.2 | 14-10-12 exp(—1860/T) 260370 | 4500
NO, + CH,OH -+products <I-10- — - _ it
NOs+ GyHSOH sproducts <2:10-1 - - - -
NOj +iso-CyH/OH-»products <5101 - = - -
CH; + 0y M—>CHy0,+ M 3'2 10]"0“‘;N(zk] ;ko) iO-g gél%’lfg?og)—”[N’] 200—600 | An =$1
rFAR 5] i &0 U 00 ! An =41
F,=021 — AF,=+0.1 (77300 20400 ) An =1
CsHs+0p~+CyH, + HO, <2101 — — 1.4-10~*2 exp(—1950/T) 3002500 | 600
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Table 2 (cont’d.)

Reaction kase, cm’ 57! Alghy, | Temperature dependence of K, cm® 5! | Temperatures !  z/p) K

range, K
Organic reactions
M 20-10-2 [O,] (ko) 0.3 |20-10-2 (7/300)-34 0, 200—300 | An=41
CyHs+0,+M—>CyHs0,+ ggll(())_-f: %llz\lz) (ko) j:gg g_olb]_ol;zx (T/300)=24 Na ] gggzggg 2::35%
,=0.1 N AF;=40.2 F, = exp(—T/840) - -
sl o n o tog ), £ | 2w |
i80-C3Hy+ 0y + M—iso-C3H, 0, + M 5:5. 10-12 G :t0'2 3‘5.10;12 exp(+140/T) 300—500 +150
HCO+0,~»CO+HO, 210 (- mumlg ). 51 p - 13
CH3CO+0g(+M)—CHsCO(+M) Y ) g B —_ w0 | anm it
CH;0+0,~HCHO+ HO; 19. Io-# +0. g 7.2-10-% exp(—1080/7) 298—610 13_00
b 5 LIRS 100 ETY. - - -
hw,n,ow}.cn,cocr{,mo, 3 .8[0]_0]“5'2‘ %8?5 15101 exp(—200/7) 20300 | 20
Ccll{f;cik(l):r-?;r_o)dlff 0+HO: 25, 10-12 0.3 [50.10-2 exp(—210/T) 240—460 +
CH;0+NO+M~CH;ONO+M 2:8::: [[ﬁe]] ((Ifo)) %gg - - -
2~1o—ﬂﬁ(k:,) ' o3 |2.10-n 200—400 -
= - — _ —
Srgg o
RO+NO-R'0+ ¢ Ref.
M 26-10-2 [He| (k +0.5 |26 10-% (T/300—+45[ He] 200—400 | An =42
CH,CH;0+ NOp+ M—~CH;ONO; + ;51%2 ([k,, )1 (ko) 3 |glo I 0400 E
=0, Z _ _ _
CH50+NOr~HCHO+HONO <3.10-1 - <3108 200—300 -
=1
RO+NO~R'0+ . ) . :
CH;0,+ NO~+CH;0+NO; 76-10-2 f“ 42.10~12 exp(+180/T) 20380 igm
C2H502’+N0—>C2H50+N02 8.8-10- s = 0.3 : - -
CoHs0,+ NO(+M)—CyH;ONO, (+M) <13 ]?z" —_ = - -
1-C;H70; + NO-1-C;H,0 + NO; 8.7 10-]s +0.3 - -
0-CyHi03+ NOC+ M) - CyHONOA(+ M) L:10°2 03 Z - -
i#0-CsH70, + NO—is0-C3H70 + NO; 85-10-1 0.3 - - =
ino-C,H,O,+NO(+M)-»iwC,H60NO;(+M) 31313 " EO.? - - -
CH3COs+NO—CHs + CO,+NO, 410~ ) ) " - =‘
CH,0,+ NO; + M—»CHoO:NOz + M 23-10-2 03] (k) 2 ggllg_ » (Tr//amsg(;)_ ‘f:[{b?,]] %_% ﬁz=j:2
5010 [(?’) N 1% ' 200-300 | An=£0.5
Fo=04 AF = 0.4 Fc=ex?(-T/327) . o | 1o
. 68,1071 [NJJ(kos™) 0.3 9,107 exp(— 9690/ T[Ny &° : +
CH;0,NO,-+M—>CH;0,+ NO; + M 45 (k.,/sg‘;d( io o 10 10580 a0 500
F Vc=0.4
CoH50p+ NOy + M—CoH;O,NO, + M 51012 (ko) +0.5 (510712 200—300 | An=-4
CyH50,NOy+M—CyH;s0,+NO, + M n;:eloloe?;nended value
2.10-28 b 0. —_ — —
CH;CO3+NOz + M—>CH;CO;NO, + M 8.4%_12[% )( ) %’g - - -
Fc=0~27 —_— - -_ hand
15.10°% [Ny] (ko/e™) +0.5 | 6310 2exp(—12785/T) [N 57 300-320 | 4400
CH3CO;NOy+ M~CH;CO3 4+ NO; + M SE10° i,,:]/n") £ Il b A 030 50
Fc=0.27
CH30,+ CHsO>CH;0H +HCHO+0 >2.1.10-18 .3 015 990/T 200400 | 4220
T 2CH,0+0, ’ £3.10-0 3 17100 exp(4220m) - 2
B WP » - o
H;0,+C > +CH;CO;+0O, 0+ LU . 19.10~12 490/T =
- »CH:C8§H+HC(I;-I}%-06 55.10-12 03 |22 100 exp(ra90/m)
CH,CHO+
C2H502+C2H50§2%§ﬁ‘ o4 '1'02 3y ?} 86-10-14 +0.42 | 12101 exp(—110/T) 250—450 tizgg
—+C,H;00C,H;+ 0,
8-CoH0z+ 1-Cob0s+0-CHOH + CHsCHO+ |}, 0 40.5 _ _ _
o +300
2-Cabs03 + 0-CyH10, 20-C3Hy0 + O - 0-10~14 exp(—1460/T 300—400
i80-CyH10; + s0-CyiyOy viso-CeH,OH + 44-10-10 0.3 [6.0-10-% exp(—1460/T) o
FCHO0CH 0, - 3 |32.10- exp(—2580/T 300400
is0-C3H10; +is0-CsH10,-2is0-C3H,0 + 0, ?2 }8-: i:gg 28-10-7 ex;IJJ f +530/4)) 250—370 500
CH4CO,+CHsC03~+2CH;C0,+0; :
RCHOO + H;0-~RCOOH + Hi0 1 1o recommended value
RCHOO+§J(§J11—>R£X'“!¢(:.+ NOs sce Ref9
RCHOO +50;
RCHOO + HCHO~products 2.1-10-1 4045 [ L1.10-1 exp(+205/T) 20760 | 200
CN+0;-products 1-10-20 F0
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Table 2 (cont’d.)

Reaction ke, om’ ! Algkw | Tempersture dependence of K, cm® s Tm?'g" AEIR), K
Organic reactions
03+ C3H;-products 18
0+ CiH—products }7' 1o-+ 404 | 121071 exp(—2630/T) 180360 | 4100
03+ C;Hg-sproducts 1410 F0.45 | 13-10-™ exp{—2105/T) 250—360 | 3400
HCHO + hv—products see Ref.9
CH;CHO + hv—products see Ref.9
CHsCHO + hv-products see Ref.9
(CHO); + hv—sproducts see Ref9
CH,COCHO + hv-sproducts see Ref9
CH,COCHj + hv—products see Ref.9
CH400H + hv—+products see Ref.9
CH;0,NO, + hv-products see Ref.9
CH;3CO4NO, + hv—products see Ref9
SO, reactions
0+H,S—~HO+HS 2210~ +0.3 1.4-10-1" exp(—1920/T) 290—500 +750
0+CS~CO0+S 2.1.10-1 +0.1 2.7-10-1 exp(—760/T) 150—300 $250
0+CH3SCH3;~CH,SO+CHs 5.0.10-1 +0.4 1.3-10-"" exp(+409/T) 270—560 F100
0+4CS;~SO+CS 36-10-% +0.2 3.2:10-1" exp(—650/T) 200—500 F100
0+CH;SSCH;~CH;S0+CH,S 1.3-10-% 40.3 5:5-10-11 exp(+250/7) 290—570 F100
0+0CS—>S0+CO 1.4.10-% +0.2 2610~ exp(—2250/T) 220—600 F150
0+50,+M—>S50;+ M 14:10-% [05] (ko) 0.3 | 401079 exp(—1000/7)[0g] 200-400 | 200
—100
0+80;+M-> S03+M 14-10-3 [Ng] (ko) +0.3 | 40-10-% exp(—1000/7)[0s] 200—400 +1288
$+0,50+0 23.10-1 +0.2  [23.10-v 230400 | 4200
S+05>S0+0; 1.2-10-1t +0.3
HO+H,S—+H,0+HS 48.10-1 0,08 163-10-12 exp(—80/T) 200-300 | 480
HO+ CH,SH —products 3.3-10-1 04 9.9.10-'2 exp(+356/T) 240430 +100
HO+ CH;SCHy~~H,0+ CH,SCH; 44.10-1 . 0.4 | 96-10-12 exp(—234/T) 250—400 | F300
->CH,S (OH)CH; 171072 (1 atm, air) F0.3  |om [9]
HO+CS,-products <7.0-10-5 ([0,]=0)
20,1072 (1 atm, air) +0.3 8.8-10-'¢ exp(+2300/T) 260—300 +500
HO + CH,SSCH;~products 2.0-10-0 +0.1 6.0-10-1* exp(+380/T) 250—370 +300
HO+0CS—products 20-10-1 F0.3 | L1101 exp(—1200/T) 250500 | 500
HO+S0;+M~HO0S0,+M 50-10-31 [0s] (k) 4-0.3 5.0-10-3! (T/300)-*3[0,] 200—300 |An=40.5
50-10-% [Ny] (ko) F0.3  [5.0-10- (T/300)-*3[N,] 200—300 |An=40.5
9.10-1 (k) o3 [2107n 200—300 |An=F1
F,=0.45 AF, = +0.1| F,=exp(—T/380) 200—300 =
HOS0,+0y+H0,+50; 40-10-1 +0.4 - - -
HO, + S0, >products <1-10-18 Z - - -
NO; + H,H,S -+ products <l-10-1s - - — _
NO3+ CS;»products <1105 - - - -
NO, +0CS—products <3-10-15 - - — -
NO; +50;-products <1-10-10 _ - _ _
NO, + CH,SH-»products 9.2-10-12 +0.45 |92-10-1 250370 | 1400
NO + CHySCH;—products 1.0-10-12 F045 | 1.9-10-19 exp(+500/T) 250380 | 300
NO; + CH,SSCH; - products 7.10-1 +0.3 7-10-18 300—380 +500
CH;0:+ SO~CH;0+ 505 <5:10-17
—CH;0,50, 1o recommended value
see Ref9
HS40,~+HO+S0 <4-10-1° —- — - —
HS+0,~HS0+0, 36-10-12 2 -~ - o
HS+NO+M~HSNO+M 24-10-% [N} (ko) 3 |24-10-% (T/300)~25[Ne] 200300 |An=+1
2710~ (k) +0.5 27-10-1 200300 -
c=0,6 — —_ - -
HS+NO~HS0+NO 58-10-4 0.3 |26-10-1t exp(+240/T) 20450 | +200
HSO+0;-+products <2:10- — — - -
HSO+0y-products 11-10-12 +0.8 - — -
HSO+NO-products <1071 _ - _ —
HSO+NO;->products 96-10-12 +0.3 — - -
HSO0, + 0y »products 3-10- ig.s - - -
50+0,>50,+0 6.7-10-17 A5 | 14-10-1 exp(—2275/T) 230—420 | 4500
$0+05—+50,+0, 89.10-% +0.1 451012 exp(—1170/T) 230—420 +150
SO+NOr~S0,-+NO 1.4-10-1 +0.1 14-10-1 240—360 4100
504+ H;0-products 1o recommended value
see Ref9
CS+0;-sproducts 10 recommended value
sce Ref9
04 + CHySCH3->products <1.10- — — - —
OCS + hv—sproducts %e Ref9
CS; + hv—products e Ref9
CH;SSCH; + Av-products e Ref9
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Table 2 (cont’d.)

Reaction Fase, o’ 571 Alghw, | Temperature dependence of K, cm® s T?gg?lim A(EIR), K
FO, reactions
0+F0~0,+F 5.10-1 +0.5 _ — -
0+4F0,»0,+F0 5.10-1 F0.7 _ _ _
O('D) +HF~HO+F 1-10-10 $0.5 - ~ -
O('D) +COF>COy+F, 22-10-1 0.2 - - -
~0(*P) +COF, 5.2-10-1 F0.2 — - —
F+HHF+H 28:10-1 Fo4 | 19-10-% exp(—570/T) 190—770 | 150
F+H,0~HF+HO 11-10-¢ F0.5 | 4.2-10-" exp(—400/T) 240—370 | 3200
F+0,+M—~+FO,+ M 4.3-10~5 [No] (ko) F0.3  |43.10-% (T/300)-14{N.] 200300 | An =44
3-1071t (ko) +0.5  |3.10-n 200—300 | An="Ft
F,=0.8 AF, = +0.1 | F, =exp(—T/1850) 200—300 -
FO,+ M—F+0,+M 221077 N3] (ko/s™) 40.5 | 6310 exp(~5800/T) [N 6™ 200400 | 41000
F+0;+F0+0, 13-10-1 +0.3 2.8-10-1 exp(—226/T) 250—365 4200
F+NO,+M—~FONO+M 1.0-10-% [0,] (ko) F0.5 | 1.0-10-% (T/300)-29 02] 200300 | An=+1
1.0-10-% [Na] (ko) F0.5 | L6-10-% (T/300)-20|N; 200—300 | An=F1
2.1071° (keo) F0.8  [2-10-10 200-300 | an=F1
F,=0.6 erc = 10.2 | F, =exp(—T/587) 200—300
F+CH,~HF+CH; 8.0-10-1 0.2 |3.0-10-'9 exp(—400/T) 250450 | 4200
HO+CH;CHF,~»products 34-10-1 F0.2 — - —
HO+ CHyFCF3—~H,0+ CHFCF, 8.4-10-15 0.2 [66-10-13 exp(—1300/T) 250-440 | 300
FO +0y-products no recommended value
see Ref.9
FO+NO-F+NO, 26-10-1 +0.3 - - —
FO+NO,+M~FONO,+M 16-10~% [0,) (ko) F0.7 | 16-10-3 (T/300)-%4 Oz] 200—300 |An=+41.0
16:10-% [N (ko) F0.7 [ 161073t (T/300)~34[Ny 200300 |An=+1.0
2.10-t (kao) +0.5 [2-10-t 200—300 |An=F0
F =05 AF, =401 | F, =exp(—T/433) 200—300 -
FO +FO-products 15-10-4 +0.3 - - -
HF + hv-products se¢ Ref9
FONO, + hv—products see Ref9
COF; + hv—products se¢ Ref9
0+HCI-HO+Cl 14-10-18 +0.3 | L0-10-" exp(—3340/T) 203718 | 4350
0+HOCI-HO+CIO no recommended value
se Ref9
0+ClO->0,+Cl . 38-10-1 4014|3810~ 200-300 | 4250
0+0Cl10-+0,+ClO 1018 _ _ _
o oo} 510 0.5
0+ CIONO,products 19-10-18 404 |30-10-12 exp(—808/T) A3-205 | 4200
0('D) + CF;Clz »products 1.4-10-10 Fo.1 - - —
i ey i £ - - | -
') +CCly->products 3.10- 0. — - -
gl(+ %1,-»}101-’}}1 16-10-14 +0.4 | 3.7-10-"" exp(—2300/T) 200300 | 4200
Cl4+HOp~HCI+0, 32101 F0.2 | 18-10-" exp(+170/T) 250420 | 3250
—CI0+HO 9.1-10-12 +0.3  [41-i0-" exp(—450/T) 250420 | 250
Cl+H,0,+HCI+HO, 43.10-13 Fo0.2 | L1-10-1"exp(—980/T) 265—424 | F500
Cl40,+M~CI00+M 1.7-10=5 [Ny] 0.3 — , - —
CI00+M—Cl+0,+M 25101 N3] (k™) F0.5 | 1510 exp(—3285/T) [NHy] ” 200—300 41250
Cl+0>ClO+0; 12.10-1 $0.06 | 2.7.10-1 exp(—257/T) 205—208 | 400
Cl+HONO,~HCI+NOy <20-10-18 - - 000 "
Cl+NO=CIO+NO 2610~ +0.3  |26-10-" =
C}igﬂj_»HC]iCHz 1.0-10-13 F0.4 {96102 exp(—1350/T) 200-300 | F250
Cl+CHs—HC1+C;Hs 5.7-10~1 F0.06 |7.7-10-"exp(—90/T) 220350 | 00
Cl4 C;Hg—HC1+CeH, 15.10-1 F0.2 | 13-10- exp(+40/T) 220—600 200
Cl+HCHO—HCI4+ HCO 73-10-1 ig.oa 82:10-1t exp(—34/T) 200500 100
CI+CH3CH0—>°:{C1+CH3CO 7<.62-1%l:s 3 — - —
Q+CHyCN-products <2-10~ — o~ — -
cHoc’ﬁ.}izpc';o 5.8.10~1 04 | 3.4-10-" exp(+160/T) 208450 | 4200
C1+CIONO,~Cl,+NO; 1.2-10-1 %3.12 6.8-10-12 exp§+160/7) 249-208 | 200
Cl+CH,yCl=HCl+CH,Cl 4'941(1}6’31‘ B.i 3.4-10-11 exp(—1260/T) 233—350 200
Cl+CH,CCls>HCl+ CH,CC! <410~ A —~ — -
HO +H3cpif;o+c1 Ch 8.1.10-1 g.i 2.4-10-12 exp(—330/T) 200-300 | 41450
HO+HOCI~H,0+CIO 50-10-12 5 |30-10-1 exp(—500/T) 200—300 +500
HO+ Clo o 17-10-1 402 | 111071 exp(+120/T) 20373 | H150
HO+0CIO~HOC!+0, 70-10-12 40.3 | 45-10-1 exp(+800/T) 200480 | 4200
HO + CIONO; - products 39.10-13 $0.2 | 1.2-10-12 exp(—330/T) 246--387 +200
HO +CH;Cl-H,0+CH,C! 4210~ F04 | 19-10- exp{—1120/T) 247350 200
HO + CH,FCl~H,0+ CHFCI 44-10-1 0.4 | 26-10-* exp(—1210/T) 245350 100
HO+CHF,Cl-H,0+CF,Cl 4.7.10-1 04 [11-10-12 exp(—1620/T) 250360 100
HO+ CHFCl,~H,0+CFCl, 3.0-10-1¢ Fo.r | 1110712 exp(—1070/T) 240350 F100
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Table 2 (cont’d.)

Reaction kase, cm’® 57! A1 ke Temperature dependence of X, cm? ™! Tm‘;‘“ A(EIR). K
ClO, reactions
HO+CH,Cly~H,0+CHCI 1.4-10-1 404 [44-10-12 exp(—1030/T) 240—300 +250
HO+CHClos Hy04 CCly 0. 10-1 o1 |33 10-2exp(—1030/T) 20-300 | 400
HO+ CFCl;~HOC! +CFCl, <5.10-18 s <1.10-" exp(—3650/T) 950—480 —
HO+CF,Cl~HOCI+CF,Cl <7-10-18 - < 1.10-12 exp(—3540/T) 250—478 -
HO+CCl~HOCI+CCly <4:10-10 - <1-10-12 exp(—2820/T) - -
HO+C,HCl3-»products 22-10-1 404 |50-10-1* exp(+445/T) 20420 | 4200
HO+CCli—products 1.7.10-1 Fo4  [9.4-10-2exp(—1200/T) 300—420 | F200
HO+CH,CF;Cl+H,0+CH,CF,Cl 36-10-1 +0.2 | 16-10-'2exp(—1820/T) 270—380 4300
HO+CHFCICF;~H,0+ CFCICF, 1.0-10-1¢ 0.2 |64-10-1 exp(—1240/T) 250380 | F300
HO+ CH,CICF,Cl—H,0+ CHCICF,C! 1.5-10-1¢ 0.3 |30-10-12 exp(—1580/T) 250—350 | 4500
HO+CHCl,CFs~H,0+ CCL,CF; 34-10-1 F0.2  [12-10-'2 exp(—1060/T) 245-375 | F300
HO +CH,CCly~H,0+ CH,CCl 1.210- 045 |5.1.10-*2 exp(—1800/T) 250460 | 3200
NO; + C;HCl3—»products 90.10-16 0.3 - — -
- <1101 — - - —
Sl o RO, 50- 101 H0.45 | 46109 exp(+710/7) 00-300 | 300
010+ O A IO S0 — Z - _
+ 0 —Sym: 3 V- -
C10+NO-Cl+NO; L7.10-1 +0.1 tlsgig—'; e;pgaro?%/])o 28?,:"%’3 An-lz-iiﬂl 0
CIO+NO;+M~>CIONG,+ M 1.7:10-3 [0,] (k) 0.1 T (T/300)- 2] =%l
: 17-10-31 [Na] (ko) Fo4 | 17-10-% (T/300)=*4{N; 200—300 | An=F1.0
2107 (ko) Fo.3  |2-10-1 200-300 [An=3F0.5
F,=05 AF, = 0.1 | F, =exp(—T/430) — =
CIO+N03—>C100+N02} 40-10-1 +0.3 - - -
~+0Cl0+NO, 1015 _ _ _
CI0+ HCHO-products R ” - B -
Cl0+CI0~+CI00+Cl 17 10-ts 0. - - -
_»oc106rc1 ia oo 1;33 = - -
—+Cly+0p e - -32 ~20 -
40-10-%2 [Ng] (ko) Fo2 | 40-10-% (T/300)-29[N,] 200—300 |An=41.0
gy%-:f ;«?—té?g f 3105 ii‘a 6.1.107 [No] (ko/s™) Fo.5 |3l -[g)ﬂ—s_l(Tlaoo) ~exp(—8720/T) 230—300 | 4500
| 8
0CI0+NO-CIO+NO; S +0.3 = - -
ClONOﬁI&E?-»gOCHbI;%NOg v - - -
CIONQ,+HCl>Cly+ ) v = _ -
1.9-10-3 [Ny] (k 2 | 18-107% (T/300)-*7[Ng] 200—400 | An = +1
CFy+0,+ M~CF,0, + M Lo 10 (k[..)Z] 2) g.z e i E:
Fo=04—05 - - — -
5.10~% [Ny] (k 4 |5-107% (T/300)-4[Ny] 200—300 |An=+12
CFCly+0;+M—+CFCli0s+ M (} "’(')1; Ekj (ko) g.s R 2 : = :
1510~ [No] (& 0.5 | 15-10-% (T/300)-4N 200—300 {An = 42
CCls+0y+M~>CCli0p+M T (k[ec )z] (k) i{) R et ( (No] S0 3
Fo=0.25
cc1,o—>cc%o16 cl > ;:gj s': gajg %, Z; kg — - - -
CClFO~CCIFO+Cl >310*y : - - - -
CFi0; + NO>CF,0+NO; 16101 £0.2 | L6101 (T/300)-12 3%:238 -
CF,Cl0,+NO—CF,Cl0+NO, 16-10-1t F0.3 | 16-10-1 (T/300)-" -
CECl;0;+ NO-+CFCl,0+NO; 15-10-1t ig.z 1151011 (T/300) =% 230—430 —
CCIi0p £ NO—CCHO+NO, L3-10-4 2| 18101 (1730019 #0430 | _
CF;0;+NOy+ M—CF;0,N0, + M 27-10-%[Ng] (k) $0.3 ] 27-10-% (7/300)5[N;) 200300 | An=+2
91012 (ko) F0.5 2 10-12 (T/Tsaorw 00300 | An =$_1
- =exp(—T/416
CFgClOr}- NOz"l’M—)'CFzClOzNOz-I-M 500100329 [Nz] (ko) :t0.4 4.’6' legg(’ {143{1)0;_5[1\‘4] 200:300 An .___:J:2
1010 (ke) +0.5 | 10-10-1 (T/306)-0 200300 | An=F1
T o 108 | Seio o py s . “
CF,ClO;NO,+M—CFyCIO;+NOy+ M 1510717 N3] (kofo7) . 6,104 exp(— v 260290 1000
AT i eas F03 | L010%ep(-11880/7) K 260230 %000
F.=04 - — — _
CFCL,0y+ NOp+ M—>CFCLO;NOg + M 55-10-% [Ny] (ko) 0.3 155102 (T/300)-5[N.] 200—300 | An=
T 8.3-10-12 (k:v) 0.3 %3'10'“( (913323}‘” 200—300 ALE
F.=0.42 o=exp(— - =
g+ M~>CFCLOy+NOp+ M 12107 N (kois™) 0.8 1310 exp(- 10570/T) [N ! .
CRCLONO - EFEOr s T30 iy EX R P avat e i{%
F=04 Fe=exp(—T/342) - .
CCLONO,+M 99-10-% [N,] (ko) 403 [92.107% (T/300)~*[N,] -
CCHONO TN CCLONG: s () 03|10 s 000 | =t
F.=032 Fe=exp(—T/260) — =
CCls0;NOy+ M->CCl;05+NO + M 150717 N3] (ko/b™) +0.3 | 56-10-* exp(—9310/T) [N:] .
e 3 L610" (km/n'(') 0.3 1 9.0.10"exp(-10820/7) 5! 328_338 i}&%’
F.=020
CH;C|02N02+M—>CH2C101+NOg'l"M CM. [9]
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Table 2 (cont’d.)

Resction Fase, cm® 87! Alghy | Temperature dependence of X, cm® 5™ T?;nﬂmﬁm A(E/R), K
ge,
ClO, reactions
03+ CaHCl~products <510~ - -
0y+CCly~products <10~ - - _ _
HOC! + hv-products see Ref9 - -
OCIO + hv—products see Ref.9
405+ hv-products see Ref.9
CIONO, +hv-+products sz Ref9
COFC! + hv-»products se Ref9
00Cl, + hv->products st Ref9
CF,Cly + v-products see Ref.9
CFCly+ hv-products %e Refd
CCly+ hv->products
BrO, reactions
0+HBr—~HO+Br 37.10-% 4042 | 66-10-12 exp(—1540/T) 220—455 | 4200
8+gr6:§60+nr éAl- 0101-’ll 0.2 - - -
+Br )+ Br -10- F0.5 - - —
Br+HO~+HBr+0, 20-10-1 F0.3 | 14-10-1 exp(—590/T) 260—390 | 4200
Br+H20ﬁggg+H}?6} <5.10-1 - — - -
-+HOBr+
Br+0s>Br0+0, 1.2-10-12 404 | L7-10-1 exp(-—800/T) 220360 | 4200
Br+HCHO-HBr + HCO 10-10-12 0.45 | 17-10-1 exp ~800/T) 23430 | L1250
Br+CH;CHO--HBr + CH;CO 36-10-12 io.z
e e i = A
+HBr—~H,0+Br 110 T4 110-1 +
HO-+ Bry~HOBr 4 Br 45-10-1 045 | 12-10- exp(+400/7) 20360 | 400
HO+ CH;Br—Hy0+ CH;Br 38-10-x F0.4 | 76-10-1 exp(—890/T) 244350 | 200
BrO+HOz—>HOBr+Oz} 5.10-12 _ — —
B0+ 0B Ta0 <5.10-15 £
rO+0y—>Br+20, 01U — — — -
BrO+NO--Br+NO, 21-10-1 404 |87-107" exp(+260/T) 224425 100
BrO+NO,+M—BrONO,+M 2‘8'}83: m ??% Egg 5.0-18::; ‘5/288)'?3{?{] ggg—ggg 2"= %
W 2 0, . i —, n=
21071 (ko) Egg 3:‘}0‘-1: (7)1 200300 |An=F0.5
=0 AF, = +0.1| F, =exp(—T/321) 200—300 =
Bro+c1o—»g§ig%8 6.9-10-12 S0 [19:10712 exp(+390/T) 200—400 | 4400
—]
I o } 231]8': H0.4 | 39-10-%exp(+140/T) 200400 | 20
BrO- BrO-2Br +0. 210~
o o £5.10-1¢ igg} 1.1-10-"2exp(+2557) 223308 | 300
HOBr + Av-products oM. [9
BrO + hv—products oM. {9
BrONO; + hv-»products en. [9)
10, reactions
0+1+10+1 1.4-10-10 103 | 14.10-10 200400 | 4-250
0+10-041 B anded vaise 10.5 - - -
14+HO~HI+0;, . ;e"%ndmgm .
14051040 5-10-2 £0.2
I+N30+M->IIZ‘JO+M |.8~10::: [02] (ko) ;1:8.2 10::: (T/300) l‘o"k 200300 {An=40.5
el N o = e
e %0 . = = c
F.=0.75 AF=H0.15(F -exp(——T/l()43) n=10.
29-10-% [0 3 |20.10- T/300)~19 — -
[+ N0, + M—~>INO,+ M 29.10-3 iwﬂ i’/ﬁﬁ ﬁ.a 2.9-10-% (r//300) ”'[[Ot\ﬁ] 588_288 ﬁ;‘;ﬁ:?
66-10-1! (k) F0.3  |66-10-n 200—300 |An=2£0.5
F,=0.63 AF; =401 | F,=exp(—T/650) - =
}2)0 "l'{Ié;’H& +l ;bsmended value 03 - - -
+ =] ucts
IO+IO-»ptg‘d°ducu {,77"1%'_"(11 atm) igg 1710 exp(+ mzo/r) (1 atm) 250373 | 4200
10+NO~>1-+NO. 7-10- . _ -
10+ N0+ M-IONOs +M 34107 [0 (h) F05  [34.10- (/30020 0 200—400 |An=+1
i T B =
=0 AF,=40.4|F -exp( T/327) - =
10+ CH,SCH;~products 10 recotam, ue
INO+INO—1; £ 2NO 13.10-1 40.4  |84-10-1 exp(—2620/T) 208450 | 4600
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Table 2 (cont’d.)

Reaction kase, o’ 571 Alghy, | Temperature dependence of K, cm® s Tﬁg‘;‘gﬁ A(ER), K
[0, reactions
INO;+NIOz>1;+2NO, 47:10-1 +0.5  [29-10-" exp(—2600/T) 298—400 | 41000
HOI + hv-products see Ref.9
10+ hv-products see Ref 9
INO + hv—products see Ref.9
INO, + hv—>products st Ref9
TONO, + hv—products sce Ref 9

3. Photochemical reactions

In CODATA/IUPAC reviews, tables of data begin with a list of
the primary photochemical transitions at wavelengths not less than
170 nm. Also presented are the corresponding enthalpy changes at
0 K when this is possible, otherwise the values of 298 K are given.
Also listed are the threshold wavelengths corresponding to these
enthalpy changes. Next, the existing experimental data for the
absorption cross-sections and quantum yields are compiled. These
data are accompanied by commentaries. After that, the
recommended absorption cross-sections and quantum yields for
different wavelengths are listed wherever possible at 5 nm intervals.
In many cases diagrams illustrating the dependence of the absorption
cross-sections and quantum yields on the wavelength are shown as
well.  The choice of the recommended values is justified in the
commentaries and certain other questions are considered.

4. Absorption cross-sections

In the CODATA/IUPAC compilations of data, these quantities
are listed under the heading “absorption cross-sections per molecule
to base ¢”’. They were determined in accordance with the equation

1/l,=exp (—oNli),
o="(1/(N1)) -In(l/1},

where I and I are the intensities of the incident and transmitted
light, ¢ is the absorption cross-section (cm?), N the number of
particles of the absorbing substance (cm™) and / the distance
traversed by the beam (cm). Other definitions and units of the
measurement are also used. The closely related ‘absorption
coefficient” and “‘extinction coefficients™ are frequently quoted, but
their definitions should not be confused. It is always necessary to
draw attention to the units of the measurement of concentration, the
traversed distance, and also the type of logarithm used in the
definition (natural or decadic).

5. Determination of errors

The estimates of the absolute errors of the recommended values of
k at 298 K and of the quantities E/R in the temperature range
indicated are listed in the CODATA/IUPAC tables under the
heading “reliability’”. These limits of errors are also given below in
Table 2. The errors of the recommended rate constants at 298 K are
expressed by the term

Algk=D; lghk=CxD.

This is equivalent to the determination of k to within a multiplier F,
where D = IgF. The accuracy of the recommended values of E/R is
expressed by the term A(E/R), where A(E/R) = G and G is defined
by the equation E/R = H + G.

The absolute errors in k and E/R were determined by the Expert
Panel. Experience has shown that, for the reactions of atoms and
free radicals in the gas phase, the accuracy (reproducibility) of the
measurements is usually good. Thus, for a separate investigation of
a specified reaction by this method, the standard deviation (or even
the 90% confidence interval) is, as stated in the literature, not more
than +10%. Unfortunately, when data obtained by different groups
of investigators using different methods for the same reaction are
compared, it is frequently found that the rate constants differ by a
factor of 2 or even more. This means that one or several
investigations involve large systematic errors, which are difficult to
detect. This is not surprising since, in contrast to molecular
reactions, it is not always possible to investigate the reactions of
atoms and radicals in isolation and hence experimental difficulties
frequently arise.

The critical evaluations of errors in the CODATA/IUPAC
selections are based mainly on the state of our knowledge for a
particular reaction, which depends on the number of studies carried
out and on the number of methods employed. Overall, the limits of
error have been expanded. Thus in the case of a single study by one
method not confirmed by independent investigations, limits of at
least double errors indicated are adopted.

V. Table of reactions and recommended kinetic
quantities

A complete list of chemical reactions and recommended kinetic
parameters from the latest IUPAC survey is presented in Table 2.
Unfortunately, it was not possible to present photochemical data in
a compact form and we refer the reader to the complete
CODATA/IUPAC publications®.

LI ]
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At the time of the publication of the CODATA (Supplement
11) ® and NASA (No. 7)* surveys, it was believed that the
principal features of stratospheric gas-phase chemistry, including the
constants of the key reactions, had been thoroughly established.
At the present time additional requirements as regards the
heterogeneous chemistry of polar stratospheric clouds, which may
help to explain the appearance of Antarctic ““ozone holes”, must be
added to this statement. A kinetic data bank for the chemistry of
polar stratospheric clouds is being rapidly created at the present
time, which should be reflected in extended surveys by both the
NASA Group and the IUPAC Subcommittee for the Estimation of
Gas-Kinetic Data for Atmospheric Chemistry. The second of these
groups has begun to formulate a survey of kinetic data for reactions,
mainly of organic species, which play a key role in the chemistry of
the troposphere.

The author expresses his indebtedness for the great contribution
made to this review by his colleagues on the JIUPAC Subcommittee
Roger Atkinson, Don Baulch, Tony Cox, Bob Hampson, and
Jurgen Troe.
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