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ABSTRACT

This is the eighth in a series of evaluated sets of rate constants and
photochemical cross sections compiled by the NASA Panel for Data Evaluation.
The primary application of the data is in the noc_lf_l_in:g_of stratospheric
processes, with particular emphasis on t-:he ozone layer and its possible‘

perturbation by anthropogenic and natural phenomena. Copies of this evalua-

tion are available from the Jet Propulsion Laboratory, Documentation Section,—— - -

111-116B, California Institute of Technology, Pasadena, California, 91109.
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"but only when it is expected that they will appear as published journal

_—

Copies of this evaluation may be obtained by requesting JPL Publication
87-41 from:

Documentation Section

111-116B

4800 Oak Grove Drive

Pasadena, CA 91109
Telephone: (818) 354-5090

BASIS OF THE RECOMMENDATIONS

The recommended rate constants and cross sactions are based on labora-_
tory measurements. In order to provide recommendations ;hat are as up-to-
date as possible, preprints and written private communications are accepted, ) .
articles. In no cases are rate constants adjusted to fit observations of
stratospheric concentrations. The Panel considers the question of consis-
tency of data with expectations based on the theory of reaction kinetics,
and when a discrepancy appears to exist this fact is pointed out in the
accompanying note. "The major use of theoretical extrapolation of data is

in connection with three-body reactions, in which the required pressure or

temperature dependence is sometimes unavailable from laboratory measurements,

and can be estimated by use of appropriate theoretical treatment. In the

case-of important rate constants for which no -experimental -data are avail- -

able, the panel may provide estimates of rate constant parameters based on

analogy to similar reactions for which data are available.

)
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RECENT CHANGES AND CURRENT NEEDS
OF LABORATORY KINETICS

Laboratory studies have produced no major changes in the kinetics and
photochemistry used to model the normal stratosphere since the publication
of our previous evaluation, JPL Publication 85-37. There are approximately

thirty-seven changes in the rate constant recommendations in the present

evaluation, But these are for the most part minor. Nonetheless, an

importan. refinement has been made in the rate constant for OH + HO,, and
some significant changes in NO, chemistry have also been made. Forty-two
new reactions ha;ré_ been added, represe;tit—xg— prta—ces;e: ;wt;ich éiay sm;llr b_u.r:
possibly significant roles in the stratosphere. Some reactions which are
,thought_fo be unimportant in the st:-ra’;o-si)l;-re” arevr inéi\;ded-for coupleten;;—
and for possible applications to laboratory studies.

The recent emphasis on Antarctic chemistry, with its unusual charac-
teristics of low temperature and the presence of polar stratospheric Aclouds,
has focused attention on three areas of stratospher’'c chemistry not
previously considered very important: (1) chemistry at temperatures as low
as 180 K; (2) heterogeneous reactions, especially on ice particles; and

(3) certain reactions such as Cl0 + Cl0, which are normally not competitive

in the stratosphere because of the low ClO concentration.

conducted at temperatures below 220 K, partly because of ci-iffi;:x;l:ci—e§.<vvith
énha-nééa_;urface reactivity, and because such work has noc been considered
relevant to the stratosphere. It is now apporent that increased emphasis
should be placed on the temperature regime of 180-220 K, especially since

the simple Arrhenius temperature coefficients of several very important

reactions, e.g., Cl + CH, and HO, + O3, are not sufficiently reliable

Very few laboratory studies of -sctratospheric -chemistry have~ beemw———"7"— —
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for extrapolation to very low temperatures. Indeed, the Arrhenius equation
may prove to be unacceptable for wide temperature ranges, because of the

more complex dependence shown by many reactions.
An additional aspect of low temperature chemistry is the possibly
Examples are the formation of 0,

The kinetics and

enhanced role of complex formation.
complexes with species such as C10 and atomic chlorine.
In-this connection,

- thermochemistry-for-these processes are not well known.
ve have now provided uncertainty estimates in the tabulation of equilibrium
The chemistry and photochemistry of complexes may also

constants, .Table 3.
be significant in certain cases.
. Heterogeneous chemistry on aerosol perticles has previously been

“considered to be of marginal importance in the stratosphere (i.e., see the
It has nevertheless

discussion on heterogeneous chemistry on page 16).

long been recognized that certain very slow gas phase processes, such as
might be significantly accelerated on

hydrolysis of chlorine nitrate,
It is now thought that such processes on ice particles

particle surfaces.
are possibly of major importance in Antarctic ozone chemistry. The effects

of volcanic emissions, which temporarily increase the stratospheric particle
loading by large amounts, may also be important in short term (two to three
As a i

year) ozone fluctuations.
Measurements in Antarctica show that unexpectedly high concentrations -

of ClO are present in certain regions within the polar vortex.
reactions such as Cl0 + Cl0 may play a major role in the
Very little is known about the chemistry

In

consequence,
chlorine chemistry of that region.
of the Cl,0, dimer, which may exist in more than one isomeric form.
the present evaluation, we have not attempted to make recommendations for

the high chlorine chemistry because of the lack of information.
S

-
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Vith regard to changes made in the present evaluation, it should also

be mentioned that a table of enthalpy data has now been added as an Appendix.

Oy.Reactions
The kinetics of the O, 05, and 03 system appear to be well established.

There remains some concern about the possible roles of excited states of 0,,

- especially Oz(lA)’,' but at present there is no evidence that these states

have any important effects on the overall chemistry of the stratosphere.
Bair and coworkers (Locker et al., 1987) report formation of about 60%
electronically excited 03(382) as an intermediate in the O + 0y + M reaction.

Based on their rate constant for quenching to the ground state, the ratio

" of excited 04 “to ground state O3 is at most a few parts pe-fmthousand at

60 km, and decreases sharply at lower altitudes. Thus, unless the quenching

process itself results in chemical change, the process may be insignificant.

o(!D) Reactions

The data base for 0(1D) kineties is in fairly good condition. There
is good to excellent agreement among independent measurements of the absolute
rate constants for O(ID) deactivation by the major atmospheric components,

Ny and Op, and by the critical radical-producing components, H,0, CH,, N,0,

and Hy.. There are fewer direct studies of the-products of the deactivation-

processes, but in most cases these det:-ails appear to be of minor importance.
Some processes of interest 'forv product studies include the reactions of
O(ID) with CH, and halocarbons. Possible kinetic energy effects from
photolytically generated O(ID) are probably not important in the atmosphere
but may contribute complications in laboratory studies. The rate coefficient
for the reaction of O(ID) with HCN should be measured since it may play a
role in the atmospheric oxidation of this trace gas.

6
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) HO, Reactions

Qur knowledge of the kinetics of HO, radicals has continued to improve.
The most significant development with this report is on the OH + HO,
reaction. This reaction is a key HO, radical termination step throughout
much of the atmosphere. New measurements by Keyser (1987) appear to explain
a discrepancy between previous low pressure and high pressure measurements.
Keyéery haé—f-o;thcl-- a sy,sgt:em.;ci; e;;or due to the pres;nce of at;inic H-;n; 0
in the low pressure discharge flow experiments. The recommended rate
"coefficient for the OH + HO, reaction has been increased and the previous

pressure dependence has been removed. The recommendation for k(HOy + 03)

" has also been revised, but the overall sit_uation for éis__rgact‘:i_én_@_s_}ess

satisfactory. All of the data for the temperature range 240-400 K cannot
be fit satisfactorily with a single Arrhenius equation. The recommendation
is weighted heavily toward the 1low temperature data for stratospheric
applications. High quality measurements that avoid the limitations of the

previous studies are still needed for both reactions.

KO, Reactions
The data base for NO, reactions is relatively well established. The
rate constant for the important O + NO, reaction has geen révised resulting
“in a 20% increass at 220 K. Our ;r‘xd-e.rstandi_ég of the —impottant: OH + H.NO_3 - -
. reaction has improved due to confi;qation of a small pressure dependence,
which helps explain some of the earlier divergence between flash and flow
studies. The equally important OH + HOoNO, reaction is not as well
characterized, particularly with regard to the temperature dependence.

Additional studies of the HOp + NO, + M recombination are alsc needed,

especially on the temperature depenZence of the low pressure limit.

a*
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) Recently, direct studies of some key NO3 reactions have become available,
greatly improving the reliability of that data base.
The data for NH, reactions are sparse. There are a large number of

studies only for the NH, + NO reactions and thegse show a factor of two

discrepancy between flow and flash systems.

.- . .. Hydrocarbon Oxjdation = .

Our understanding of hydrocarbon. oxidation in the atmosphere has

inproved considerably in the ‘past: few years. All hydrocarbons are released

at the surface of the earth, and their degradation 1nv the troposphere is
initiated by reaction with OH (and with ozone in the case of olefins).
Depending on their reactivity with .OH. only a fraction of the surf-ace-flux
of hydrocarbons is transported into the stratosphere, where their oxidation
serves as a source of water vapor. In addition, the reaction of atomic
chlorine with these hydrocarbons (mainly CH,) constitutes one of the major
sink mechanisms fof: active chlorine. Even though CH, is the predominant
hydrocarbon in the-stratosphere, we-have included in this evaluation certain
reactions of a few heavier hydrocarbon species.

In the stratosphere, CH, oxidation is initiated by its reaction with

either OH or Cl (and to a limited extent O(ID)), leaaing to formation of

R " CHy and subsequently CH30,. Several details of the~ subsequent  chemistry-

are unclear, primarily because two key reactions are not well characterized.

v

These reactions are: (1) CH30o + HO,, which exhibits an unusual temperature

dependence analogous to that for the HO, + HOy reaction and (2) CH3OOH + OH,

1\\' .

vhich has been recently studied in a competitive system and found to be
extremely rapid. Discrepancies in the absorption cross sections of CH;0,
. and HOj have added to the uncertainty regarding the rate coefficient for the
v
y 8
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) CH307 + HOp reaction. Even though the rate constants for the two reactions
mentioned above are not very well known, the effects of these uncertainties
on stratospheric 03 perturbation calculations are negligible.

One area of hydrocarbon oxidation which has seen a great deal of
improvement is that of product analysis. However, some additional work
may be required to measure branching ratios for reactions such as CHy0, +
“Giop and g0y + M0y, T -

The oxidation scheme for higher .hydrocarbons has not been fully
- elucidated. Ho&éver, the rate of cranspo'rc of these ﬁy&rbcarb&\é into the
stratosphere can be easily calculated since the rates of reactions with OH
are well known. In most cases it is expected that the radicals formed from
the initial OH or Cl1 attack will follow courses analogous to CH3, and

ultimately lead to CO.

Halogen Chemistry

The recommendations for the important ClO:.= reactions have not changed
significantly since the previous evaluation. This reflects the fact that
most of the important homogeneous gas phase processes are well understood.
There is a better upper limit to the rate of reaction of ClONO, with HCl

and a new entry for the reaction of ClONO, with Hy0. The data indicate

' _cp;t~__;—iigsé_ilainogeneous gas pi‘xaéé reactions are t;:c_a slow toil-:e ﬁnportant in
the chemistry of the stratosphere, but it is possible that the corresponding
heterogeneous reactions may be important under certain conditions such as
those in the atmosphere above Antarctica. There are new entries for the
reactions of OH with seven potential alternative chlorofluorocarbons.
There are still a number of questions regarding the important Cl0 + Cl0

reaction: the absolute rate as a function of T and P; the relative

W T _
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izportance of bimolecular and termolecular reaction channels as a function
of T and P; the dependence of prc;duct branching ratios on T and P; importance
of the dimer and its reactions and photochemistry; possible role of complex
formation with 0,. There are only minor changes in the data base for

reactions of BrO, and FO, species apart from changes in the recommendations

for the reactions of Br atoms with HOy and Hy05. There have been several.

recent studies of the important BrO + ClO0 reaction which have improved our
knowledge of the rate constant at room temperature, but further work is

required to determine the temperature dependence and product ratios.

80, Reactjons - -~ - -

The da?:a ba.;e on homoge;xeous sﬁlfur chemistry continues to change and
expand as we obtain more detailed laboratory data on a number of oxidative
processes. In particular, we now have information on the temperature-
dependence of several SH reactions important in the atmospheric oxidation
qf HyS and first-time information on several HSO reactions. Nevertheless,
our understanding of the reactivity of these radicals is still far from
complete. Similar improvements have been seen in the data for the reactions

of SO with several atmospheric molecules (notably Cl0, BrO, and-NOz). of

particular interest are the first direct measurements of HO0S0, which had

- been post:ulated by Stockwell anc—i Calvert (1983)  and Margitan (1984a) as an

intermediate in the oxidation of S50, into sulfuric acid via the sequence
OH + S0, + M - HOSO, + M

HOSOZ + 02 4 Hoz + 503

New data by Gleason et _al. (1987) and by Gleason and Howard (1987) result
in a direct determination of the rate constant for the second reaction and

support a homogeneous gas phase SOj oxidation mechanism involving no net

10
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change in HO, per H,S0, formed while negating a reaction sequence

involving SO3 formation wvia the. OH + HOS05 reaction (a mechanism which
would have resulted in the loss of two OH radicals per H,S0, formed).
However, there is a need for still further information on the atmospheric
reactivity of HOS0, and perhaps even on reactions involving its possible
complexes with 0, or Hy0. Along these latter lines, a recent study by

Huie and Neta (1984) demonstrates that the formation of the HOS0; -0,

adduct predominates in solution. While the acidic natures of both HOSO;

and iIOSOZ'OZ result in their deprotonation in solution and existence as the
803" and SOg~ anionms, thes_e_ res_'.u-lt:s suggest t:hf_ possible atmospheric
importance of the "0y adduct™in its hydrated form. 1In this and most”
discussions, SO3 has been thought of as equivalent to sulfuric acid. This
is supported by recent experiments by Hofmann-Sievert and Castleman (1984)
which sugéest the rapid isomerization of the adduct S05-Hy0 to H,S0,
with a barrier to this process of less than 13 kcal/mol. Further information
on the reactions of 503 with other atmospheric—species is needed to assess
the competition of these reactions with S03 hydrolysis.

Additional progress has been made in developing an understanding of
the mechanisms of 0CS and CS, oxidation. There are now additional studitz#
of OH with both species. In the case of CS, thexfe‘ have been direct

observations of reversible adduct formation with OH as well as further

confirmation of its 0,-enhanced pressure dependent oxidation by OH. Recent

% data for OH + OCS does not reveal a rate constant dependence on total
pressure or O, pressure despite the observation of direct formation of SH

. in both the CS, and OCS reactions and the postulation of similar complex

v

@ (adduct) mechanisms. New data indicate that the direct bimolecular reactions

]
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cant role.

have markedly different Arrhenius parameters from one another, thereby
suggesting significant enetgeﬁic differences in the reaction surfaces
describing adduct forn:at:i.on. Further information regarding the elementary
steps in the oxidation of both species should further our understanding of

complex mechanisms in general.

Twelve new reactions of sodium species have been introduced in this

" evaluation. ~Sodfum is deposited in the upper atmosphere by meteors along

with larger amounts of silicon, magnesium, and iron; comparable amounts of
aluminum, nickel, and calefum; and smaller amounts of ‘potassium, chromium,
manganese, andv other elements. The interest is greatest in the alkali
metals because they form the least stable oxides and thus free atoms c.an
be regenerated through photolysis and reactions with O and 0,. Thé other
meteoric elements are expected to form more stable oxides.

The total flux of alkali metals through the atmosphere is relatively

small, e.g., one or two orders of magnitude less than CFMs. Therefore

extremely efficient catalytic cycles are required in order for Na to have

a significant effect on stratospheric chemistry. There are no measurements

of metals or metal compounds in_the stratosphere which indicate a signifi-

It has been proposed that the highly polar metal compounds may
polymerize to form clusters and that the stratospheric concentrations of free
metal compounds are too small to play a significant role in the chemistry.

Some recent studies have shown that the polar species NaO and NaOH
associate with abundant gases such as 0, and CO, with very fast rates in

the atmosphere. It has been proposed that reactions of this type will lead

12
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g compounds, Photolysis 1s expected to compete with the association

to the production of clusters with many molecules attached to the sodium

- reactions and to 1limit the cluster concentrations in daylight. 1f
atmospheric sodium does form large clusters, it 1s unlikely that Na
species can have a significant role in stratospheric ozone chemistry. In

order to assess the importance of these processes, data are needed on the

association rates and the photolysis rates involving the ciuIs?er species.

..  —Photochemical Cross Sections . __ L
The absox;pt:ion cross sections of Op; around 200 nm -- that is, at the
onset of the Herzberg continuum -- have bee:n"_ remeasured in t‘her laboratory
‘and are now in better agreement with the values inferred from solar = -  —
irradiance measurements in the stratosphere.
The temperature dependence of the absorption cross sections of HO,NO»

and Hg0, in the 300 nm region might be significant and should be determined.

The photochemistry of the Cl0 dimer, Cl,0,, must be studied in detail.

ATMOSPHERIC CHEMISTRY
Overview

The ozone content of earth’s atmosphere can be considered to exist in

“three ‘distinct pégi_c_:r_xé, Et;é“t-;oposp;xer;. stratosphere, and mesosphere. The
3/ unpolluted troposphere contains small amounts of ozone, which come from both
downward transport from the stratosphere and from in situ photochemical

production. The chemistry of the global troposphere is complex, with both

~. homogeneous and heterogeneous (e.g., raia-out) processes playing important
roles. The homogeneous chemistry is governed by coupling between the
r‘,’ carbon/nitrogen/hydrogen and oxygen systems and can be considered to be
.4 13
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more complex than the chemistry of the stratosphere, due to the presence
of higher hydrocarbons, long photochemical relaxation times, higher total
pressures, and the high relative humidity which may affect the reactivity
of certain key species such as HO,. Significant progress is being made
in Qnderst:anding the coupling between the different chemical systems,

especially the mechanism of methane oxidation which partially controls

"the “odd hydrogen budget.” This is an important development, as reactions

of the hydroxyl radical are the primary loss mechanism for compounds

containing- C-H (CH,, ~CH4Cl, CHF,Cl, etc.) or C-C (c,C1,, CoHCl3, CoHy,

etc.), thus limiting the fraction transported into the stratosphere.

The stratosphere is the regiom of -the atmosphere ‘where the bulk of

the ozone resides, with the concentration reaching a maximum value of

about 5 x 1012 molecule cm'3

at an altitude of ~25 km. Ozone in the
stratosphere is removed predominantly by catalytic (i.e., non-Chapman)
processes, but the assignment of their relative importance and the
prediction of their future impact are dependent on a detailed understanding
of chemical reactions which form, remove and interconvert the catalytic

species. A model calculation of stratospheric composition may include

some 150 chemical reactions and photochemical processes, which vary greatly

in their importance in controlling the density of ozone. Laboratory

measurements of the rates of these reactions have prbgfessed rapidly in
recent years, and have given us a basic understanding of the processes
involved, particularly in the upper stratosphere. Despite the basically
sound understanding of overall stratospheric chemistry which presently
exists, much remains to be done to quantify errors, to identify reaction
channels positively, and to measure reaction rates both under conditions
corresponding to the lower stratosphere (~210 K, ~75 torr) as well as the

14
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.top of the stratosphere (-~270 K, .~1 torr). As previously mentioned,

Antarctic conditions require the consideration of even lower temperatures.

The chemistry of the upper stratosphere, i.e. 30-50 km, is thought to
be reasonably well defined, although there appear to be some significant
differences between the predicted and observed chemical composition of
this region of the atmosphere which may be due to inaccurate rate data or
missing chemistry. In this region the composition of the atmosphere is
p;gdpga_i.nantily ph_gg:o_che_mically Sont;?].}ec} -{ngl the photgly;ic _lifetines of
temporary reservoir species such as HOCL, HO,NO,, ClONO,, NoO5 and HyO,

are short and hence they play a minor role. Thus the important processes

above 30 km all involve "atoms "and small molecules. ' The majority of
laboratory studies of these reactions has been carried out wunder the
conditions of pressure and temperature which are encountered in the upper
stratosphere, and their overall status appears to be good. Mo significant
changes in rate coefficients for the key reactions such as Cl + 03, NO + ClO,
NO-+ 03, etc., have occurred in the last few years. Historically, a-major
area of concern in the chemistry of the upper stratosphere has involved the
reaction between HO and HO, radicals, which has had considerable uncertainty

in the rate constant. This HO, termination reaction plays an important role

in determining the absolute concentrations of HO and HO,, dnd since HO plays

a central role in controlling the catalytic efficiencies of both N0, and

Clo,, it is a reaction of considerable importance. Recently the uncertainty
in the rate coefficient for the reaction has decreased, now being thought
to be about a factor of 1.3 to 1.8 over the range of atmospheric conditions.
It should be noted that the HO + Hy05, HO + HNO3 and HO + HO,NO, reactions
have little effect on controlling the HO, concentrations above 30 lam.

For reactions such as O + HO and O + HOp, which control the HO, radical

15
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partitioning above 40 km, the data base-can be considered to be quite good.

One area in which additional studies may be needed is that of excited
state chemistry, f{.e., studies to determine whether electronic or vibrational
states of certain atmospheric constituents may be more important than hitherto

recognized. Possible examples are 02*, 03*, HO*, or Nz*.

The chemistry of the lower stratosphere is quite complex, with signifi-

cant coupling between the HO,, NO, and C10, families. 1In this region of

the atmosphere (15-30 km) both dynanics and phot:ochenistry play key roles

in conttoll:lng the trace gas distribucions It 1is also within this region
that the question of the pressure and temperature dependences of the rate

and the high total pressures (30-200 torr).

Heterogensous Effects

A continuing question in stratospheric modeling 1is whether or not
aerosols perturb the homogeneous chemistry to a significant degree. This
question has assumed much greater importance in connection with the possible
role of polar stratospheric clouds in Antarctic chemistry. Effects could
arise through the following processes:

1. Surface catalysis of chemical reactions.

2. Produccion or removal of active species.

3. Effects of aerosol precursors such as S0,.

In NASA Reference Publications 1010 and 1049, processes 1 and 2 above
were discussed in general terms. It was shown that, with a few possibly
significant exceptions, surface catalysis of chemical reactions is not
expected to compete with the rates of homogeneous gas phase reactioms.

The essential reason is that the frequency of collision of a gas phase

16

_coefficient:s is most critlcal. due to the low temperatures (210 K -and lower) - -

vy



-

I fwna

A

Iy

ws
v

)

molecule. with the aerosol surface is typically of the order of 10°> sec';.
whereas most of the key gas phase reactions ocecur with much greater
frequency, for example, conversion of atomic chlorine to HCL by the Cl1 +
CH, reaction (10'2 sec'l). Thus, even in the unlikely case of unit

reaction efficiency on the aerosol surface the heterogeneous process

cannot be significant. Possible exceptions occur for reactions which are . __ _.

extremely siow in the gas phase, such as hydrolysis of an anhydride,

as in the reaction Njy05 + Hy0 -+ 2HNO3. "There remains some uncertainty

with regard to the role of these latter processes.

It was also shown in NASA Publicacions 71010 and 1049 that there is

‘no evidence that aerosols serve as significant™ sources or sinks of the

major active species such as chlorine compounds. However, Hunten et al,
(1980) have suggested that dust particles of meteoritic origin may scavenge
metallic atoms and ions, and in particular may remove Na diffusing from the
mesosphere in the form of absorbed NaOH or Na,S0,.

Although it appears that aerosols do not greatly perturb the ambient
concentrations of active species through direct interaction with the
surfaces, the aerosol precursors may significantly perturb the stratospheric

cycles through removal of species such as OH radicals. For example, a.

‘large injection of $0,, such as that.which occurred in the El Chichon.

eruption, has the potential of significantly depleting HO, radical concen-
trations, as was discussed in the section on SO, chemistry. It must be
reiterated, however, that recent studies of the mechanism of S0y oxicdation
have shown that OH plays a catalytic role, and, therefore, the process does

not result in a net loss of OH from the system.

17
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The effects of aerosols on the radiation field and on the temperature
may also need to be considered. These effects are probably small, however.
There are two problems with regard to detecting the effects of aetosbl
injections such as that following the El Chichon eruption. One is that no
adequate baseline exists for the unperturbed atmosphere, and therefore a
given observation cannot unambiguously be assigned to the enhanced presence

of the aerosol loading. A second problem is that, as already discussed,

the effects are expected to be subtle and probably of small magnitude.

Thus, in spite "of 'largé changes that may occur in the aerosol content ~

of the 1lower stratosphere, effects on the chemical balance will be

difficult to detect: ' Tt Tt T T

RATE CONSTANT DATA
In Table 1 (Rate Constants for Second Order Reactions) the reactions

are grouped into the classes Oy, 0(1D), HO,, NO Hydrocarbon Reactions,

xX?

clo

< FO.

BrO w» and SO,. . The data in Table 2 (Rate Constants for Three-

x’
Body Reactions), while not grouped by class, are presented in the same order
as the bimolecular reactions. Further, the presentation of photochemical

cross section data follows the same sequence.

Bimolecular Reactions™ ~

Some of the reactions in Table 1 are actually more complex than simple
two-body reactions. To explain the anomalous pressure and teaperature de-
pendences occasionally seen in reactions of this type, it is necessary to
consider the bimolecular class of reactions in terms of two subcategories,

direct (concerted) and indirect (non-concerted) reactions.

18
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A direct or concerted bimolecular reaction is one in which the reac-
tants A and B proceed to products C and D without the intermediate formation
of an AB adduct which has appreciable bonding, i.e., no stable A-B molecule
exists, and there is no reaction intermediate other than the transition
state of the reaction, (AB)™.

A+B - (AB)* - C+D

The reaction of OH with CH, forming Hy0 + CH3 is an example of a :eaction
of this class.. - - .

Very useful correlations between the expected structure of the transi-
tion state [AB]™ and the A-factor of the reaction rate constant can be
made,v Vespecialvly in reactions which are constrained to fbj.fc;vi a well-defined
approach of the two reactants in order to minimize energy requirements in
the making and breaking of bonds. The rate constants for these reactions
are well represented by the Arrhenius expression k = A exp(-E/RT) in the
200-300 K temperature range. These rate constants are not pressure dependent.

The indirect or non-concerted class of bimolecular reactions is charac-
terized by a more complex reaction path involving a potential well between

reactants and products, leading to a bound adduct (or reaction complex)

formed between the reactants A and B:

-

A+B_[AB]*-»C+D

The intermediate [AB]* is different from the transition state [AB]™, in that
it is a bound molecule which can, in principle, be isolated. (Of course,
transition states are involved in all of the above reactions, both forward

and backward, but are not explicitly shown.) An example of this reaction

19
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type is Cl10 + NO, which normally produces Cl + NO, as a bimolecular
product, but which undoubtedly involves ClONO (chlorine nitrite) as an
intermediate. This can be viewed as a chemical activation process forming
(CIONO)* vhich decomposes to the ultimate products, Cl + NO,. ' Reactions
of the non-concerted type can have a more complex temperature dependence,

can exhibit a pressure dependence if the lifetime of [AB]* is comparable

-~ -= == —to the rate of collisional deactivation of [AB]*. This arises because the

relative rate at which [AB]* goes to products C + D vs. reactants A + B is
a sensitive function of-its excifation— energy. - Thus, in reactions of this

type, the distinction between the bimolecular and termolecular classification

. becomes less meaningful, and -1t is especially nécessary to study such

-feactiox{s under the temperature and pressure conditions in which they are

to be used in model calculations.

The rate constant tabulation for second-order reactions (Table 1) is
given in Arrhenius form: k(T) = A exp ((-g) (%)) and contains the following
information:

1. Reaction stoichiometry and products (1f known). The

pressure dependences are included, where appropriate.

2. Arrhenius A-factor.

3. Temperature dependence and associated uncertainty
- ('a-c;civ:;t-i;n. t‘:;empétature" E/R+nE/R).

. 4, Rate constant at 298 K. - e e

5. Uncertainty factor at 298 K.

6. Note giving basis of recommendation and any other

pertinent information.

20
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) Termolecylar Reactions

Rate constants for third order reactions (Table 2) of the type

M
A + B 7 [AB]* ~ AB are given in the form
0 - 6 -2 -
ko(T) = k°3 0(1/300) "™ cn® molecule-? s-1,

(where the value is suitable for air as the third body), together with the

" “recommended value of n. Where pressure ‘fall-off corrections are nel:essar&,

an additional entry gives the limiting high pressure rate constant in a.

- " similar form:

Ko(T) = kaoo('l‘/300)'m cm3 molecule™! g-1, t.-

To obtain the effective second-order rate constant for a given condition of

temperature and pressure (altitude), the following formula {s wused:

kg (T) (4] (1 [Logrolko(D [M]/ku(T)12) 72

1 + (ko (T) [M]/ka(T))

k(Z) = k(M,T) = ( ) 0.

The fixed value 0.6 which appears in this formula fits the data for all

listed reactions adequately, _although in principle this quantity may be

_ differ_ent: f_o_r 'gach reefgcior.x.
Thus, a compilation of rate constants of this typé requ{rég the si:ip;-
lation of the four parameters, k,(300), n; k,(300), and m. - These-can
be found in Table 2. The discussion that foilows outlines the general
methods we have used in establishing this table, and the notes to the table

discuss specific data sources.
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Low-Pressure Limiting Rate Constant [k3(T)]

s

Troe (1977) has described a simple method for obtaining low-pressure

” limicting rate constants. In essence this method depends on the definition:

"

kg(T) = pxk}o‘,sc(r)

Here sc signifies "strong™ collisions, x denotes the bath gas, and g, is
an efficiency parameter (0 < 8 < 1), vhic; provide;a neasure of eﬁergy )
transfer.

The coefficient f, is related to the average energy transferred in a

collision with gas x, <AE>,, via:

1-8,1/2 Fg kT

Notice that <AE> is quite sensitive to 8. Fp is the correction factor of the
energy dependence of the density of states (a quantity of the order of 1.1 for
most species of stratospheric interest).

For many of the reactions of possible straitospheric interest reviewved
here, there exist data in the low-pressure limit (or very close thereto), and
ve have chosen to evaluate and unify this data by calculating k’;' sc(T) for

- . ... the appropriate bath gas x and computing the value of By correspending to tl_le

experinental value [Troe (1977)]). A recent compilation (Patrick and Goldeﬁ,-

_--’ 1983) gives details for many of the reactions considered here. T

) From the gy values (most of which are for Nz; i.e., ﬁN2), ve compute
’/’_ <AE>, according to the above equation. Values of <ADN2 of approximately

0.3-1 keal mole™! are generally expected. If multiple data exist, we average

. the values of <AE>N2 and recommend a rate constant corresponding to the ﬁN2 -
"-'}‘ computed in the equation above.
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) Where no data exist we have estimated the low-pressure rate constant by

{ taking ﬂN2 = 0.3 at T = 300 K, a value based on those cases where data exist.

Temperature Dependence of Low-Pressure Limiting Rate Constants: n

The value of n recommended here comes from a calculation of <AE:>N2 from

the data at 300 K, and a computation of ﬂNZ (200 K) assuming that <ADN2 is

. .independent_of temperature in this range. This ﬁnz (200 K) value is combined

with the computed value of k,°¢ (200 K) to give the expected value of the

actual rate constant at 200__1(.. ) Th:_ls";latt:erwin combination with the value
at 300 K yields the value of n.

This procedure can be directly compared with measured values of k,

) “ "7 7 (200 K)Y when those exist. Unfortunately;~ very few-values at 200 K are - — —

available. There are often temperature-dependent studies, but some ambiguity
exists when one attempts to extrapolate these down to 200 K. If data are
to be extrapolated beyond the measured Itemperature range, a choice must be
made as to the functional form of the temperature dependence. There are
two general ways—of expressing the temperature dependence of rate constants.
Either the Arrhenius expression k,(T) = Aexp(-E/RT) or the form ko(T) = A’
T ™ is employed. Since neither of these extrapolation techniques is soundly
based, and since they often yield values -t;hat;. differ substantially, we have

used the method explained earlier as the basis of our recommendatioms. T -

v

T High-Pressure Limit Rate Constants [k,(T)] : - - S

High-pressure rate constants can often be obtained experimentally, but

A

those for the relatively small species of atmospheric importance usually
reach the high-pressure lﬁit at inaccessibly high pressures. This 1leaves
two sources of these numbers, the first being guesses based upon some model,
:"‘: and the second being extrapolation of fall-off data up to higher pressures.

23
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) Stratospheric conditions generally render reactions of interest much closer

to the low-pressure limit, and thus are fairly insensitive to the high-

.y

pressure value. This means that while the extrapolation is long, and the

value of k (T) not very accurate, a "reasonable guess” of k,(T) will then

suffice. In some cases we have declined to guess since the low-pressure

limit is effective over the entire range of stratospheric conditions.

Temperature Dependence of High-Pressure Limit Rate Constants: m
There are very little data upon which to base a recommendation for
values of m. Values in Table 2 are estimated, based on models for the tran-

sition state of bond association reactions and whatever data are gvailable.

Iéomer For;nation

A particular problem with association reactions arises when there are
easily accessible isomeric forms of the molecule AB. 1In this situation, if
the laboratory measurement of the rate constant is accomplished by following
the disappearance of reactants, the value ascertained may be the sum of two
or more processes that should be measured and tabulated independently. A
specific example of such a case is found in Table 2 for the reactions of

Cl-atoms with NO,. These reactants may come together to form either ClNO,

- ' important dépends on the relative stability of the possible products. At

the moment the only case that we are sure about is the above example. 1In
the past however, there was some thought that data on the reaction between
Cl0 radicals and NO; could be understood only in terms of the formation of
both chlorine nitrate (ClONOz) and other isomers (ClOONO, OClONO). Exﬁeti-

ments have shown that this is not the case and that chlorine nitrate is the

24
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) A

) sole product. This question is discussed at some length in note 16 of.
: Table 2.
r There are many other possibilities for isomer formation in the reac-

tions listed in Table 2. In some of the notes we have specifically pointed

this out, but even for reactions where no mention is made of isomers, because
.. we felt that: they could not contribute under a.tmospheric conditions, extrap-

olat:ion to higher pressures and lower temperatures should be done with the

possibilities kept in mind.

c a timates
_For second-order rate constants in Table 1, an estimate.of the uncer-

t:ainty at any g_iiren temperature may be obtained from the -following expressiorr

- AE 1.1
£(T) - £(298) exp | ( T " 298 ) |

An upper or lower bound (corresponding approximately to one standard devia-
tion) of the rate constant at any temperature T can be obtained by multiplying
or dividing the value of the rate constant at that temperature by the factor
£(T). The quantities £(298) and AE/R are, respectively, the uncertainty in
the rate constant at 298 K and in the Arrhenius temperature coefficient, as

listed in Table 1. This approach is based on the fact that rate constants

- are almost always known with minimum uncertainty at room temperature The

= overall uncertainty normally increases at other temperatures, because there

are usually fewer data and it is almost always more difficult to make

- measurements at other temperatures. It is important to note that the

” ) uncertainty at a temperature T cannot be calculated from the expression
exp(AE/RT). The above expression for £(T) must be used to obtain the
correct result. |

25
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" arising from the temperature extrapolation is expressed as an uncertainty

The uncertainty represented by £(298) is normally symmetric; i.e., the
rate constant may be greater than or less than the central value, k(298),
by the factor £(298). 1In a few cases in Table 1 asymmetric uncertainties
are given in the temperature coefficient. Examples of symmetric and asym-
metric error limits are shown in Figure 1.

For three-body reactions (Table 2) a somewhat analogous procedure is
used. Unééft;ix;ﬁie;: ”;x‘p;es_;;i as increments to k, and k, ;re éiven
for these rate constants at room temperature. The additional uncertainty
in the temperature coefficients n and m.

_ 'The assigned uncertainties represent the subjective judgment of the
Panel. They are not determined by a rigorous, statistical analysis of the
data base, which generally is too limited to permit such an analysis.
Rather, the uncertainties are based on a knowledge of the techniques, the
difficulties of the experiments, and the potential for systematic errors.
There is obviously no way to quantify these ™unknown" errors. The spread
in results among different techniques for a given reaction may provide some

basis for an uncertainty, but the possibility of the same, or compensating,

systematic errors in all the studies must be recognized. ‘Furthermore, the

_probability distribution may not follow the normal,._Gaussian form. For

mea#urements subject to large systematic errors, the true rate constant may
be much further from the recommended value than would be expected based on
a Gaussian distribution with the stated uncertainty. As an example, the
recommended rate constants for the reactions HO, + NO and Cl1 + CIONO,
have changed by factors of 30-50, occurrences which could not have been

allowed for with any reasonable values of o in a Gaussian distribution.
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Units
The rate constants are given in units of concentration expressed as

molecules per cubic centimeter and time in seconds. Thus, for first-,

second-, and third-order reactions the units of k are s'l, cm3 molecule'l

s'l, and cm® molecule-? s'l, respectively. Cross sections are expressed as

2

cn molecule‘l, base e.
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& 0¢lp) + BC1 = products 1.s5x107 10 0100 1.5210710 1.2 A2, A7
oDy +EP~ 0B + F 1.4x10719 04100 1.4x10710 2.0 A8
#0(1D) + BB~ products 1.5x10710 0100 1.5x10710 z.0 a9
# 0c'D) + C1, ~ products 2.8x1070 0£100 2.8x071% 2 A10
oclpy + cc1, - prodacts 3.3x10" 10 04100 3.3x10°19 1.2 A2, A1

Table_1. Rate Constants for Second Order Reactions?®

2 Units ars a:’/-:loculruc.
b £(298) is the uncertainty at 28%X. To calculate the uncertainty at other temperatures,

use the expressiom: f£(T) = £(253) exp | A: (¢ i1 ) |. Note that the exponmat is

absolute value.

* Indicates a change from the previous Panel evaluation (JFPL 85-37).

T

298

have beea made for several entries in the table; these are not marked by asterisks.
# Indicates a new entry that was not in the previocus evaluation,
& Indicates a change in the Note.
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Table-1l. -(Continued)

Reaction A-Factor® E/RE(AT/R) X(298 X) £(298>° Notes
1, -10 -10
oc’py + crel, + products 2.3x10 0t100 2.3x10 1.2 A2, A1l
oc’D) + cB,CL, + products 1.4x10710 0£100 1.4x10720 1.3 52, A1l
ooy + 7, - c, + 0 1.8x10713 0100 1.8x10713 2.0 A2, A1l
0c’p) + CCL,0 = products 3,8x10710 0100 3.6x10"10 2.0 A2, A12
- 0(3p) + CFC10 = products ~ 1.9x10710 " Totfos  1.ex10°10 2.0 A2, A12
0c’p) + 7,0 ~+ products 7.4210"12 0100 7.4x10712 2.0 A2, A12
— oDy + 5B, ~08+ ME, - -+ - ~2.5x1071° 0£100 2.5x10710 13 77 a2, M3
BO_Reactions
M
H+ 02 - noz - -—=-  (See Table 2) - CT -
X -10 -11
B+0y+08+0, 1.4x10 4704200 2.9x10 1.25 n
-11 -11
* H + B0, ~ products 8.1x10 02200 8.1x10 1.3 B2
-1 -11
C+cE-~0,+H 2.2x10 -(120100) 3.3x10 1.2 B3
-11 11
40+80,~08+0, 3.0x10 -(200£100) s5.8x10 1.2 BA
-12 -15
0+ 80, + 0l + B, 1.4x10 2000£1000 1.7x10 2.0 B5
-1 -10
*OH + B0, = B,0 +0, 4.6x10 -(230£200) 1.0x10 1.3 26
.12 -14
& OH + 0, = B, + 0, 1.6x10 8402300 6.8x10 1.3 87
-12 v agn-12
OH + 0B~ B0 +0 4.2210 2404240 1.9710 1.4 B8
M
- B0, | (SeeTible2) ~ )
- - - " a aen—12 100 -12 ) -
OH + 5,0, ~ £,0 + BO,. 3.3x10 200199 1.7x10 13 9
-12 -15
OH + H, = B0 + & 5.5x10 2000£400 6.7x10 1.2 B1o

® Units are an:’/mhculo-uc.

b £(2898) 1s the uncertainty at 288K. To calculate the uncsrtainty at other taemperatures,
use the expression: £(I) = £(298) exp | & 1.1, |. Bote that the exponent is
absoluts value. R T 298

* Indicates a change from the previous Panel evaluation (JPL 285-37). Smsall round-off changes
have been made for several entries in the table; these are not marked by asterisks.

# Indicates a new entry that was not i{n the previous evaluatica.

& Indicatss a change in the Note.
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“Table Y. (Continued)

Reaction A-Factor® E/RECAE/R) (298 X) £(298,° Notes
-13 -12
& B0, + BO, = 1,0, + O, 2.3x10 -(6002200) 1.7x10 1.3 B11
iy -33 -32
- 8,0, + 0, 1.7x10”33 (M) -(1000£400) sox107 %) 1.3 M
-14 500 -15
* B0, + 0, = O + 20, 1.1x10 s00£300 2.0x10 1.3 B12

N0 __Reactions

12 32002400 s.ex10”Y

N {oz “NO+O 4.1x10° 1.25 c1
H+0,~H0+0, - - <1.0x10713 - c2
H+BOTH, 40 ~ 3.az07 T 7 ot100 “3.4x10" 311" 1.3 a ~ - T
&N + B0, = N,0 +0 - - 3.0x10712 3.0 ca
. M .
0+ 50~ 8O,  (See Table 2)° T T - i - -
-12 -12
*0+HO, =~ N0 + 0, 8.5x10 -(120£120) .7x10 1.1 cs
M
0 + 5O, = KO, (See Table 2)
0+ HO, = O, + 5O, 1.0x10”12 04150 ox10”12
3 ) > .0x 1.0x1 1.5 Cs
-16
0+ llzos = products - - <3.0z10 - c7
O + ENO, - OF + §O, - - <3.0x10"Y - cs
-11 -16
0 + BO,KO, = products 7.8x10 34004750 8.6x10 3.0 cs
-12 14
0, + HO = HO, + 0, 2.0x10 14004200 1.8210 1.2 c10
-1z -12
& NO + BO, ~ NO, + OH 3.7x10 -(240£80) 8.3x10 1.2 cn
-1 -1
* NO + KO, ~ 280, 1.7x10 -(150£100) 2.9x10 1.3 c12
OH + HO - EONO - -~ - (See Table 2) .. -
M
OB + HO, ~ ENO, (Ses Table 2) - -

Units are cnalnohculrioc.

£(298) is the uncertainty at 296K. To calculate the uncertainty at other temperatures,

use the expression: £(I) = £(293) exp | E 1L ) |. Eote that the exponent is

absolute value. R T 2%

* Indicates a change from the previous Panel evaluation (JPL 85-37). Small round-off changes
have been made for several entries in the table; these are not marked by asterisks.

# Indicates a new entry that was not in the previous evaluation.

& Indicates s change in the Note.
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) Table 1. (Continued)
Resction A-Eggg:. E/RE(AR/R) k(298 X3 “zggf’ Notes
& OH + m:! - azo + ”3 (See Note Cl) and ¥ below) 1.3 c13
.12 270 -12
& 0 + 80,40, = products 1.3x10 -(3802200) 4.8x10 1.5
. M
HO, + WO, = BOM, (Ses Table 2)
-13 .17
0y + W0, = N0y +0, 1.4210 25002140 3.2x10 1.15 c1s
0, +EMO, 0, +EN0, - -~ = - -= = . . <5,0x10°0. - —~ — — _cr6—
3 2 %9 3 .
"
NOz + l):’ - uzos {See Table 2)
& N0, + 8,0 ~ 26X, - Co- <2.0x10721 - c17
& N 04 + B Oy - - s - - = " - - —
& OH + M3, » B,0 + HH 3.6x10712 930+200 1.6x10713 1.4 ci8
) e, - 5, , . } .
NH, + BO,, = - - 3.ax10712 '
B KH, , = products e * 34107 20 = C19
B ’ & NH, + M0 = products Taex1072 -sorase)y  1me” T 200 c20
. -12 -11
& NE, + %0, + products 2.1x10 -(650£250) 1.9x10 3.0 c21
-18
& N‘Hz + 02 - products - - <3.0x10 - c22
12 -13
NE, - 0, = products 4.3x10 330£500 2.1210 3.0 c23

Bydrocarbon Resctions

-13 -13
*CH+CD+CO, +H 1.52107 (140,60, ) 0£300 1.5x10 (1+0.62,, ) 1.3 D1
-1z -15
OB + B, ~ CH, + 5,0 2.3x10 17004200 7.7x10 1.2 b2
#oe + P, ~ Pey, + m0 (See Note) 03
-11 -13
OB + C,Hg = B,0 + C,Hg 1.1x10 11004200 2.8210 1.2 Ds

Units lz.'cm:,/mllcull‘llc." - -

£(298) is the uncertainty at 298K. To calculate the uncertainty at other temperatures,

- use the expression: £(T) = £(298) exp | 4E 4 1o ) |. XNote that the expcnent is

) absoluts value. R T 298 o
* Indicates a change from the previocus Panel evaluation (JFL 85-37). Small round-off changes

have been made for several entries in the table; these are not matked by asterisks.

# Indicates a new entry that was not in the previcus evaluation.

e & Indicates a change in the Note.
4 CH + m:, pressure and tesperasture dependence fit by
X =7.2x 107 experss/m)
k441 ° -18
X(M,T) =kx_+ with kz =4.1x10 exp(1440/7)
e X, (M} -3
3 kJ -1.9x10 exp(723/T)
) 1+ —
f- kz
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Table 1. (Continued)

—Reaction A-Taztor® E/RE(AE/R) X298 ) £ez99)° Kotes
. -11 -12 '
* O + C 8, = B,0 + C,H, 1.4x10 7504200 1.1x10 1.3 Ds
o oH + czn‘ - products (3ee Table 2)
¢ 08 + C,H, = products (See Table 2)
-11 -11
§ 08 + B,C0 + H,0 + KOO 1.0x10 0£200 1.0x10 1.25 D6
¥ -12 -11
# OB + CH,CHO = CH,CO + H,0  _6.0x20 1% -(250£200) 1.4x10 .14 D7
" O + CH,008 = products 1.0x10712 0£200 1.0x10”12 2.0 ps
CH + BCX ~ products 1.2x10733 4004150 aame™ a0 D9
N o + -13 -14
C,CH = products 4.5x10 9002400 2.2x10 2.0 D10
B!
BO, + CH,0 = adduct _ - - a.sx10” 1 10,0 o
: # 0 + BCN— products- — — = 1.0x10"21° "~ 400021000 " T1.82107 1000 ~ b2
" 0 + C,H, = products 3.0x10”12 1600250 1.4x10713 1.3 D13
i
y 0 + H,C0 = products 3.4x10712 16002250 1.6x10713 1.25 D14
# 0 + CH,CHO = CE,CO + CH 1.8x10712 11004200 4.5x10713 1.25 D1s
-10 -10
0 + CB, = products 1.1x10 0250 1.1x10 1.3 D1s
E) -16
_ CH, + 0 = products - - <3.0x10 - P17
¥ M '
Caa + 0, = CH,0, (See Table 2)
-12 -12
. * CH,08 + 0, = CH,0 + B0, 9.6x10 0500 9.6x10 1.3 D18
i e -14 -15
: * CH,0 + 0, = CH,0 + B0, 3.9x10 900£300 1.9x10 1.5 p1s
i o ) - o
. - BCO# 0, CO + B, 3.5x107} -(140¢140) . 5.5x10 32 1.3 p20
,
i CH, + 0, + products s.4x10712 2204150 2.6x10"12 2.0 D21
“ * CH,0, + 0, ~ products - - <3.0x10717 - p22

® Units are mslml.oculc-uc.

b £(298) is the uncertainty at 288K. To calculate the uncertainty at other temperatures,
use the expression: f£(T) = £(298) exp | aE [4 1o ) |. HNote that the exponent is
absolute value. R 288

* Indicates a change from the previous Panel evaluation (JPL 85-37). Small round-off changes
have been made for several entries in the tabls; these are not marked by asterisks.

# Indicates a new entry that was not in the previous evaluation.

& Indicates a change in the Note.
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Table 1. (Continued)-

. Resction A-Pactor® ERLQUE/MR)  X(298 X) 229> Kotes
]
* CR,0, + CH,0, = products 1.9x107%3 -(220£220) a.0x10”¥3 1.5 D23
' .
CH,0, + MO = CH,0 + N0, 4221072 —(1802180) 7.6x10°32 1.2 D24
f M
: CH,0, + HO, = CH,0,%0, (See Table 2)
ca,0, + BO, ~ CH,008 + O, 772007 -q13002390, s.0x10732 3.0 D25
— * O, + CO = products . o A <.0x1071? - D26
¥O, + CH,0 ~+ products - - s.0x10718 1.5 p27
-12 -15
. #50, + CH,CHO = products 1.4x10 19004300 2_4x10 1.3 p28
3 Cl0__Reactions
2 &CL+0,~Cl0+0, 2.9m10°1! 2604100 1.2x10"1} 1.1 3! —
i CL+H,~BCL+H T U3t 23002200 © ~  ToEx10734 1.25 - -E2 - - -
c1 + cH, - BCL + Ca, 1,101 1400£150 1.0x10"3? 1.1 B3
Cl + C,Hy = BCL + C,f 7.7210°12 90290 s.7x10711 1.1 17
=190 =10
clL+ Csﬁa - BCL + c337 1,4x20 -(40£250) 1.6x10 1.5 ES
Cl + Czﬂz - products (Sees Table 2)
% C1 + CH,08 - CH,08 + KCL s.7210” 1 04250~ s:7x10713 1.5 6.
CL + CH,C1 = CH,CL + KCL 3,3210711 1250200 s.ox10”1? 1.2 £7
CL + CH,CN = products - - <2.0x10”33 - £8
CL + CH,CCL, = CH,CCL, + ECL - - <&.ox1071* - E9
- | CL+ H,C0 = BCL + BOO s.1x0°tt 30£100. 7300’ s T Ew0 o -
- CL+ H,0, ~ BCL + B0, ‘1.1m1073 9802500 4.121078 1.5 E11
& CL+BOCL ~CL, + 08 3.0m10"12 1304250 1.ex10712 2.0 r12

* Units are cn:’/nhculo-uc.
- b £(288) is the uncertainty at 298K. 7To calculate the uncertainty at other tamperatures,
use the expressicn: £(T) = £(298) exp | 2E ( 3 - <= ) |. ote that the exponent is
absolute value. R 238
« Indicates a change from tbe pDrevious Panel evalustion (JPL 85-37). Small round-off changes
have been made for several entries in the table; these are not marked by asterisks.

r‘ # Indicates & new entry that was pot in the previous evaluation.

A & Indicates a change in ths Sote.
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Table 1. (Continued)

’ Reaction A-!'gggg:‘ ERI(AE/R) k{298 X) g_(;oa)b Notes
-14
Cl + HNMO, ~ products - - <1.7x10 - E13
4
4CL + BO, = BCL + 0, 1.ax1073  -(1702200) 3.2x10712 1.5 El4
¢ -11 -12
~ 0| + C10 4.1x10 4502200 9.1x10 2.0 El4
€l + CL,0 = C1, + CI0 9.8x10”12 04250 9.8x107 11 1.2 E15
T CL + OC10 = C10 + CI0 siox10731-- — - oms0 - - s.gx10”M 1.25 E16
CL + Cl0M0, = products s.ex10”32  -(1802200) 1.2r10”12 1.3 By
"
CL + MO = MOCL. - (See Table 2} _ __
i M
M CL + ¥O, = C1ON0 (C1N,) (See Table 2)
£ - *Cl + K0, = C10 + %0, s.2x10”1? 0£400 5.2x10712 2.0 E18
Fs . - J— - e e e
- #CL+N0-CIO+ N, (See Nota) T E19
*CL +ClN0 » MO + CL, 6.0x10" 11 o139 s.0x10” 11 2.0 E20
H
€l + 0, = €100 (See Table 2)
-10 -10
CL + €100 = €1, + 0, 1.4x10 02250 1.4x10 3.0 E21
- €10 + €10 8.0x10"12 04250 s.ox10712 3.0 E21
. -1 -11
Clo +0~ClL +0, 3.0x10 -(70470) 3.8210 1.2 £22
-12 -11
C10 + HO = BO, + C1 6.4x10 -(290£100) 1.7x10 1.15 £23
M
C10 + §O, ~ CloM, (See Table 2)
-13 -13
C10 + M0y = products 4.0x10 0£400 5.0x10 2.0 E24
. . &ClO+ 80, ~ BXCL + 0, sex10™? -(700e350) s.0x10732 - -1 E25
o -12 -15
; - - €10 + B,C0 - products ~1.0x10 >2100 <1.ox0715 - E26
* C10 + 08 - products 1.1x1073  —(1208150) 1.7x10712 1.5 £27

Units are u-alnolocuh-soc.

~ £(298) is the uncertainty at 238K. To calculate the uncertainty at other tesperatures,

’ use the expression: £(T) = £(298) exp | & 1.1, |. Note that the exponent is
absolute value. R T 238

* Indicates a change from the prsvious Panel evaluation (JFL 85-37). Small round-off changes

have been made for several sutries in the table: these are not sarked by asterisks.
# Indicates a new entry that was not in the previous evalustica.

& Indicates a change in the Nots.
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Table 1. (Continued)

_Resction A-Pastor® E/R(AZ/R) X298 X) t(z298° Notes
Cl0 + Ca, = products ~1.0x10" 12 >3700 <s,0x10718 - £28
C10 + H, = products ~1.0x10"12 >4800 <1.0x10719 - z28
C10 + CD = products ~1.0x10"12 >3700 <a.0x10718 - E28
€10 + M,0 = products ~1.0x10712 >4300 <8.0x10°19 - r2s

_*CI0 + C10 ~ products . s.oxt0”13 12504500 . o 2 229
€10 + 0, = C100 + 0, 1.0x10” 12 >4000 <1.0x10718 - E30
~oC10+0, _1.0x07i2 >000  <t.omoi® - 30

* CH +Cl, ~ BOCL + CL 1.4x10712 9002400 8.7x10"14 1.2 31

& 08 +BCL = B0 +CL z.axmr"12 __ 3504100 8.0x10713 1.3 £32

* 08 + BOC1 = H,0 + C10 3.0x10732 T T spots00 s.0r10713 3.0 £33
08 + CE,CL = CA,CL + B0 1.7:10'12 11002200 a.3x10714 1.2 E34
o& + CH,C1, = CACL, + B0 s.7x10712 10504200 1.4x10713 1.2 E34
CH + CHCl, = CC1, + Hy0 3.4x10"12 10504200 1.0x10733 1.2 E34
08 + CHFCL, ~ CFCL, + B,0 s.6x10713 10002200 3.0x10714 1.3 E34
Of + CHP,CL = CF,CL + E,0 s.3x1071? 15502200 a.ex10713” 1.2 E34
O8 + CH,CLF ~ CHCLF + B,0 2.1x10712 11504150 s.ax10714 1.2 E3s
Of + CH,CCL, = CB,CCl, + H,0  5.0x10° 12 18002200 1.2010”14 1.3 E35

# OH + CH,CF,CL ~ CH,CP,CL +“azo 1.5x10712 18004200 3.6x10713 1.3 E36

# 08 + CH,CHF, = products  1.8x107'2 12002300 - 3.4x10 M4 1.3 —- E37

# OF + CBCL,CF; = CCL,CF, + H,0 1.1x10” 12 1050£300 32110714 1.3 £’

# OH + CBCIFCY, = CCIFCF, + 5,0 7.2x10 1 12504300 1.1x10734 1.3 E39

2 Units are cuslnohculo-uc.

b £(298) is the uncertainty at 298K. To calculate the uncertainty at other temperatures,

use the expression: £(T) = £(298) exp | % ( ': -

absolute value.

* Indicates a change from the previous Panel evaluatiom (JFL 85-37).

298

-1, |. Note that the exponent is

have been made for several entries in the table; these are not marked by asterisks.
# Indicates a new entry that was not in the previous evaluation.
& Indicates a change in the Kote.
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Table-1l. -(Continued)-
—Resction Alactor®  E/RI(AZ/R) KO K)  £288°  Notes
# OB + CH,CICCIY, = CECICELY, + B0 3.4x107 16004300 1.ex10”14 2.0 £40
# 08 + CR¥CT, ~ CEYCE, + B0 s.ex10”13 13002300 8.ax10713 1.5 Eal
# 08 + CR,CCLY » CLCCLY + 8,0 3.4x107°2 18004500 s.0m0"13 3.0 z42
-12 -13
08 + C,C1, = products 9.4210 12004200 1.7210 1.25 E43
T @ CEEL - . -13 - - - -2 - -
ZBC1,  products 4.8310 -(4504200) 2.2x10 1.25 198
-12 -18
08 + CFC1, = praducts ~1.0x10 >3700 <5.0x10 - EAS
--C8 + CF.C. - —-- 0: -12- > - ..13 -
2C1, = products ~1.0x10 3600 <8.0x10 - Z4S -
CH + C10M0, = products 1.2x10712 3304200 3.em0713 1.5 EAS
0O+BCL - CE+CL 1.0x10" 11 .33004350 1.5x10718 2.0 247 .
0+ BOCL ~ CH + C10 1.0x10712 2200£1000 6.0x10713 10.0 EA8
0 + C10M0, ~ products 2.9210712 8004200 2.0x10”33 1.5 EA9
0+¢1,0 « €10 + C10 2.9x10” 2 630£200 3.5110712 1.4 Eso
0+ 0C10 = €10 + O, 2.8x10"1 12004300 5.0z10713 2.0 ES1
! -13 -12
# G + 0C10 = BOCL + O, 4.5210 -(800£200) 6.8210 2.0 ES52 .
i 50 + OC10 = ¥O, + C10 2.5x10712 600£300 3.4x10713 2.0 ES3
1
. * KCL + C10NO, = products - - <1.0x10729 - ES4
,’ L + BO,N0, = products - - <1.0x10°20 - ESS
j # E,0 + C10R0, = products - - <2.0210721 - £S6
) 5 - BrO eactions ) - I
5 )
= *2r+0y ~BrO+0, 1.7210712 8002200 1.2x10712 1.2 . F1.
- " Br+ 5,0, - Dr + B0, 1.0x10712 >3000 <5,0x10718 - F2
- % Units are an/ml.oculo-uc.
Do b £(258) is the uncertainty at 298K. To calculate the uncertainty at other tempersturss,
- use the expression: £(T) = £(298) exp | & (1.1, |. Mote that the exponent is
absolute valus. R T 298
# Indicates a change from the previous Panel evalustion (JPL 85-37). Small round-off changes
bave been made for several entries in the table; these are not marked by asterisks.
J,' z # Indicates a new entry that was not in the previous evaluation,
'_."; & Indicates a change in the Note.
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Table 1. (Continued)
Reaction A-angg;' E/RI(AE/R) k(298 X) “mzb ¥zes
-1 12
Br + H,CO ~ HBr + BCO 1.7x10 8002200 1.1x10 1.3 2
- 4 -11 -12
Br + HO, = HBr +0, 1.5x10 500600 2.0x10 2.0 £
# Br + C1,0 ~ BxC1 + C10 - - 3.8x10712 2.0 s i
“Bro 4 ¢ o -11 -11
f0+0~Br+0, 3.0x10 0250 3.0x10 3.0 F&
-12 -12 i
& BrO + C10 = Br + OCIO 6.7x10 0250 6.7x10 1.5 24 !
‘ - - 1
- Br + Cl0o 6.7x10"12 04250 8.7x10712 1.5 4] :
-12 -11 :
BrO + HO = KO, + Br 8.8x10 -(250£130) 2.1x10 1.15 8 :
- _M — !;
BrG + NO, = BroNo, (See Table 2)  _ _ __ __..._ - ——— -
-12 -12
Bro + BzO = 2 Br + 0, 1.4x10 ~(150£150) 2.3x10 1.25 F9
- Br, +0, 6.0x1073% -(600£600) axi0 1.25 9
BrO + 0, = Br + 20, ~1.0x10"12 >1600 <s.0x10713 - Fi:
BrO + BO, ~ products - - s.ox10 12 3.0 F12
-1 1
BrO + OH -~ products - - 1.0x10 5.0 F12
vog+n -11 -11 i
r, < HOBr + Br 4.2x10 01600 4.2x10 1.3 F13 :
& OH + HBr = Hy0 + Br 1.1x10712 02250 1.1x10731 1.2 Fls :
OH + CH,Br = CH,Br + H,0 s.0x10” 3 8204200 3.8x107%4 1.25 F15
-12 v .14 _ . - -
O+ HBr = OH + Br 6.7x10°3% _ . 1ss0:200 3.7x10 1.3 F15
FO__Reactions
- -11 i -11
P+0,-F0+0, 2.8x10 2304200 1.3x10 2.0 1
F+Hy~EF +8 1.5x10710 5204250 2.7x10712 1.3 G2 .
-10 -11 !
¥+ CH, - HF +CH, 3.0x10 4004300 8.0x10 1.5 63 d

® Units are cna/-oloeulo-uc.
b £(298) is the uncertsinty at 288K. To calculate the uncertainty at other temperatuzss,
use the expression: £(T) = £(298) exp | - Y |. Xote that the exponent is

absolute value.

* Indicates a change from the previous Pmnel evaluation (JPL 85-37).

T 298

Small round-off changes

have been made for several entries in the table; these are not marked by asterisks.
# Indicates a new entry that was not in the previous svaluation.
& Indicates a change in the Note.
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Table 1. (Continued)
eact A-Factor® E/RECAE/R) %(298 X) £(298)° Notes
11 -1 '
*F+H,0=EF +08 4.6x10 400200 1.2x10 1.5 G4
M
Fe+ °2 - }'Oz (See Tsble 2)
M
F # NO -~ FNO (See Table 2)
e e ML
F '+ 5O, ~ F80,(FONO) (Ses Table 2) - -
-11 -11
NO+ FO -~ MO, + F 2.6x10 04250 2.6x10 2.0 GS
_ -11 -11
FO+FO=2F+0, 1.5x18 -~ 0£250 1.5x10 3.0 G
FO+0,~F+20, (See Bote) 67
- - !'02 + 02 - (See Note) G?
Ty - : — C e B
FO + NO, ~ FomO, (Ses Tsble 2)
O+FO~F +0, s.0x10” 21 0£250 s.0x10"12 3.0 G8
0+F0, ~FO+0, 5.0x0” 32 01250 s.ox10”12 5.0 G9
CF,0, + HO = CF,0 + NO, 3.9710" 32 -(400£200) 1.5x1071 1.3 G10
C7,C10, + M0 = CF,CIO + 30, 3.1x10712 -(500£200) 1.6x10712 1.3 G10
CFC1,0, + W0 =+ CFCL,0 + W0, a.sx0712 -(430£200) 1.sx10”12 1.3 G10
CC1,0, + HO =~ CCL,0 + B0, 5.7x10712 -(330£200) 1.7x10712 1.3 G10
50, Reactions
&8+ HS » S+ HO s.gx10712 70£70 s.7x10712 1.2 A1
« 8 + OCS ~ products 1131013 12002500 1.9x10715 2.0 B2
& CH + CSz = products - - (See Jote) - - . - H3
M
o8 + 50, ~ BUSO, (See Table 2)
O+ H,S~Cd+sH 9.2210712 18004550 2.2x10714 1.7 Hé

ne e

% Mits sre cn’/-olcculruc.

b £(298) is the uncertainty at 288K. Io calculats the uncertainty at other temperaturss,
use the exprsssicn: £(T) = £¢298) mp | 25 (3 - A~ ) |. ¥ote thst the exponent is
shsolute value, R 288

* Indicates s change from the previous Panel evalustion (JPL 85-37). Small round-off changes
bave been made for several entries in the table; these are not marked by asterisks.

# Indicates s new entry that was not in the previous evalustion.

& Indicates a change in the Note.
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) Table 1. (Continued)
¢ —Reacticp Acfactor®  EMIGAE/R)  K(Z98K)  £(298)°  Notes
*
O+ 0CS = CO + 50 2.1x10”12 22004150 1.3x10” 34 1.2 Bs
r
0 +CS, = CS + 30 3.2x1074 6504150 3.ex10712 1.2 H6
- .'
S+0,+50+0 2.3x10712 01200 2.3x10712 1.2 87
-
S+0,-50+0, - - 1.2x10712 2.0 a8
S+CBE~SO+H - - s.ex10” 1} 3.0 Be
S0 + 0, 50, +0 2.8x10713 24004500 8.4x10" Y 2.0 H10
- SO + 0, = 50, + 0, 3.6x10712 1100200  9.0x10”24 1.2 Tan
: SO + 0 = S0, + B - - s.ex10732 2.0 B12
e I ' - - -11. -11- .
- | SO+ N0, =50, + HO 1.4x10 0450 1.4x10 1.2 213
e -11 -11
* S0 + €10 = 50, + CL 2.8x10 0450 2.8x10 1.3 H14
SO + 0C10 = SO, + C10 - - 1.ox10712 3.0 H15
* SO + Br0 = SO, + Br - - 5.7x20712 1.4 H16
so, + - - 18 -
3 mz - products <1,0x10 H1?
-17
SO2 + cuaoz ~ products - - <5.0x10 - H1l8
-26
SOz + HOZ - products - - <2.0x10 - H19
o + _ _ -19
3 NO2 - products 1.0x10 10.0 H19
o -21
# SO2 + 803 - products - - <7.0x10 - H20
L - _  80,40,-50,+0, _ 30x10 >j000 . <2.0m107%2 - 821
. . -11 -11 ) i
- CL + H,S = BCL + 5B 5.7x10 0150 5.7x10 1.3 822
= & CL + OCS ~ SC1 + €O Co- - <t.0x107¥% - - 523
Cl0 + OCS = products - - <2.0x10716 - 824
. . 2 Units are cmglmlncul--s.c.
= b £(2S8) is the uncertainty at 295K. To calculate the uncertainty at other tesperatures,
—— use the expression: £(T) = £(288) exp | 4 ( 1.2 ) |. Kote that the exponent is
- R T 298

absolute valus.
* Indicates a change from tha previous Panel evalustion (JPL 85-37). Small round-off changes
R have been made for several entries in the table; these are not marked by asterisks.
# Indicates a new entry that was not in the previous evaluation.
& Indicates a change in the Note.
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Table 1. (Continued)
H
Reaction A-Factor® E/RE(AE/RY X(298 X)  gr208)® Motes
’ CI0 + S0, = CL + 50, - - <s.0x10718 - B24
: SH + 5.0, - products - - <s.0x10713 - H25
W 10, -
-10
Si+0~H+S0 - - 1.6x10 5.0 H26
- *SE+0,+ 0l +5S0 = - <.0x1071? - 527
-12 -12
* SE+0, ~ESO+0, 9.7x10 280200 3.8x10 1.3 H28
* SE+ B0, = HSO + NO 2.9x10713 -(240£100) 6.sx10”11 1.3 H29
" - -
SE + NO ~ HSNO (See Tabls 2)
3
: # SO + NO ~ products - - <1.0x10733 - 530
; T o - 4 ) —
s . # BSO + NO, = HSO, + KO~ - - 9.6x107312 2:0 — — --—H30
’ # HSO + 0, = products - - <2.0x10” Y7 - B30
HSO + O, = products - - 1.0x10” 13 5.0 B31
#ESO, +0, =~ B0, + 50 - - 3.0x10”1 3.0 32
279 2 2 . .
* BOSo, + + 12 -13
, + 0, = BO, + 50, 1.3x10 330£200 A.4x10 1.2 H33
# B,S + NO, = products - - <3.0x10” 14 - B3
€S + 0, = OCS + 0 - - 2.9x10”1° 2.0 H35
-16
CS +0,~0OCS +0, - - 3.0x10 3.0 836
€S + KO, = OCS + KO - - 7.6x10"Y7 3.0 #16
Tttt - - - "Metal Reactions -~ T T 77 -
- H
Na + !.')2 - n.oz (See Table 2)
Pl R }
&N -10 -10
. a+ 0y~ HaO + 0, 5x10 0£400 5.0x10 1.5 5
~ He0, + 0 <ax10”}? 04400 <3.0x10712 - n
’// ® Units are cnalnol.ccul.o-soc.
b £(298) is the uncertainty at 298K. 7To calculate the uncertainty at other temperatures,
use the expression: £(T) = £(298) exp | 4 4 i1, |]. Xote that the exponent is
absclute value. R T 298
* Indicates a change from the previous Panel evaluation (JPL 85-37). Small round-off changes
r have been made for several entries in the table; thess are not marked by asterisks.
.zt
e # Indicates a new entry that was not in the previcus evaluaticn.
& Indicates a change in the Note.
v d
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M
4 NaCH + coz - nmcoa

(See Table 2)

Table 1. (Continued)
Reaction A-Factogr® E/RI(AE/R) %(298 X) £(298)® Notes
# Ha + N0~ NaO + K, 2.4x1070 16004400 1.1x10"12 1.3 J2
-10 -10
# Na +Cl, » HaCl + C1 7.3x10 0£200 7.3x10 1.3 J3
-10 -10
#3520 +0-Fa+0, 3.7x10 0£400 3.7x10 3.0 4
H
# N0 + 0, ~ Na0, (See Table 2)
-10 -10
# %20 + 0, « NaD, + 0, 1.6x10 04400 1.6x10 2.0 s
~ Na + 20, 6x10” 11 04800 6.0x10" 1t 3.0 ‘35
-1 -1 )
# M0 + 1, + NaOH + § 2.6x10" 04600 2.6x10 2.0 J8
# M20 + B,0 + NaOH + OH 2.2210710 0£400 2.2x10710 2.0 ‘37
T T ’ Ty -10 T
# X0 +HO~Ha+ 80, _ _ 15210710 0£400 15210729 _ a0 _ __ _ .38_
u ,
# NaQ + COz - l.cos (See Table 2)
¥a0 + ECL ~ products 2.8x10"%° 0£400 2.8x10719 3.0 J9
_ -14
# Na0, + N0 = Na0 + X0, <10 10
-10 -10
] anz + BCl ~ products 2.3x10 0£400 2.3x10 3.0 Ji1
HaGH + BCL ~ NaCl + H,0 2.8x10"1° 0£400 2.8x10719 3.0 J12

2 Units are cnalml.nculr:ac.

£(298) is the uncertainty at 298K,
£(T) = £(298) exp | AE (
. . R

use the expression:
I —absolute value. "

* Indicates a change from “the pklvious Panel evaluation (JPL 85-37).
have been made for several entries in the table; these are not marked by asterisks.
# Indicates a new entry that was not in the-previous svaluation.

& Indicates a change in the Note.

1
298

42

To calculate the uncertainty at ot.i;lr t_ewpornmns;
) }. Kote that the exponent is

Small round-off changes
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NOTES TO TABLE 1

Al, O+ 03. The » ded rate exp. ion is from Wine st al. (1983) and is a linear least squares

A2,

2it of all data (unweighted) from Davis et _al. (1973b), McCrumb and Xsufman (1972), West et al,
(1978), Amold and Comes (1878), and Wine et _al. (1883).

O(lb) Reactions. These recoomendations are based on averages of the absolute rate constant
measurements reported by Streit st al. (1976), Davidson et al. (1877) and Davidson et al. (1978)
_for Nzo. nzo,__ca“ Bz .“z-_,ozv _03,“11:11.-05:_1‘_.._@1_3. C?zClz. ma. and COZ; by Amimoto et al.
(1878), Amimoto et_al. (1979), and Force and WHiesenfeld (1881s,b) for uzo. 320. CH‘, “2' E.z, 02,
05, mz. cc1,, CrCl,, CI-‘ZC].Z, and CP,‘; by Wine and Ravishankara (1881, 1982, 1983) for §,0, .0,
Nz, Ez, 03, coz. and C?ZO: by Brock and Watsom (private commmication, 1980) for l!z, O2 and coz;

by Lee and Slanger (1878 and 1979) for nzo and 02; and by Gericke and Canes (1881) for Bz.v The

" " 'weight of the evidence from these studies indicates that the results of Beidner and Busain (1973),

" "reactant. A similar comparison with O, as the reference reactant gives somewhat poorer agreement,”
Wina” end Ravishimkira (1982) have deternined the yield of OC’P) fran 0('D) + H, “ta-<tigr.— — -~

Heidner et al. (1973) and Fletcher and Husain (1976a, 1976b) contain a systematic error. For the
critical atmospheric reactants, such as xzo, 520, and Cﬂ‘, the recommended absolute rate constants
are in good agreement with the previous relative measurements when compared with llz as the reference

Ad. 0(10) + RZO. The branching ratio for the reaction of O(ID) with !20 to give lz + O2 or NO + NO

is an average of the values reported by Davidson et al. (1979); Volltrauer et al. (1979); Marx
ot _al. (1979) and Lam et al. (1881), with a spread in k(FO + NO)/k(TOTAL) = 0.52 - 0.62. The
recommended branching ratio agrees well with 1u::].iu' measurements of the quantum yield from nzo
photolysis (Calvert and Pitts 196€b). The O(°D) translational energy and temperature deperdence
effects are not clearly resolved. Wine and Ravishankara (1982) have determined that the yield of
0(32) from O(ID) + nzo is <4.0I. The uncertainty for this reaction includes factors for both
the overall rate coefficient and the .ranching ratio.

Ab, 0(1D) + 520.’ Measurements of the O, + Hz product yield were made by Zellner et al. (1980) (1+0.5

AS

2
or -1)X and by Glinski and Birks (1985) (0.006 + 0.007 or ~0.006)X. Wine and Ravishankara (1982)

have detemined that the yield of O(aP) from O(ID) + Hzo is <(4.943.2)X.

. 0¢'D) + CH,. The branching ratio for the reaction of O('D) with CH, to give OB + CH, or CH,0 + 5,

is from Lin and DeMore (1373). A molecular beam study by Casavecchia et al. (1S80) indicates that
an additional path forming (}130 (or cazoa) + H may be important. This possibility requires further

T [ovestigation, Wine and Ravishankara (1982) Lave determined that the yield of O¢°P) from 0(D) +

Cﬂ‘ is <4.3X. :

#6. 0('D) + 0. The branching ratis for reaction of O('D) with Oy to give O, + 0, or O, + O + 0 is

AT.

2
from Davenport et al. (1972). This is supported by measursments of Amimoto et_al. (1978) who

reported that on average one ground state O is produced per O(ID) reaction with 0,. It seems
unlikely that this could result from 100X quenching of the O(I'D) by 03.

Wine et al. (1986). Product studies Ly the latter indicate: O(aP) + BC1(9£5)2; H + ClO(2415)%;
and OH + C1(67£10)X.

. 0(1‘0) + HP. Rate coefficient and product yield measured by Wine et _al. (1984, vrivate commmica-

tion). The 0(32) yield is less than 4ZX.
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O(ID) + BCl. The recammendation is the average of messursmwnts by Davidson et al., (1977) and
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O(XD) + HBr. Rate coefficient and products measured by Wine st gl. (1988). Product ylelds:
HBr ¢+ O(SP) 120£7)X, H + BrO <A, 5%, and OH + Br (80%12)X,

O("D) + Cl,. Rate coefficient and O(SP) product mesasured by Wine g% gl. (1885), Product yields:
Clz + 0(32) (25£10)Z. The balance is probably C10 + Cl. An earlier indirect study by Freudsnstein
and Biedenkapp (1976) is in reascunable agrsement on the yield of ClO.

0(D) + balocarbons. The halocsrbon rate constants sre for the total dissppesrmcs of 0(D) snd
probably include physical quenching. Products of the resctive chamnels may include a:,o + X,
cx,poxz, ndﬂa + X0, where X = H, F, or Cl in various combinations, Chlorins and hydrogsn are
mors easily displaced than fluorine from halocarbons as indicated by spproximately 100X quenching
fo; C!“. A useful formula for estimating O(lb) Temoval rates by methane and ethane type halocarbons

“wes given by Davidson et al. (1878): K(CH,P,CL ) = 0.32a + 0.0b + 0.74c (in wits 10720 ca®~

nohculo-l s 1). This expression does not work for molscules with extensive fluorine substitation.

Same valuss have been reportsd for the fractions of the total rate of disappearance of O(ID)

procseding through quenching and reactive chamnsls. Tor CCI‘: quenching = (1416)X and reaction =
(8628)2, “(Force and Wiesenfeld, 198la); for CPCl.az quenching = (25£10)%, -ClO0 formation =
(60215)X (Donovan, private commmication, 1980); for CI’ZCI.Z: quenching = (1417)X and resction
= (86£14)Z (Force and Wiesenfeld, 1881a), quenching = (10:£10)Z, ClO fomation = (5%15)Z
(Donovan, private commmication, 1980); for CF‘: quenching = 100X (Force mid Wissenfeld, 1981a).
0(1n) + CCl.zO. CFC10 and cyzo. For-the reactions of O(ID) with a:xzo and CFCl0 the-recomsended
rats constants are derived from data of Fletcher and Husain (18978). For consistency, the recom-—
mended values for these rate constants were derived using a scaling factor (0.5) which corrects for
the difference between rate constants from the Busain Laboratory snd the recommendations for other
O(ID) rate constants in this table. The reccomendation for crzo is from the data of Wine and
Ravishankara (1383). Their result is preferred cver the value of Flstcher and Busain (1978) because
it appears to follow the pattern of decreased reactivity with increased fluorine substitution
observed for cther halocarbons. Thess reactions have been studied only at 298 X. Based on
consideration of similar O(ID) reactions, it is assuned that E/R equals zero, and therefore the
value shown for the A-factor has been set equal to k(298 X).

0(1n) + Kﬁa Sanders et al. (1980a) have detected the products lm(llA) and CH formed in the
reaction. They report the yield of NE(AIA) is in the range 3-15Z of the amount of OH detected.

B +0,. The recommendation is an average of the recent results of Lee et _al. (1978b) and Keyser
(1878), which are in excellent agreement..over the 200-400 K range. An earlier study by Clyne and
Mockhouse (1977) is in very good agresment on the T dependence in the range 300-560 X l;ut. lies about
602 below the rscommended values. Although we have no resson not to believe the Clyne and Mookhouse

valies, “we prefet the two studies _r.hat. are in excellent agreement, especially since they were -

carried out over the T range of intsrest. Recent results by Finlayson-Pitts and Xleindienst (1979)
agres well with the present recammendations. Raports of a channel forming mz + 0 (Finlayson-Pitts
and Kleindienst, 1979: ~25%, and Force and Wiesemfeld, 1881b: ~40X) have been contradicted by other
studies (Bowsrd and Finlayson-Pitts, 1980: <3%; Washida et al., 1980a: <6Z; Finlayson-Pitts et al.,
1981;: <2%); and Dodonov et_al., 1985: <0.3X). Secondary chemistry is believed to be respmsibls
for the observed O-atoms in this system. Washida et al. (1980c) measured a low limit (<0.1%} for
the production of singlet molecular oxygen in the reaction B + 03.

H + BO,. Thers are five recent studies of this reaction: Hack et sl. (1978), Hack et al. (1979¢c),
Thrush and Wilkinson (1981b), Sridharan et al. (1982) and XKeyser (1536). Related early wurk and
cambustion studiss are referenced in the Sridharan et al. paper. All five studies used dischargs flow
systsms., It is difficult to obtain a direct measurement of the rate constant for this reaction because
both reactants are radicals and the products OH and O are very reactive toward the mz reactant..
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~ Keyser (1981), Thrush and Wilkinson (1981aj, Sridharen et al. (1981, 1984), Tamps and Wagner (19827, ~ -

B7.

The dation is based on the data of Sridhersn- ¢t g)l. and Xeyser b their ents
were the most direct and required the fswest corrections. The other measuracents, (5.0%1.3) x
10732 cad molecule™ s°! by Thrush and Wilkinson (1981b) and (4.65 £ 1) x 1¢™*} by Eack ot_al.
(1979¢) are in reasonable agreement with the recommended value. Three of the studies reported the
product chamels: (a) 208, (b) H,0 + O, and (¢) H, + O,. Hack st al. (1978) k/k = 0,69,
kb/ks’o 02, and k/k = 0.29; Sridharmn ot al. (1982) k/k = 0.8720.04, kb/k = 0,04120.02,
k. /k = 0.08£.005; and Keyser (1986) k. /x = onozom k/k = 0.02£0.02, and x/x = .
0. 0&0 04. Hislop and Wayne (1977) and !'ysot M (1883) reported on the yield of Oz(b]z‘)
being formed in chammel (c) as (2.8£1.)) x 107" and <8 x 1073 of the total reactions. Xeyser
found the rate coefficient and product ylelds to be independent of temperaturs for 300 <T <245 X.

’ B ; c.. Tho'}nt:o.constunb ior 6 + Cﬁ ‘il_ -' ﬂt‘ ‘fao t.h:o—ot-;;n;.n—xo d—o_;nd-nco studies: Hnunbo:;

ot _3l. (1970a), Lewis and Watson (1980), Howard snd Saith (1881), This recammendation is consistent
with earlier work near room temperature ss reviewed by Lewis and Watson (1880) and with the recent
measurements of Brune et al. (1883). The ratio k{0 + mz)/k(o + (B) measured by an: (1883) agrees

with the rate constants recommended here. ~ -

o+ mz. The recamendation for the O + mz reaction rate constant is the average of five studies at
room temperature (Keyser, 1982, Sricdharan et al., 1982, Ravishankara et al., 1983b, Brune st al., 1983
and Nicovich and Wine, 1987) fitted to the temperature depend given by Keyser (1982) and Nicovich
and Wine (1987). Earlier studies by Hack et al.- (1979a) and Burrows et al. (1977, 1979) are not
considered, because the OH + azoz reaction was important in these studies and the value used for
its rate ccnstant in their analyses has been shown to be in error. Data frem Lil et al. (1980¢)
is not considered, because it is based on only four experiments and involves a curve fitting procedure
that appears to be insensitive to the desired rate constant. Data from Ravishankara et al. (1983b)
at 298 X show no dependence on pressure between 10 and 500 torr llz. Ths ratio k(O + mz)/x(o + CH)
measured by Keyser (1983) agrees with the rate constants recoumended here. Sridharan a2t al, (198%5)
showed that the reaction products correspond to abstraction of an oxygen atam from 30, by the O
reactant. Keyser ot al. (1985) reported <1z O, (blz) yield.

2

o+ Bzoz. There are two direct studies of the O + Hzoz.roacuon:. Davis et _al. (1974c) and Wine
st al. (198)). The recommended value is & fit to the combined dsta. Wine et al. suggest that the
sarlier measurements may be too high becausa of secondery chemistry. The A-factor for both data
sets is quite low compared to similar atcmmolecule rsactions. An indirect measurement of the E/R
by Roscoe (1982) is consistent with the recaommendation.

CH + ao A new study by Keyser (1987) appears to resolve a discrepancy betwsen low ;::ossun.~

dischuao flow experiments which all gave rate coefficients near 7 x 10 -1l un3 moleculs -1 3-1:

and Rozenshtein et al, (1984), and atmospheric pressure studies which gave rate coefZicients near
11 x 10731, Lis et al. (1980a), Bochanadel st al. (1980), DeMore (1982), Cox et al. (1381), Burrows
et al. (1981) and Xurylo et al. (1981). Laboratory measursments using a-discharge flow experimesn:z
and a chemical model analysis of the results by Keyser (1887) demonstrate that the previsus discharge
flow measurements were probably subject to interference from small amounts of O and B. In the
presence of excess BOZ these atoms generste OH and result in a rate coefficient measurement which
falls below the true value. The temperature dependence is from Keyser (1£37) who covered the rarge
254 to 382 K. An additional study of this reaction includipg the tanperaturs dependence is needed.

CH + 03. The recommendation for the OH + o3 rate constant is based on the room temperaturs measure~
ments of Kurylo (1873) and Zahniser and Howard (1580) and the temperaturs dependence studiss of
Anderson and Ksufman (1973), Ravishankara et al. (1879b) and Smith et al. (1984). Kurylo‘’s value

was sdjusted (-8I) to corrsct for an error in the ozone concentration measurement (Hampson and
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Garvin, 1977). The Anderson and Kaufman rate constants were normalized to k = 6.2 x 10-1‘ aa3

mlsculo-l 3-1 at 295 K as suggested by Chang and Ksufman (1378).

CH + CH. The recoomendation for the CH + OH reaction is the sverage of six messurements nsar 238 X:
Westenberg and de Haas (1973a), McKenzie et ai. (1973), Clyne and Down (1974), Trainor and wvon
Rosenberg (1974), Farquharson and Smith (1930) and Wagner and Zellner (1981). The rate constants
for *hese studies all fall between (1.4 and 2.3) z 1012 1,7t

c:u:‘ molecule * s -. The temperature
dependence is from Wagner and Zellner, who reported rats constauts for the rangs T = 250-580 K.

CH + E?_Oz. There are extensive data on the OH + 5202 reaction. The rscomuendation is a fit to
the temperaturs dependence studies of Keyser (1980b), Sricharan et al. (1980), Wine et al. (1331c)
-and Kurylo et al. (1882b). The first two references contain a discussion of some possible reasons
for the discrepancies with earlier work and an assessnent of the impact of the new value on other
kinetic studies. A measurement at 298 XK by Marinelli and Jolmston (1982a) agree: with the recom-
mendation. There is sowe evidencs that E/R decreases with tecperature as discussed by Lamb et al.
.(1883); therefore, the recomendation incorporatses a large error limit on the temperature
dependence. N - - -

OH + Ez The CH + Hz reaction has been the subject of mmerous studies (see Ravishankara et al.
(1981b) for a review of experimental and theoretical work). The recommendation is fixed to the
average of nine studies at 298 K: Grelner (1969), Stubl and NiKi (1972), Westenbarg and de Haas
(1873c), Smith and Zellmer (1974), Atkinson et al.” (1975), Overend et al. (1975), Tully and

Ravishankara (1880), Zellner and Steinert (1981), and Ravishankara et al. (1231bh).

Eoz + aoz. Two separate expressions are given for the rate ccustant for the BJ? + aoz reaction.
The effective rate constant iz given by the sum of these two equations. This reaction has teen
shown %o have a pressure independent bimolecular component and a pressure dependent termolecular
component. 3oth ccaponents Zave negative temperature :zceffiziants. The bimolecular exprassicn
is obtained from data of Cox and Burrows (1979), Thrush and Tyz=dall (1982a,b), Kircher and Sa=der
(1984), Takacs and Howard (1984, 1986), Sander (1984) and Kurylo et_al. (1986). Data of Rozenshtein
et al. (1984) are consistent with the low pressure recammendation but they report no change in k
with pressure up to 1 atm. Earlier results of Thrush and Wilkinson (1979) are inconsistent with
the recommendation. The termmolecular expression is cbtained Irom data of Sander et al. (1532),
Simenaitis and Heicklen (1982) and Xurylo et al. (1986) at room temperature and Kircher and Sander
(1884) for the temperature dependence. This equation applies to M = air. On this reaction system
there is general agreement amopg investigators on the following aspects of the reaction at high

pressure (P ~1 atm): (a) the H0, uv absorption cross section: Fsukert and Johnston (1972), Cox and

Burrows (1979), Hochanadel et al. (1980), Sander et al. (1982), and XKurylo et al. (1987a); (b) the
.rate constant at 300 X: _ Paukert and Jobnstom (1972), Hamilicn and Lii (1977), Cox and Burrows

€1879), 'L1i et al. (1879),- Tsuchiya and Nakamura €197S), Sander e al. (1882), Simonaitis ard’

Heicklen (1982-), and Kurylo et al. (1986) (all values fall :ia the range (2.5 to &.7) x 10-12
cm3 mllculol s-l); (c) the rate constant temperature dependencs: Cox and Burrows (1379),
Lii et al. (1979), and Kircher and Sander (13984); (d) the zate constant water vapor dependence:
Hamilton (1375), Bochanadel et_al. (1972), Hamilton and Lii (1377), Cox and Burrows (1979), Detfore
(1979), Lii et al. (198l1), and Sander et_al. (1982); (e) the /D isctope effect: Hamilton and Lii
(1977) and Sander et al. (1332); and (f) the formation of 3292 + Oz as the major products at
300 X: Su et _al., (1975b), Niki et sl. (1980), Sander et_sl. (1582), and Simomaitis and Heicklen
(1982). Sahetchian et _al. (1382, 1987) give evidence for tte formation of a small amount of 3,
(~102) at temperatures near 500 XK »ut Baldwin et al. (1984) z:ve evidence that the yield must be
much less. Glinski and 3irks (1985) report an upper limit of IX 32 yield at a total pressure of
about 50 torr and 298 X but their experiment may have interference from wall reactions. For
systems containirg water vapor, the factors given Ty Lii l'_.al. (1981) and Xircher and Smder
(1984; can be incorporated: 1+ 1.4 x 1072 [B,0] exp(2200/7).
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BO,-+- 0. The—recomsendation—is-based-on-three-direct studies-using discnarge-flow experimects:

Zahniser and Howard (1980) at 245 to 365 K, Manzanares gt al. (1986) st 298 K, and Sinhs st al.
€(1987) at 243 to 413 X. Indirect studies by Simonaitis and Heicklen (13973), DeMore snd Tschukow-
Roux (1974), and DelMore (1979), are consistent with the direct msasurements. ) The most extensive
temperaturs dspendance study (Sinha et sl., 1987) indicates a curvature in the Arrhenius plot.
A similar but less cbvious curvaturs is found in the data of Zahniser and Boward (1830) and
DaMore (1679). The recommendation incorporates only direct mecsurement data at tesperstures less
than 300 K and is not valid for temperatures greater than 300 K. The validity of the rscozmanded
expression is questionable at temperatures less than 240 X, where there are no data. High quality
low t ature s are ded for this reactimm.

.

R+ Oz. The activation snergy is based cn Becker et gl. (1968). The value and uncertainty at
298 X are assigned from the averages of Clyne and Thrush (19861), Wilson (1967), Becker et al.
(1969), Ciack and Wayne (1970) and Westemberg st al. (1970b). Independent confirmation of the
tamperature depend is ded

N+ 03. The dation is based omn results of Stief et al. (1079). Note that this is an
upper limit based on instrumental sensitivity. - Results of Stief et al. and Garvin and Broida“
(1963) cast doubt on the fast rate reporxted by Phillips and Schiff (1862), ‘

f

N + KO, Recommendation is based on the results of Lee eot_al. (1978¢c). A recent study of Husain
and Slater (1880) reports a room temperature rate constant 30 percent higher than the recommended
value, R s = — s, - - - - -

N+ NOZ. The Panel accepts the results of Clyne and Ono (1882) for the valus of the rate constmt
at 298 K. This is a factor of 2 higher than that reportsd by Clyne and McDermid (1975). However,
Clyne and Onc consider that the more recent study is probably more reliable. Husain and Slater
(1980) reported a room temperature rate constant of 3.8 x 1078 d mluculo-" 1-1, which is a
factor of 12 greater than the value reported by Clyne and Ono. This high value may indicats the
presence of catalytic cycles, as discussed by Clyne and McDermid, and Clyne and Ono. There are no
studies of the temperature dependence of the rate constmt. The reaction products are taken to be
NZO + 0 (Clyne and McDermid). A recent study by Iwats et_al. (1986) suggested an upper limit of
3.3 x 10-13 m.s nmhcu].o-1 s-lﬁtox: the corresponding-reaction involving l(gn)_md !(?P) atoms
(sum of all reaction channels).

o+ NOz. Changed from JPL 85-37. k(298 KX) is based on the results of Davis et _sl. (1973a),
Slanger et al. (1973), Bemand et al. (1974), Ongstad and Birks (1986) and Gesrs-Muller and Stuhl
(1987). The recommendation for E/R is from Davis et al , Ongstad and Birks, and Geers-Muller and
Stuhl with the A-factor adjusted to give the recommended k(298 KX) value.

O + NO,. Based on the study of Gisham and Johnston (1978) at 298 K and 329 K. Whils Limited1n

temperature range, the data indicate no tesperature dependence. Furthermors, by analogy with the
reaction of O with noz. it is assumed that this rate constant is independent of temperature.
Clearly, temperature dependent studies are needed.

Qo+ 5205. Based on Kaiser and Japar (1978).

0+ 8103. The upper limit reported by Chapman and Wayne (1974) s accepted.

c + aoznoz. The recamnended value is based on the study of Chang et al. (1981). The large
uncertainty in E/R and k at 238 X are dus to the fact that this is a singls stody.
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Clo. 03+m. The recommended Arrhenius expression is a lssst squaree f£it to the data reported by
Birks o% gl. (1978), Lippmamn ot al. (1080), Ray and Watson (1961b), Michasl ot gl. (1981) and
Borders and Birks (1982) at and below room tamperature, with the data st closely speced
teaperaturss reported in Lippmann et gl. snd Borders end Birks being grouped together so that
these five studies are weighted equally. This axpression fits all the data within the tesperature
range 185-304 K reportad in these five studies to within 20 percent. Only the data between 193
and 304 K were used to derive the recommended Arrhenius expression, dus to the cbserved non-linear
Arrhenius behsvior (Clyne gt al. (1964), Clough and Thrush (1967), Birks at gl., Michasl gt al.
and Borders and Birks). Clough and Thrush, Birks gt gl., Schursth gt gl. (1881), and Michael
ot al. have all reported individual Arrhenius parametsrs for eech of the two primary reaction
charnels. The range of values for k at stratospheric tesp is shet largexr than would
be expectsd for such m easy resction to study. The measurements of Stedmen and Niki (1873) and

' Benshd ot sl. (1974) st 298 K are in excellent agreement with the reconmended value of k at 298 K.

Cil. MO + mz. The xooo—ndn..lm for aoz + MO i{s based on the average of six measurements of the
rate constant near Ioom temperature: Boward and Evenson (1977), Leu (197®b), Boward (1979),
Ghacﬂck-Sch!anM. (1379), Back et al. (1880), aod Thrush and Wilkinsm (1981a).” All of
these are in quits sood agreement. An earlier study, Burrows ¢t sl. (1976), has been dropped
becsuse of an error in the refersnce rate constant, k(CH + nzoz). The room tsmperaturs study of
Rozenshtein et al. (1584) has also been disrsgarded due to an insdequate discussion of possible

._ secondary reactions. The temperature dependence is from Howard (1980) and is i{n reasonable

__ _.agreemsnt with that given by Leu (1978b). - A high pressure study is needed in view of the many’

umusual effects seen in other mz reactions.

Ci2, MO + noa. Changed froa JPL 85-37. The 298 K recommendation is based on tbe studies of Torabi
and Ravishankara (1834), Hasmer et sl. (1885) and Sander and Kircher (1986), which are in excellant
agreemsnt. The T dependence is based on an average of the results from Sander snd Kircher, and the
data of Hxmer et al. belor 300 K.

Cl3. CH + ma. The intensive study of this reactioca over the gnst. fow years has sigificantly reduced
many of the apparent discrepancies smmg (a) the sarly studies yielding a low, tesperature independent
rate constant (Smith and Zellner, 1975 and Margitan et sl., 1925); (b) more recext work (mostly flash
pbotolysis) with a k(298) approximstsly 40Z larger, end s strong negative T dependence below room
texperature (Wine et al., 1981b; Kurylo et al., 1882a; Margitan and Watson, 1982; Marinelli and
Johnston, 1982a; Ravisherkara et al., 1982; Jourdain et al., 1982; C. A. Smith et al., 1984; Jolly
st al., 1985 (298 X), Stachnik et al., 1886); snd (c) recent discharge low studies yielding the
lower value for x(298 K) but showing substantial negative T dependence (Devolder et al., 1884:
Connell and Boward, 1885). Major features of the data are (1) a strong negative T dependence

below room temperature, (2) a much weaker tempsrature dependence above room tesperature, possibly

leveling off around 500 K,- (3) small, measurable pressure dependencs which becmes greater at low _

temperaturss. The pressure dependence has bem detemined by Margitan and Watson (1882) cver the
ranges 20-100 torr and 225-298 K axd by Stachnik et a]. (1986) at pressures of 10, 60 and 730 torr
at 298 X. The two studies are in excellent sgreement. Their “low pressure limit™ agrees well
with the average k(288 K} = 1.0 x 10 12 cm? 5™} derived from the four low pressure dischargs flow
studies. The values measured for pressures typical of the other flash photolysis studies (20-50
torr) also agree well., The two presssure dependence studies indicats that the kigh pressure limit
1s spproximately SOX sreatar than tte low pressure limit at 288 X, and sbout a Zactor of 2 greater
at 240 K. Thus, over the narrow prsssure rangss explored in most flash photolysis studies, the
P depend would ape notice. For temperatures below 300 KX, the presswe and tesmperaturs
dependence can be represented by cambining a low pressure (bimolecular) Llimit, ko. with a
Lindemarm-Hinshelwood expression for the P depsadence:
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k, = 7.2 x 103 apares/m
k. (M} : .18
KM =k, + —I——  with K, = 4.1 107'% expirssorm
X, M) v
1+ X, E, = 1.9 x 10722 axp(r25/n)

The coefficients ka ond kz are the termolecular and high pressurs limits for the "association”
chamel. The value of k at high prassures is the sum ko + k,. The weak pressure dapendence
and weak I dependence sbove 300 X explain meny of the spperent discrepancies for all the data
(including the 1875 studies), except for a few minor features which are probably due to the
normally encountersd experimental scatter. The Smith md Zellnsr flash photolysis values are
low compared to other flash systems (clossr to the flow studies), although the difference ia
not wnusual (~30X), Conversely, the Jourdain et al. flow study is high relstive to the other
ones. The Comnell and Howard T dependence (below 300 K) is significantly wesker than the other
studies. The failure of Smith st g]. to cbserve a pressurs effect between 50 and 780 torr, even
at 240 K, is in uh'u-p conflict with the effect seen by Stachnik st gl. over the same rangs in
s _much sore detailed study. Jolly et al., also could not detect a pressure dependence between
1 torr (M = HNO,;) od 600 torr (M = SF,) at 298 K. Nelson et al. (1921), Jourdain et al. and -
Ravishankara et al. have all shown that within experimental error the yleld of NO, (per COH
removed) is urity at 288 X, with similar results at 250 X (Ravishankara et sl.;.

Cls. ocd + BOZIJ;: The recamsendation for both k at 298 X and the Arrhenfus expcession is based upon -

- _identification of the resction products are nesded.

cs.

cis.

cir.

cis.

the data of Trevor et al. (1982), Barnes st al.” (1881), C. A. Smith et al. (1084) ard Barnes
ot al. (1986b). Trevor st al. studied this reaction over the temperature range 246-324 X and
reported a tamperature invariant value of 4.0 x 10-”2 aa -:hculo-l 3'1, although a weighted
laast squares fit to their data yislds an Arrhenius expression with an Z/R value of (193:193) K.
In contrast, Smith et sl. studied the reaction over the temperaturs range 240-300 X and ocbserved
& negative teaperature dependence with an E/R value of -(650130) X. The early Barnes et al.

study (1581) was carried out only at room temperature and 1 torr total pressure while their most
recent study was performed in the pressure rangs 1-300 torr lz md tsmperature range 263-295 K
with no rate constant variation being cbserved. In additiom, k,., derived in Barnes st al.
(1981) was zeviszed upward in the later study from 4.1 x 10722 t0 5.0 x 10°*2 due to a change in
the rate constant for the reference reaction. The ~alues of k at 298 K-from the four studies
are in excellent agreement. An unweighted least squares <f£it to the data from the above-
mentioned studies yields the recommended Arrhenius expression. The less precise value for k at
238 X reported by Littlejohn and Johnston (1980) is in fair sgreesent with the recammended value.
The error limits on the recommended E/R ars sufficient sncompass the results of both Trevor et al.
‘and Smith et al. It should bs noted that the values of k at 220 K deduced fram the two studies
differ by a factor of 2. Clesarly additional studies ~f k as s fimction of temperature and the

03 + mz. Based on lsast squares fit %o data in studies of Davis et _al. (1974b), Graham and
Johnston (1974) and Buie and Herrom (1974).

03 + E!lOz. Based on Xaiser ard Japar (1977) and Streit st el. (1679).

3205 + 0. Upper limit based on Tuszon et al. (1583) and Hjorth et al. (1987), who suggest
that this limit may be close to ths true homogeneous rate constant.

CH + NH,. The recamended valus at 298 K is the sverage of the values reported by Stuhl (1973b),
Smith and Zellner (1975), Perry et al. (1976b), Silver and Kolb (1820), and Stephens (1984). The
wvalues reportsd by Pagsberg et al. (1979) and Cox et el. (1975) wers not considered becauss these
studies involved the malysis of a complex mechanisa snd the results are well outside the error
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limits implied by the above five direct studies. The results of Xurylo (1973) and Hack et_sl. (1974)

were not considered because of their largs discrepancies with the other dirsct studies (factors of

3.9 and 1.6 at room temperaturs, respectively). The temperature dependence is based on the results
reported by Smith and Zellner, Perry et al., Silver and Xolb, and Stephens, and the pre-exponential
factor has been selscted to fit the recammended room temperature value.

lmz + aoz. There is a fairly good agreement on the value of k at 288 X between the direct study
of Kurasswa and Lesclaux (1880b), and the relative studies of Cheskis and Sarkisov (1879) aud
Pagsberg st al. (1979). The recommended value is the average of the values reported in these
three studies. The identity of the products is not known; howsver, Kurasswa and Lesclaux suggest
that the most probable reaction channels give either NH, + O, or ENO + H,O as products.
+ NO. The recommended value for k at 2988 K is the average of the values reported by Gordon
ot _al. (1971), Gehring et al. (1873), Losclaux et al. (1975), Hancock et _al. (1975), Sarkisov et al.
(1978), Hack st al. (197%b), Stief st sl. (1982), Silver and Kolb (1982), and Whyte and Phillips
(1983). The values reported in these studies for k at 288 K range from 8.3 to 27.0 (x 10 12) o’
molecule ! 5”1, which is not particuiarly satisfactory. The results teod to separats into two
groups. The flash photoiysis results average 1.9 x 10-11 una nol-cull-l s-". while those obtained
using the discharge flow technique average 0.9 x 10-11 cna mlocul.o-l s-l. The apparent dis-
crepancy camnot simply be due to a pressure effect as the pressure ranges of the flash photolysis
and discharge flow studies overlapped, and none of the studies observed a pressure dependence for
X. There have been four studies of the temperature dependence of k. Each study reported k to
decrease with increasing temperature, {.s. 1-1.25 (Lesclaux et al. from 300-500 X), 1-1'85
(Hack et al. from 210-503 K), T >-87 (Stief st al. from 216-480 X3 and T 23 exp(-684/T) (Silver
and Kolb from 294-1215 K). The recommended temperature depend is taken to be a weighted average
of the dats below 500 K from all four studies. The mpressiom is: k = 1.6 x 10 3% (r/298)71-3
for the tsmperature range 210-500 X.

There are many possible product chamels for this reaction. Strong evidence against the formation
of H atoms exists. Both Silver and Kolb (1982) and Andresen et al. (1982) report substantial yields
of OH of 40 and 265X, respectively, in disagreement with Stief et al. (1582), Hall et al. (1986)
and Dolson (1986) who observed room tamperature CH yislds of-<22I, 1332I and-<15I, respectively.
In addition, Andresen et al. set a lower limit of 2291 for the channel Nz + 520.

NH, + NO,. There have been four studies of this reaction (Hack et al. (197gb), Kurssawa and
Lesclaux (1979), vhyte and Phillips (1983) and Xiang et al. (1985)). There is very poor agreeament
among these studies both for k at 298 K (factor of 2.3) and for the tecperature dependence of k
(1-3'0 ard 1'1'3). The recoamended values of k at 298 X and the temperature dependence of k are
averages of the results reported in these four studies. Hack et al. have shown that the predominant
-fa.a_ctiot; ch;m;cl (>952) prod_ucn !20 + 525 _Just as for r.h.miz' + NO :ucua;. the data for this
reaction seem to indicate a factor of two discrepancy between flow and flash techniques, although
the data base is much smaller.

mlz + 02. The xocom-?f;uon is based on the reported uppcx_li.;miu of 3 x 10'“ (Lesclaux and
Demissy, 1977), 8 x 10 (Pagsberg et al., 1879), 1.5 x 10 {Cheskis and Sarkisov, 1979),
3 x 10718 (Lozovsky st al., 1984), 1 x 10°7 (Patrick and Golden, 1584b) and 7.7 x 10718
(Michael et al., 1985b) all expressed as bimolecular rate constants with wnits of a® l-l. The
termolecular rate constant upper limit would be 2 x- 10” 38 cns l-". The values reported by Hack
ot al. (1882), k = 3.6 x 103 (7/295)°% ca® &2 and Jayanty st al. (1976), k = & x 10715
3-1 are ot used in arriving st the recomnendation., Hack snd Xurrke (1885) have cbssrved a
reaction between M, and Oz(xA). obtaining s rate coustant of (1 £ 0.3) x 10-“ c-a noloculo-l

5! batween 295 and 353 K.
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and Golden (1884b), k(298) = 3.25 x 10713 cm® 571, and the earlier studies by Hack et el. (1881),

c23. lmz—-+~03. — Changed-frax-JPL-83-62. —Thers is poor agreement betwesen the recent studies of Patrick
) g

a® ¢1; Bulatov ot al. (1880), 1.2 x 10732 @ 571,

(1980a), 0.63 x 10-13 cm3 l-l. The very low valus of Kurasswa and Lesclazx may be due to

1.84 x 10 and Kurasaws ~xd Lesclaux-

-

" regeneration of unz from secondary reactions (see Patrick and Golden), and it is disregarded hers.
The discharge flow value of Hack et_al. is nearly a factor of two less than the recent Patrick and

d Golden flash photolysis value. The large discrepancy between Bulatov et al. and Patrick and Golden
eludes explanation. The recommendation is the k(293) aversge of these three studies, md E/R is

» an average of Patrick and Golden (1151 X) with Hack et_al. (710 K).

S D1. OH + CO. The recoumendation allows for an increase in k with pressure. The zero pressurs value

was derived by averaging all direct low pressure determminations (those listed in Bauich et sl.
(1980) and the values reported by Dreier and Wolfrum (1980), Busain et al. (1881), Ravishankara
and Thompson (1883), Paraskevopoulos and Irwin (1984), Bofzusabeus and Stuhl (1884), and Fritz
and Zellner (private commmication, 1887)). An increase in k with pressure has been observed by a
large number of investigators (Overend and Paraskevopoulos (1977a), Perry et _al. (1977), Chan et al.
(1977), Bieman et al. (1978), Cox et al. (1976b), Butler et sl. (1978), Paraskevopoulos and Irwin
- (1982b, 1984), Detore (1984), Hofzumaheus and Stuhl (1984), Fritz sod Zellner (private commmication,
1987), Hynes et _al. (1986)._Suéhnlk and Molina (private commmication, 1987) and Wahner and Zatzsch
(private commmnication, 1987). In addition, Niki et al. (1534) have measured k relative toCH + Czﬂ‘
in one atmosphere of air by following coz production using FTIR. The recommended 298 K value was
obtained by using a weighted non-linear least squares analysis of all pressure dependsnt data in
e . N,- (Paraskevopoulos-and-Irwin-(1984), Detlore (1984), Bofzumahaus-mad Stuhl (1384) and Hynes et al. N
: (1986)) as well as those in air (Fritz and Zellner (private commmication, 1587), Niki et al.
(1984), Hynes et sl. (1988), Stacinik and Molina (private cammmication, 1987), Wahner and Zetzsch
(private commmication, 1987) to the form k = (A+BP)/(C+DP) whers P is pressure in atmospheres.
The dat.a were best fit with D = O and therefore a linear form is recommended.

Previous controversy regarding the effect of small amounts of 02 (Bierman et al.) has beex resolved
and is attributed to secondary reactions (DeMore (1984), Hofzumahaus and Stuhl (1984)). The results
of Butler et al. (1978) have to be re-evaluated in the light of refinements in the rate coefficient
for the CH + Bzoz reaction. The corrected rate coefficient is in approximate agreement with the
recommended value. Currently, there are no -indications to suggest that the pr:u-m:rotoz has any
effect on the rate coefficient other than as a third body. The E/R value in the pressure range
50-760 torr has been shown to be essentially zero between 220 and 258 X by Hynes et al. (1986),
and Stachnik and Molina (private communications, 1387). Further substantiation of the tamperature
independence of k at 1 atm, may be worthwhile. The uncertainty factor is for 1 atm. of air. In
the presence of O,, the HOCO intermediate is converted to HO, + CO, (Detore, 1984). Bemo et al.
(1985) observe an enhanceoent of k with water vapor which is in conflict with the flash photolysis
studies, e.g., Ravishankara and Thompson (1983), Paraskevopoulos and Irwin (21S84), DeMors (1984),
— --  and Hynes et al. (1986). ~ - - ) o - .

. D2. CcH + CEA. This is an extremely well characterized reactiom. All temperature dependence studies
. - are in good agreement (Greiner (13970b), Davis et _al. (1974a), Margiten et al. (1974), Zallner and
P Steinert (1976), Tully and Ravishankara (1980), Jeong and Xaufman (1982)). Due to this good agree-
ment, and the curved naturs of the Arrhenius plot at higher temperatures, the value of Davis et al.
obtained in the temperature interval 240 <T <373 X is recamnended.

a2\ ™

//_ D3, cH + uCH‘ (km). This reaction has been studied relsative to the OH + m‘ &12) reactim, since
the ratio of the rate coefficients k13/k12 is the quantity needed for identifying methane socurces.
Rust and Stevens (1980) obtained a value of 1.003 for "13/12 at 258 K while the recent msasurement
of Davidson et _al. (1887) yields 1.01010.007 at the same tamperature. Mo data cn the tssperature
dependence of k13/k12 is gvailable. We have recommended the value mesasured by Cavidson et al. since
¥
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they pr scme as to why Rust and Stevens’ value could be low, The orror ber is
1.01040.007 and it overlaps with the measursd value of Rust and Stevens.

oH + (:.‘,a8 Thers is good agremment among nine studies of this reaction at 288 X, i.e., Greiner
(1970a), Boward and EZvenson (1976b), Overend st g3l. (1975), Lee and Tang (1882), Leu (1978D), Tully
ot _al. (1883), Jecng ot _al. (1984), Tully et al. (1886), and Nielsen g¢% sl. (1988). All these
studies were not carried out at exactly 298 K. Therefore, we have recalculated the 298 X value,
by assuming an E/R of 1100 X, for those studies whers the room temperature was rot 298 X. The
average of these nine measurements is k(298 X). The temp depend was computed by using
the data of Greiner (1970a), Tully et gl. (1933), and Jeong gt sl. (1984). Higher temperature
results of Baulch et sl. (19883), and Tully et al. (1988) are in agresment with the recommended

value. Recent -usux-nu by Wallington st sl. (1987b) over the temperature range 234-438 K are

in good un-nn’r. with t.h. recoasemded values.

od + c:,na There are many lnuu:mt.u of the rate coefficient at 208 X. In this evaluatio we
have considered only the direct uuu:n-au that are reported in the literaturs. These are
measurements by Greiner (1970s), Tully st sl. (1983), Droege and Tully (1986), Schmidt et al.
(1983), Baulch et al. (1985), and Bradley et al. (1973). The 298 X value is the average of these
six studies. Greiper (197Ca), Tully et al. (1883), and Droege and Tully (1986) have measured the
temperaturs d-p-ndm of this resction, and the recommended Z/R was obtained from a linear least
squares analysis of the data from these studies at T below 500 K. The A-factor was adjusted to
reproduce k(298 X).” This- reaction has two possible charmels, i.e.; abstraction of the primary or
the secondary H-atom. Therefore, non-Arrhenius behavior is exhibited over a wide temperature rmge,
as showm by Tully et al., and Droege and Tully. The branching ratios were estimated from the latter:
-1

- -2 3 -1
Ko rinary 6.3 x 107 % xp(-1050/T) cm’ molecule = s

-12

= 6.3z 10712 exp(-580/T) em® molecule t

ksm;cmdn.!ry

These numbers are in rsasonabls sgreement with the older data of Greiner.

o8 + 2,00. The value for k(298-K) is the average of those-detemmined by Atkinson and Pitts-(1978)
and Stief et al. (1980), both using the flash photolysis-resonance fluorescence technique. The
value reported by Morris and Niki (1971) agrees within the stated uncertsinty. There are two
relative values which are not in sgreement with the recammendations. The value of Nikxi et al.
(1978b) relative to CH + Czﬂ‘ is higher while the value of Smith (1978) relative to OH + (H is
lower. The latter data are also at variance with the negligible temperature depend observed

in the two flash photolysis studies. Although Atkinson and Pitts assign a small activation energy
(E/R = S01150), their data at 326 K and 425 X and that of Stief et sl. at 228 X, 257 K and 282 X

are all within® 10X of the k(253 X) value. Thus, the combined data set suggests E/R = 0. "The ~

abstraction reaction showm in the table is probably the major chammel; other channels may contribute
(Horowitz et al., 1978).

of + ca:cm There are six measurements of this rate coefficient at 298 X, Morris et al. (1571),
Kiki et sl. (1978b), Atkinson and Pitts (1978), Kerr and Sheppard (1981), Semmes et al. (185),
and Michael et_al. (1985a). The recommended value of k(298 X) is the average of these measurements.
Atkinson and Pitts, Semmes et al., and Michael et _a]. measured the temperature dependence of this
rate coefficient and found it to exhibit a negative temperature depend . Ther ded value
of E/R is the average E/R of these studies. The A-factor has been adjusted to yleld the recom-
mended value of k(258 K).
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CH + CH,00H. The recommended value is that of Niki ¢t gl. (1883), They measured the rate coefficisat
relative to that of OH with Czl‘ by monitoring m:’t!! dissppearance using an FIIR system. This
measursd value is very fast and hence is not expected to show substantial temperature dependence,
Niki ot al. have determined that the rate coefficient for H-atom abstraction from the CH, group
i3 spproximately 0.7 times that for H-atom abstraction from the CH group. Independent, direct
messursments of this rate coefficient are needed.

OH + HCH. This reaction is pressure dependent. The recammended value is the high pressure limit
measured by Frits et al. (1984) using a laser photolysin- fluox spparstus. Phillips
(1978) studied this reaction using a discharge flow apparatus at low pressures and found the rate
coefficient to have reached the high pressure limit at ~10 torr at 298 X. Fritz et al.’s results
contzadict this finding. They agree with Fhillip‘’s measured value, within a factor of two, at 7
torr but they find X-to increase further with p . The peod s of the reaction are unknown.
The measursd A-factor appears to be low.

08 + CH,CH. This rate coefficient has been n’uu:od 8s & function of temperature by Harris et sl.
(1981) between 298 and 424 X, Xurylo and Knable (1984) between 250 and 363 X, and Rhasa and Zellner
(private coommmication, 1987) bstween 295 and 520 K. In addition, the 298 X value has been measured
by Zetzsch (private commmication, 1987) and FPoulet e%t al. (1884a). The 288 X results of Harris
et a]l. are in disagreement with all other measurenents and therefore have not been included. The
recompended 298 K value is the average of all other studies. The temperature depend was puted
using the ruuluv of Kn_xllo _l_nd Knab).o (2_5_0-'352'!) and the m-;_:npoxgwxo values (i.e., 295-391X)
of Rhasa and Zallner. Two poln;.l are worth noting: (a) Rhasa and Zallner observe a curved Arrhenius
plot even in the temperature range of 295-520 K and thersfors extrapolation of the recommended
sxpression could lead to large errors, and (b) Zstzach observed a pressure dependent increase at
k(298 X) which levels off at about 1 atmosphere. This observation is contradictory to the results
of other investigations. A complex reaction machanism camnot be ruled out, The products of the
reaction are unknown,

BO, + C,0. It is believed that this resction procesds through additiom of BO, to 'cuzo (Su et _al_,
1979b,c, Vayret et al., 1982). The value of the rate coefficient deduced by Su et al. (197Sc),
based oo modeling a camplex system involving the oxidation of CEZO, is spproximately :cvn times
lower than that cbtained by Veyret et al. (1982), who also modeled a complex system, The recommended
value is an average of the two measurements and is very uncertain. Su et sl., (1979¢c) have deduced
that the lifetime of the adduct towards decamposition to mzo and noz is ~1 sec at 298 X.

O + BCY. This resction has been studied at high temperatures, 1.e., T >1000 X, because of its
importance in combustion systems, Roth et al. (1980), Szekely et _al. (1984), and Louge and Hanson
(1984). Davies and Thrush (1968) studied this reaction between 469 and 574 X while Perry md
Melius (1984) studied it between 540 and 900 K. Raesults of Perry and Melius are in agreement with
those of Davies and Thrush. Qur recommendation is based on these two studies. This reaction has two
reaction pathways: O + BCN = H + RC®), AH = -6 kcal/mol (ks); snd O + BCH = CO + NH (kb), AH = -36
kcal/mol. The branching ration k./kb for f.hu- two channels has been Mfsutld y.on:_-z at T = 860 K.
The branching ratio at lower temperatures is unknown,

o+ CZXZ. The value at 298 X is an average of tsn measureaments; Arrington et _al. (1$65), Sullivan
and Warneck (1965), Brown and Thrush (1957), Hoyermamm et al. (1967, 1969), Westenberg and deHaas
(1365b), James and Glass (1970), Stuhl and Niki (1971), Westenberg and deHass (1977), and Aleksandrov
et _al. (1981). There is reasonably good agreement among thess studies. Arrington et al. (1965)
did not cbserve s temperature dependence, an observatiom which was later .nown to be erroneous by
Westenberg and deHaas (1968b). Westenberg and deHaas (1963b), Hoyermamn et al. (1969), ad
Aleksandrov et al. (1981) are the only authors who have measured the tamperature dependence below
500 K. Westenberg and deHaas observed s curved Arrhenius plot at higher tezperaturs. In the racge
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195-450 K, Arthenius behsvior provides an adequate description and the E/R obtained by a fit of the

data from these three groups in this temperaturs range is recoomended. The A-factor was calculated
to reproduce x(298 X)., This reaction can have two sets of products, i.e., sz + Hor cuz + CO.
Under molecular beam conditions sz has been shoma to be the major product. The study by
Alsksandrov st_al. using a discharge flow-r fluor method (under undefined pressure
conditions) indicates that the sz + H charmmel contzributes no more than 72 to the net reaction at
238 X, while a similar study by Vinickier et 2]. (1985) suggests that both Cﬂz and CHZO ars formed.

o+ Bzco. The recommended values for A, E/R and k{298 X) are the averages of those detemined by
Xlsom (1979) using flash photolysis-r fluor (250 to 488 K), by Kleowms et al. (1980)
vsing discharge flowr fluor (288 to 748 X) and Chang and Barker (1979) using

discharge flow-mass spectrometry (296_to 436 X). _All three studies are in good sagreement. The
X(298 X) value is also consistent with the results of Niki et _al. (1963), Herron and Penzhorn
(1969), and Mack and Thrush (1873). Although the mechanism for O + azeo has been considered to be
the abstraction reaction yielding OH + HCO, Chang and Barker suggest that an addition channel
yielding H + B:o2 may be occurring to the extent ol» 302 of the total reaction. This conclusion is

tased on ean cbhservation of G)z as a product of the reaction under conditions where reactions such
as O + HOO - 3 + COZ and O + HCO < OH + CO apparently do not occur. This intsrssting suggestion

zeeds independent confirmation.

o+ CE3C80 The :ocom?;dod k(ZSBL_K) E: ~|'.ho n_von;o of three fuuu:mnu by Cadle and Powers
(2967), Mack and Thrush (1974), and Singleton et al. (1977), which are in good agreement. Cadle
xxi Powers and Singleton et al. studied this reaction as a function of temperature between 298 X
o 475 K and obtained very similar Arrhenius parameters. 7The recommended E/R value was obtained
ty considerirg both sets of data. This reaction is known to proceed via H-atom abstraction (Mack

axi Thrush, 1574; Avery and Cvetanovic, 1965; and Singleton et al., 1977).

IR CHJ' T-e recommended k(298 K) is the weighted average cf three measursments by Washida and
2zxyes (1976), Washida (1580), and Plumb and Ryan (1982b). The E/R value is based on the results
cf Washida ad Bayes (1976), who found k to be independent of temperature between 259 and 341 K.

CS._, + 02. Zhis bimolecular reaction is not lx‘p.t-:;-;d zg be i.mpo:-tlmt:lbuod on the results of
2aldwin and Golden (1978a), who found k < 5 x 10 cn” molecule © s © for temperatures up to
1200 K. Klais et al. (1979) failed to detect CH (via Cﬂa + 02 - CBZO + OH) at 368 X and placed an
spper limit of 3 x 10.]‘6 cm3 :ml.-t:uh.1 3‘1 for this rate coefficient. Bhaskaran et al. (1979)
measured X = 1 x 10711 exp(-12,900/T) co® molecule > s~} for 1800 <T <2200 X. The latter two
studies thus support the results of Baldwin and Golden. Recent studies by Selzer and Bayes (1983)
od Flunb and Ryan (1982b) confirm the low value for this rates coefficient. Previous studies of
Washida and Zayes (1976) sre superseded by those of Selzer and Bayes. Plumb and Ryan have placed
o upper lizit of 3 x 10 2% cn® molecule” 5! based on their inability to find ECHO in their

upcrimuf

':1205 + 0,. The rate coefficient was first measured directly by Radford (1980) by detecting the HO,

sooduct in a laser magnetic rescnance spectrometer. The wall loss of GZOE could have introduced
a large error in this measurement. Radford also showed that the previous measurement of Avramenko
©d Kolesnikwva (1961) was in error. Wang st _sl. (1984) messured a value of 1.4 x 10712 o’
mlecule ™t 5™ by detecting the O, product. Recently, Dobe st al. (1985), Grotheer st al. (1985),
wd Payne st_sl. (1887) bave messured k(298 K) to be close to 1.0 x 10”1 ca® molecule™ 5™} under
snditions whers wall losses are small. The reccumended value is the sverage of these three studies.
Since this rsaction is quite fast the E/R is expected to be close to zero. Very recently, Stief

(srivate commmnications) has obtained a positive activation enerzy for this reactionm,
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Ci,0 + 0,. The recommended vnl.uovto: k(298 X) is the average of those reported by lorsmnz
ot al. (1985) and Wantuck e% al. (1987). The recommended A-factor and E/R are those obtained
using the results of Gutman et al. (1982), Lorenz st al. (1985), and Wentuck st al. (1887) in the
taxperature range 298 to 500 K. These investigstors have measured k directly under pseudo-first
order conditions by following CH,O via laser induced fluorescence. The temperature intervals
were 413 to 608 K (by Gutman et al.), 288 to 450 X (by Lorenz ot al.), and 298 to 973 X (by Wantuck
et al.). Cox et al. (1580) used an end product analysis technique to measure k down to 298 X. The
previous high tesmperaturs measurements (Barker et 3l. (1977) and Batt and Robinson (1879)), are in
reasonable agreement with the derived expressiocn. k(288 X) is calcu.ated from the recommended
expression. This value is consistent with the 298 X results of Cox st_al. (1980) and with the
upper limit measured by Sanders et al. (1980b). The A-factor appears to be too low for a hydrogen
atom transfer reaction. The Arrhenius plot is curved at higher temperature (Wantuck st al.). The
Tesction _ny be more complicated than a simple sbhstraction. The products of this reaction are
502 amd CH.ZO, as shown by Niki et al. (1881), which is consistent with a reported 0120 yield of
0.8510.15 (Zellner, private cocxmmication, 1987).

B + 0,. The value of k(298 K) is the average of the deteminations by Washida et al. (1974),
Shibuya et _al. (1877), Veyret and Lesclaux (1881), and Langford and Moore (1984). There are three
measursments of k whers HCO was monitorsd via the intracavity dye laser absorption technique (Reilly
et _al. (1978), Nadtochenko et _al. (1979), and Gill et al. (1881)). Even though there is excellent
agreement between these three studies, they yinl.dbcnlht.mtly lower values than those cbtained by
other tachniques. There are several possible reasms for this discrepancy: (a) The relationship
between BCO concentraticn and laser attenuation @might not be linear, (b) thers could have been
deplation of ()2 in the static systems that were used (as suggested by Veyret and Lesclaux), and
(c) these experiments were designed more for the study of photochemistry than kinetics. Therefore,
these values are not included in obtaining the Iscommended value. The recoomended temperature
dependence is essentially identical to that measured by Veyret and Lesclaux. We have expressed
the cemperaturs dependences in an Arrlenius form even though the authors preferred a ™ fom
(k= 5.5x 10-11 I-(O.b:tO.J) cm3 mloculo-" s-").

ma + 03. The recommended A-factor and E/R are those obtained from the results of Ogryzlo et al.

~.(1981). The results-of Simonaitis and Heicklen (1975), based on an znalysis of a complex system,

are not used. Washida et al. (198Ch) used O + CZH‘ as the source of CKJ Recent results (Buss
ot _al. (1981), Xlsinermanns and Luntz (1881), Hunziker et al. (1981), and Inoue and Akimoto (1881))
have shown the O + CZH‘ reaction to be a poor source of ‘353- Therefore, the results of Washida
et al. are also not used.

CH:’CIz + 03. There are no direct studies of this reaction. The quoted upper limit is based on
indirect evidencs cbtained by Simcnaitis and Heicklem (1875). — .. -

CE:,OZ + cxao . The recccmendsd value for k(298 K) was derived from the studies by Hochanadel
et sl. (1977), Parkes (1S877), Anastasi et al. (1978), Kan et al. (1979), Ssnhueza et al. (1979), __
Sander and Watson (1S81c), McAdam et _al. (1987), and Ku:ylb and Wallington (1987). All the above
deterxinations used ultraviolet absorption techniques to monitor (:8:’0z and hence measured k/o,
where ¢ is the absorption cross section for G:,Oz at the monitored wavelength. Therefore, the
derived value of x critically depends on the value of ¢ used. Currently, thers are large
discrepancies (approximately a factor of 2) between the values of o red by Hochanadel et al.,
Parkes, Sander and Watsom, Adachi et al. (1880), McAdam st _sl. (1987), and Kurylo et sl. (1887a).
To cbtain the valus at 298 K, an average value of o at 2350 nm was obtained. Using this value of ¢
and the weighted averags value of k/o st 250 nm the value of X(298 K) was derived. The recammended
terperature dependence is that measured by Sander and Watson (1881¢c) and Kurylo and Wallington
(1887) using a value of o independent of T. It is not clear whether the above procedurs of
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recalculating k using mn svarage value of ¢ is wvalid., Therefors, the exror limita have beann
increased to encompess the values of k calculated by various authors, This reaction has
thres possible sets of products, i.e.,

«E,0 + 0, x,
Ciy0, + U0, = CHO+ A 0B + 0, Ky
CH,00CH, + 0y kg

“pa2a.

D2s5.

D26.

FIIR studies by Kan ot gl. (1980) and Niki ¢t gl. (1531) are in reasonsble egreemsst on branching
ratios at 208 K; k /k ~0.35, ky/k ~0.10. Because of the existence of multiple petiweys, the
temp re depend of k may be cawplax. TFurther work is required om both the tempersture
dependence and the varistion of bramching ratios with temperature.

ast + NO. The value of X(298 K) is the average of those determined by Sander snd Watson (1980),

Ravishankara st al. (1981a), Cox and Tyndall (1980), Plumb e% g). (1831), Simonsitis and Heicklen
(1981) and Zellner ot al. (1988). Values lower by more than a factor of two have been reportsd by
Adachi and Basco (1979) snd Simonaitis and Heicklen (1979). The former direct study was probably

"in error becsuse of interference by CH,NO0 formtion. The results of Simonaitis and Heicklem
(1879) and Plumb st a]. (1979) are d o besupersedad by their more recent values, - Ravishmkara -— —- -

ot al. (1881a) and Simonaitis and Heicklen (1881) have measured the temperature dependence of X
over limited temperature ranges. The recommended A-factor and E/R were obtained by a least squares
analysis of the data from the two studies. The value of k(218 X) obtained by Jiminaitis and Heicklen
(1981) is not included; however, the large error bounds allow the calculated value of k at 218 K
to overlap that measured by Simonaitis and Heicklen. Ravishankara et al. (1881s) find that the
reaction chamel leading <o xoz accounts for at least 802 of the resction. Zalizer et al. (1386)
have measured the yield of C330 to be 1.010.2. These results, in conjuncticn with the indirect
evidence obtained by Pate st_al. (1974), confirm that noz formation is the major, if not the mly,
reaction path.

(:E:’O2 + aoz. The room temperature value is that of Cox and Tyndall (1979, 1880). Cox and Tyndall
also report a large negative E/R valus over a temperaturs range 274-338 K, which is similar to
that found for the mz + mz reaction by many groups (see note on 502 + soz). There are large
discrepancies in the valus of o C5302 (sees D24). Thersfors, the uncertainty has been incrsssed.
There are varicus other recent measurements by Kurylo et al. (1887b), Dagaut et al. (1987), McAdam
et _al. (1987), Cox (private commmicstion) that yield contradictory results. Thersfore, it is
cautioned that the recammnded value may be incorrect. In the absence of comsistent dats, we

" have decided pot to change the previcus recommendation. The rate coefficlent peeds indepedent -

verification at one atmosphers, and further measurements of pressure, water vapor, snd temperature
dependences. It i3 -also necessary to measure the ylelds of products in this reaction to check for

the presence of multiple pathways. - N,

¥0, + CO. The upper limit is based cun the results of Ridley and McFarland (privsts cammmication,
1984) and Hjorth st al. (1986). Ridley and McFarlend estizated an upper limit of 1 x 1072 cm®
molecule ! 57! based on their measuresents of B0, loss in excess CO. Hjorth et al. obtained an
upper Umit of & x 107%% ca® molecule ® s°! based cn an FIIR analysis of isotopically labeled
CO loss in the presencs of ma. Burrows et el. (1985b) cbtained sn upper limit of 4 x 10-15 t:-3
molecule l 571, which is consistent with the other two studles. Products ars expected to be
mz + wz.
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w, + CR0. Thers ars two meassruments of this rate coefficient at 298 K, Atkinson ot gl. (19.3:6)
and Cantrell gt gl. (1885). The value reportad by Atkinscon ot _gl. (18°3), k = (3.2320.26) x 10
c.a -:locuh'l' l-l. is corrected to 3.8 x m"" o -ohcu]..-" 3! to sccomt for the
different value of the equilibrium constant for the WOy + NO, . N,0, reaction that was measured
subsequent to this study by the same group using the same apparatus. This correction is in
accordance with their suggestioa (Tuazon gt gl, 1984). The valus reported by Cantrell st al..
k = 6.3 2 10715 ca? molecule? 5™} 1s in good agreement with the corrected value of Atkinsen
ot al. The recommended walue iz the average of thess two studies. Cantrell gt al. have good
evidence %o suggest that m, ad CHO are the products of this reaction. The tesmperaturs
dependence of this rate coefficimt is unknomn,

D2s. - no, + a,un.um cntxy There ars four messursments of this rate constant, Morris and Niki (1974),

Atkinson gt _al. (1884), Cantrell ot gl. (1988), Dlugakencky and Boward (private commmication, 1987).
The value reported by Atkinsom st al. (1384), k = (1.3410.28) x 10" 1% cm® molecule™® al, is
corrected to 2.4 x 10'15 =3 -:hcuh-" -1 as discussed for the ¥, + 8,C0 rucf.im above and as
suggested by Tuazon ot s}. (1984). The recamsnded value is the average of the values cbtained by
Atkinson et al. (2.4 x 1071% o’ moleculs? &1y, Cantrell ot al. (2.1 x 1073 ca® molecute !
s71), and Dlugckencky and Howard (2.74 x 10713 cm® molecule™ s73). The results of Morris and
Niki agree with the recammended value when their original data is re-analyzed using the currently
recommended value for the equilibrium constant for the resaction pz + NOy : ¥ 0, as shom by
Dhmkﬂy fnd Howard. Dlugckencky snd Boward have studied the tsmperature dependence of this

reaction, Their measured valus of E/R is recoomended. The A-factor has been calculated to yield ™

k(288) recamnended hers. Morris and Niki, and Cantrell et al. observed the formation of mns and
PAN in their studies, which strorgly suggests that ma and caaco are the products of this reaction.

ClL + O,. The results reparted for k(298 X) by Watson et _sl. (1976), Zahniser et sl. (1978), Kurylo
and Braun (1976) and Clyne and ¥ip (1876a) are in good sgreement, and have been used to determine
the preferred valus st this tezperature. Ihe values reported by Leu and DeMore (1975) (due to the
wide error limits) ad Clyne and latson (1874a) (the value is inexplicably high) are not considered.
The four Arrhenius expressions sre in fair agreement within the temperature range 205-300 X. In
this temperaturs rangs, the rats constants at any particular temperaturs sagree to within 30-40%.
Although the values of the activation energy cbtained by Watson st al. and Xurylo and Braun are in
excellent agreament, the value of kX in the study of Kurylo and Braun is consistently (~17I) lower
than that of Watson et al. This may sugsest a systematic underestimate of the rate constant, as
the values from the other three sgree s0 well at 298 K. A more disturbing differencs is the scattsr
in the wvalues reported for the activation mergy (338-831 cal/mol). However, there 1s no reason
to prefer any one set of data o any other; thersforse, the preferred Arrhenius expression shomm
above was obtained by computinrg the mean of the four results between 205 and 298 X. Inclusion
of higher temperaturs (< 466_K) experimental data would yield the following Arzhenius expression:
X = (3.421.0) z 10" ' exp(-310876/T). o

Vanderzaoden and Birks (1982) bave interpreted their observation of ocxygen atoms in this system as
evidance for some production (9.1-0.5%) of O, (1::) in this reaction. The possible production
of sirglst molecular cxygen in this reaction has also been discussed by DeMore (1381), in connecticn
with the C12 photosensitized decomposition of ozone. However Choo and Leu (1385) wers wnable to
detect 02(11:) or 02(1.5) .ln_:h- CL + 03 l'.yz:tn and set upper limits to the branching ratios for
their production of 5 x 10 aod 2.5 x 10 ©, respectiveiy. Thus the machanism for productiom of
oxysgen astams in this system is wclear.

CL + Bz This Arrhmius sxprsssion is rased on the data below 300 K reported by Watson st al.
(1975), lee et_al. (1377), Miller and Gordm (1981), and Kita and Stadman (1982). The results of
these stixiles are in excellent sgreement below 300 X; the data at higher temperaturss are in samewhat
poorer agreement. The results of Watson et sl., Miller and Gordon, and Xita and Stedman agree
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well (after extrapolation) with the results of Benscn ot _sl. (1969) and Stsiner and Rideal (1939)
at higher temperatures. For a discussiocn of the largs body of rate data at high tamperatures see.
the review by Baulch et _al. (1980). Miller and Cordoa and Kita and Stedam also od the rate
of the reverse reaction, and found the ratio to be in good sgreement with equilibrium constant data.

CL + CH,. The values reported from the thirteen abscluts rats coefficient studies for k at 288 X
fall in the range (0.99 to 1.48) x 1023, with a mean walue of 1.35 x 1022,  However, based
upon the stated confidence limits reported in each study, the range of valoes far exceeds that to
be expected. A preferred average value of 1.0 x 102 can be determined from the absolute rate
coefficient studies for k at 298 K by ;iving equal weight to the values reported in Lin et al.
(1978a), Watson et _al. (1975), Marming and Kurylo (1877), Whytock et al. (1977), Zalmiser et al.
(1978), Michael and Lee (1977), Keyser (1978), and Ravishankara and Wine (1960). The values derived

© fof k at 288 X fiom the cocpetitive chlorination studies of Pritchard et al. (1954), Knox (1955),

Pritchard ot al. (1955), Knox and Melsan (1959), and Lin et _al. (1978e) ramnge from (0.85-1.13) x
10-13, with an sverage valus of 1.02 x m"". The preferred value of 1.0 x 10-13 was obtained

by taking s mean value from the most raliable absoluts and relative rats coefficient studies.

There have been nine absoluts studies of the tamperature dependence of X. In general the agreement
between most of these studies can be considered to be quite good. However, for a meaningful analysis
of the reported studiss it is best to discuss thsm in terms of two distinct temperature regions,
(a) below 300 X, and (b) above 300 X. Three = £inor studiss have been performed

.over the temperature range ~200-500 K (Whytock et al. (1877),-Zalmiser et el.-(1978) and Keyser -

(1978)) and in each case a strong nonlinear Arrhenius bebavicr sas cobserved. Ravishankara and
Wine (1980) also noted nonlinear Arrhenivs hebavior over s more limited temperature range. This
behavior tends to sxplain partially the large variance in the values of E/R reported between those
other investigators who predominantly studied this rsaction below 300 X (Watson et_al. (1976) and
Manning and Kurylo (1877)) and those who canly studied it abowe 300 X (Clyne and Walker (1973), Poulst
et al. (1S874), and Lin et al. (1978a)). The agreement between all studies telow 300 K is good, with

values ¢f (a) E/R ranging from 1229-1320 X, and (b) (230 K) ranging frmm (2.64-3.32) x 10-1‘.

The mean of the two discharge flow values (Zahniser et al. (1978) and Xeyser (1378)) is 2.67 x 10-1‘,
while the mean of the four flash photolysis values (Watson et al. (1976), Mamning and Xurylo (1977),
Whytock st sl. (1977), and Ravishankara and Wine (1580)) is 3.22 x 10 >* 42 230 X.. There have not
been any absolute studies at stratospheric tamperatures other thm those which utilized the resonance
fluorescence technique. Ravishankara and Wine (1580) hawe suggested that the results obtained
using the discharge flow and campetitive chlorinatimm techniques may be in error at the lower
texperatures (<240 X) due to a non~equilihration of the sz ad ZPJIZ states of atomic chlorine.
Ravishankara and Wine observed.that at tecperatures below 240 K the appersnt bimolecular rate
constant was dependent upon the chemical composition of the resction mixture; i.e., if the mixture
did not contain an efficient spin equilibrator, e.g. Ar or m‘. the bimolscular rate constant
decreased “at _vhxgh CH‘ concentraticns. " The chemical composition 'in each of the flash photolysis
studies contained an efficient spin. equilibrator,. whersas this was not the case in the discharge
flow studies. However, the Issctor walls in the dischargs flow studies could have been expected
to have acted as zn efficient spin-equilibrator. Consequently, until the hypothesis of Ravishankara
and Wine is proven it is assumed that the discharge flow snd caspstitive chlorination results are
reliable,

Above 300 K the three resonancs fluorescence studies rsported (a) “sversged” values of Z/R ranging
from 1530-1623 X, and (b) values for X(500 X) ramging Lrom (7.74-8.76) x 10-13. Three mass
spectrometric studies have been perfomed above 300 X with E/R values ranging from 1409-1780 K.
The data of Poulet et al. (1574) are sperse and scattered, that of Clyne and Welker (1973) show
too strong a tesperature dependence (cospared to all other absolute and competitive studies) and
(288 K) is ~20% higher than the preferred value at 288 X, while that of Lin et al. (1972a) is in

fair agreement with the = floor Tesults.
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In conclusion, it should be stated that the best values of k from the absolute studies, both above
and below 300 K, are obtained from the r fluor studies. The competitive chlorination
results differ fram those obtained from the absolute studies in that linear Arrhenius behavior is
observed. This difference is the major discrespancy betwesn the two types of experiments. The
veluss of E/R range from 1503 to 1530 K, and k(230 K) from (2.131-2.54) x 10 1% with a mean value
of 2.27 x 10-“. It can be seen from the above discussion that the average values at 230 K ars:
3.10 x 1071% (flush photolysis), 2.67 x 10°* (discharge flow) and 2.27 x 107** (compatitive
chlorination). These differsnces increass at lower temperatures. Until the bypothesis of
Ravishankara und Wine (1980) is re-examined, the preferred Arrhenius expression attampts to best
£it. the results cbtained between 200 and 300 X from all sources. The average value of k at 298 X

is 1.00 x 10'”, md at 230 K is 2.71 x 10-1‘ (this is a siople mean of the three average values).

The preferred Arrhenius expression yields values similar to those cbtained in the discharge flow-

T n studies ™ If anly flash photolysis-r 4l Tesults are used
then e alternate sxpression of 6.4 x 10712 (axp(-1200/T)) can be obtained (k(288 X) = 1,07 x 102”13
and X(230 X) = 3.18 x 10°2%),

_ A study (Heneghan et al. (1981)) using very low pressure reactor techniques reports results from
233 to 338 X in excellent agreement with the other recent measursments. They account for the
curvature in the Arzhenius plot at higher temperatures by transition state theory. Measured
equilibrium constants are used to derive a value of the heat of formation of the methyl radical at
298 X of 35.110.1 kcal/mol. - -

Cl + C,H,. The absolute rats coefficients reported in all four studies (Davis et al. (1970),
Manning and Kurylo (1977), Lewis et al. (1980), and Ray et al. (1980)) sre in good agreement at
298 K. The value reported by Davis st al. was probably overestimated by ~10X (the authors assumed
that I, was proportional to [C1177, whereas a linear relaticuship betwsen I, and [Cl] probably
held under their experimental conditions), The preferred value at 298 K was taken to be a simple
mean of the four values (the value reported by Davis et al. was reduced by 10X), i.e., 5.7 x 10-1‘:‘
The two values resported for E/R are in good agreement; E/R = §1 K (Mamning and Kurylo} and E/R =
130 K (Lewis ot sl.). A simple least squares fit to all the data would unfairly weight the data
of Lewis et al. due to the larger temperaturs range covered. Therefore, the preferred value of
7.7 x 1073} oxp(-90/T) is an expression which best Zits the dsta of Lewis et al. and Marning and
Kurylo between 220 end 350 X.

Cl + C3B . This recommendation is based on results over the tasperature nn;oVZZO-SO? X reported
in the recent discharze flow-resonance fluoreacence study of Lewis et al. (1980). These results
are consistent with those obtained in the competitive chloriration studies of Pritchard et al.
(1955) and Xnox and Nelson (1959).

: c:.:_maoa. This recommendation is based on the 200-500 K results of Michael et "al. (1375b) by the

flash photolysis-resonance technique and the 298 K results of Pryne st al. (1887) by the discharge
flow-mass spectrometry technique. Product analysis and isotopic substitution have established that
the reaction mechmism consists of abstraction-of a hydrogen atam from the methyl group rather than
from the hydroxyl group. See Radford (1980), Radford et al. (1981), Meier ot al. (1984), and
Payne ot al. (1887). This reaction has been used as a source of CH,CH sod as & source of EO, by
the reaction of szm with 02.

Cl + GaCl. The results reportsd by Clyne and Walker (1973) and Manning and Xurylo (1977) are in
g00od agreement at 298 K. Bowever, the valus of the activation energy msssured by Maming and
Kurylo is significantly lower than that measured by Clyns and Walker. Both groups of workers
measured the rats coustant for the Cl + G‘ and, similarly, the activation energy measured by
Manning and Xurylo was significantly lower than that measured by Clyne and Walker. It is suggested
that the discharge flow-mass spectrometric technique was in this case subject to a systematic
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exror, and it is recoxmended that ths flash photolysis results be used for stratospberic calculstions
in the 200~300 K temperature range (s¢s discussion of the Cl + G‘ studies). In the discussion of
the C1 + CH‘ reaction it was suggested that some of the apparent discrepancy betwoen the results
of Clyne and Walker and the flash photolysis studies can be explained by nonlinear Arrhenius behavior.
Braever, it 1s less likely that this can be invoked for this rsaction as the pre-exponential A-
factor (as measured in the flash photolysis studies) is already ~3.5 x 10 11 and the significant
curvature which would be required in the Arrhenius plot to meke the data campatible would result
in = unreasonably high velse for A (>2 z 10~ %),

C1 + cu,CN. The r dation pts the upper limit at roam tesperaturs reported by Kurylo and
Knable (1684) using flash photolysis £l . Poulst ¢t gl. (1884a) used discharge
flow-mass spectrometry and reported the expression k = 3.5 x 10712 srp(~-2785/T) over the temperature
range 478-723 K. . They. alsc reported a-roam tesperaturs value of 9 x 10-15, which {s a factor of
3 greater than that calculated from their expression. It sppears likely that their room tesperature
obsexvations were strongly influenced by het P . It should be notad that their
axtrapolated room temperaturs value is approximately equal to Xurylo and Knable’s upper limit.

Olbregts et al. (1934)_rip95tod_ values mnear 400 K't.!u_f. agree with results of Poulet et al.

CL + Cﬂstxla There has been only one lt.ud'y of this rate, that by Wine et_al. (1882), using a
laser flash photolysis-rescnance fluorescence technique. It was concluded that the presence of s
reactive ulputity nccountod for a swuucmr. fraction of the Cl removal, and therefore only upper

“limits to the rate were reported for the teaperature range 258-356 K. This reaction is too slow

to be of any importance in lt.msphcne ch-ilt.ry

Cl + H,00. The results from five of the six published studies (Michsel et al. (197S8a), Anderson
and Xurylo (1979), Niki et al. (1978a), Fasano and Nogar (1981) and Poulet et al. (1981)) are in
good agreement at ~298 K, but ~501 greater than the valus reportsd by Foon et sl. (1979). The
preferred valus at 298 X was cbtained by combining the absolute values reported by Michael et al.,
Anderson and Kurylo, and Fasano and Nogar, with the values obtained by cambining the ratioc of
k(CL + EZCO)/k(C]. + CZHB) reported by Niki et al. (1.310.1) and by Poulet st al. (1 16£0.12)
with the preferred value of 5.7 x 10 1} for K(CL 4 C,H,) at 298 K. The preferred value of E/R was
obtained from a least squares fit to all the data reported in Michael et _sal. and in Anderson and
Kurylo. The A-factor was adjusted to yield the preferred value at 298 K.

CL + H,0,. The absolute rats cosfficients detemmined at ~298 X by Watson et al. (1976), Leu and
DeMore (1976), Michael et al. (1977), Poulet et _al. (1978a) and Xeyser (1880a) range in vaiue from
(3.6-6.2) x 10"3. The studies of Michael et sl., Keyser, and Poulet et al. are presently considered
to be the most reliable. The preferred value for the Arrhenius expression is taken to be that
reportad by Keyser. The A-factor reported by Michael et al. is considerably lower than that expected
t:oz? theoretical considerations and may possibly be attributed to decomposition.of azo at tempera-
tures above 300 K. The data of Michael et al. at and below 300 X are in good agrsement with the
Arrhenius expression reportsd by Keyser. Mors data are required boiox' the Arrhenius parameters
can be considered to be well established. Heneghan and Benson (1883), using mass spectrametry,
confimmed that this reacticn proceeds omly by the abstraction mechmisa giving BCl and mz as
products.

C1 + BOCl., This recommendation is based on results over the temrsrature range 243-365 X using the
discharge flowmess spectranmetric technique in the only rsported study of this rate, Cook st al.
(198la). Emnis and Birks (1985) have ed the product distribution in a discharge flowmass
spectrometzric system snd found that the major reaction chammel is that to give the products C].2 + CH
with a yleld of 9126,
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E13. ClL + ENO,. Thers-are two studies of this rate in which the decsy of Cl-stoms in excess mlo, was

Els.

monitored by fiuor (Xurylo ¢t s]l.,. 1983b) or by “sbsorptiom (Clurk-et—s].,
1982). Both report values higher than those cbtained in sarlier discharge flowmass spectrometric
studies by Leu and Delors (1976) end by Poulst gt gl. (1978a) which mmitored the decay oLmz_Ln
excess Cl., Xurylo et al. report a value for E/R of 1700 K for the tamperature range 243-298 X.
Poulet et al. report s value for Z/R of 4380 K for the tamperaturs range 139-633 X. The higher
temperature data of Poulet a]l. are not directly applicable to stratospheric conditions, and
extrapolation to room temperature may not be valid. The preferred walue is based on assmming that
the rocm temperature data of Xurylo et al. represents an upper limit. The higher valms reported
by Clark et a]. is based on data which exhibit significant scatter and is not considered in deriving
the preferred value.

CL + BO,. The recommendations for the two resction chamels are bassed upon the results by Lee and

_ .. Howard (1962) using s discharge flow systsm with laser magnetic resmance detectiom of X,, OH and

Els.

El6.

E17.

El8.

El9.

CI0. The total rate constant is temperature independect with a value of (4.210.7) x 1071 53 o ) T

molecule > 5"l gver the tempersturs range 250-420 K. This value for the total rate constant is

in agreenent with the results of indirect studies relative to Cl ¢ azoz (Leu and Delbre (1976),

Poulet et _s]. (1978a), Burrows et al. (1979)) or to Cl + !2 (Cox (1960)). The contribution of the

reaction channel producing OH + Cl0 (211 at room temperature) is much higher thamthe wpper limit - e e — e

reported by Burrows et a]l. (1I of total reaction). Cattell and Cox (1886) using s molecular modula~

tion-UV absorption technique over the pressurs range 50-760 torr report results in good sgreement

with those of Lee and Howard both for the overall rate canstant sod for the relative comtribution

of the two reaction charmels. The rate constant for ths chamnel producing C10 + CH can be combined ———— [ —
"“with that tot;‘bhr:nct.ttm Cilo+cE>CL + mz- to give ant equilibriim constant from which a value - . -

of the heat of formation of 502 at 298 K of 3.0 kcal/mol can be dirived.

c1L + c:.zo. The preferred value was determined from two indepenxdent absoluts rate coefficient
studlies reported by Ray e _al. (1980), using the discharge flow-r £1luor and discharge
flow-mass spectrometric techniques. Tais value has been confirmed by Burrows and Cox (1981) who
determined the ratio k(Cl1 + Cle)/k(Cl + Hz) = 6900 !n modulated photolysis experizenta, The
sarlier value reported by Basco and Dogra (1971a) has bewn rejected. The Arrhenius paraneters have
not been sxperimentally determined; however, the high value of k a2 238 X precludes s substantial
positive activation energy.

Cl + CC10. Data reported by Bemand, Clyne and Watson (1873).
CclL + c1cnoz. Flash photolysis/r fluor studies by Margitan (1983a) =nd by Kurylo
et _al. (1983a), which are in good agrsement, show that the rate constant for this ceaction is
almost two orders of magnitude faster than that indicated by the previous work of Xurylo and Marming
(1877) and Ravishankara et al. (1977b). It is probable that the slower resction obeerved by Xurylo
and Mamming was actually O + cmos. not Cl + cuns. The preferred value averages the results of

the two new studies._ - - e el

ClL + RO, The recoamrended room tecpersturs value is the average of the results repcrted by Cex
et _al. (1984a); Burrows et sl. (1935b), and Cox et al. (1887). In all studies the kineiic behavior
of ﬁOa in the modulated photolysis of Cl, - CIONO, mixtares was mnitored in sbsorptim. In the
latest study Cox st al. also monitored ClO in absorpticn. The laxk of temperature dependence is
from this latest study.

CL + uzo. Bew Entry. This rate coefficent has been determined in a study of the halogm-catalyzed
decamposition of nitrous oxide at about 1000 X by Kaufman et _2l. (1956). The largest wvalue seported was
10-"7 -1, with an activation energy of 34 kcal/mol. Extrapolation of tiese results
to low temperaturs shows that this reaction cannot be of any significance in stmospheric chemistry.

c:n3 mloculo-l ]
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E20. Cl + C1%0. Reported values of this rate constant diffsr by more than an order of magnitude. The
—most-recent-studies; which-are by-Nesbitt-et_al.-(1987)-using-dischargeflow-mass-spectrometry, snd-
) Kita and Stedwan (1982) using discharge flow-: fluor , report values substantially
bigher than values rsported earlier. The earlier results were obtained by Nelson and Johnston
(1981) using laser flash photolysis-r f1luor ..Gr!.n-l.y and Houston (1980) by pulsed
laser photolysis in a static system with chemiluminescence detection, and Clyne and Cruse (1972)
by discharge flow-resonance fluorescence. In all but the study by Nesbitt et al., CINO was the
excess species; thus, knowledge of its absolute concentration was required. It is possible that
the low value of Grimely and Houston msy be due to adsorption and decomposition of CINO e the
walls of their static system. Results from the studies of Nesbitt et al., Kita and Stedosn, and
Clyne and Cruse form the basis for the new recammendation. There are no reliable dats ca the
texperaturs dependence.

T

A

E21, CL + C100. Values of 1.56 x 100, 9.8 x 1072}, and 1.67 x 1072? huve been reparted for k(cL +

~TCI00 +'Cl, +70,) by Johnston et 1. (1969), Cor sy el. (1979), and Ashford et al. (1978), n’.p.c'-_‘
tively. Values of 108, 20.9, 17, and 15 have been reported for k.(Cl + Cl00 ~ Clz + Oz)lk(CL +
Cl00 = 2 Cl0) by Johnston et al., Cox et al., Ashford st al., and Nicholas and Norrish (1368).
Cbviously the value of 108 by Johnston et _al. is not consistent with the otbhers, and the preferred

- -~ - value of 17.6 was obtained by averaging the other three values (this is in-agreenent-with a value
that can be derived from a study by Porter and Wright (1933)). The absolute values of k‘ and kb
are dependent upon the choice of AE: (C100) (the values of Aﬂ; (C100) reported by Cox st al.
and Ashford et al, are in excellent agreement, i.e. 22.7 and 22.5 kcal/mol, respectively). The

= preferred value of k_(Cl + C100 - Clz + 02) is taken to be the average of the three reported values,

e fee. 1.4 210722 @ molecule™ 871, Consequently, the-preferred value of (€l + C100 ~ 2 CI0) -

is k‘/17.6, i.e. 8.0 x 10-12 cm3 mloculc-l l"'. The E/R values are sstimated to be zero, which

is consistent with other experimentally detemmined E/R values for atom-radical reactions.

E22. O + Cl0. Recently there have been five studies of this rate constant over an extsuded temperature
range using a variety of techniques: Leu (1984b); Margitan (1884b); Schwab et al. (1984); Ongstad
and Birks (1986); and Nicovich et al. (1987). The recommended value is based c a least sqiares
fit to the data reported in thesa studies and in the earlier studies of Zahniser and Kaufman (i377)
and Ongstad and Birks (1984). Values reported in the early studies of Bemand et al. (1973) and
Clyne and Nip (1876b) are significantly higher and were not used in deriving the recomnended value.

E23. Cl0 + NO. The absolute rate coefficients determined in the four discharge flow-mass spectrametric
studies (Clyne and Watson (1974a), Leu and Detore (1978}, Rsy and Watson (1981a) and Clyne and
MacRobert (1980)) and the discharge flow laser magnetic resonance study Lee et al. (1882) are ir
excellent agreement at 298 K, and are averaged to yield the preferred value. The value reported by
Zahniser and Xaufman (1977) from a competitive study is not used in the derivation of the preferred
value as it is about 331 higher. The magnitudes of the temperature depend reported by Leu
and DeMore (1978) and Lee et al, are in excellent agreement. Although the E/R value reported by
Zahniser mnd Kaufman (1977)°is in fair agreement with the other values, it is not considered as it -
is d.p;nd-!f. u'pox; t.h—; _E/R value assumed for the Cl + 03 reaction. The Arrhenius expressicoc was- - -

. derived from a least sguares fit to the data reported by Clyne and Watson, Leu sod Delore, Ray and
Watson, Clyne and MacRobert-and-Lee et al.

E24. ClO + RO;. The recommended value is based on results reported by Cox st al. (1984a) and by Cox
st al. (1937) in the only reported studies of this reaction. Both studies used the modulated
photolysis of Cl.z + Cl.sz mixtures. In the new study a szsll temperature dependmice is reported,
but because of wncertainties in the data a tesperature-independent value is recommended in this
svaluation.
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. -r._zsg_x using the _dﬂc_t_a_qso flow-EFR technigque.

Cio + mz. There have now been five studies of this rate constant. Three wers low pressure
discharge flow studies, each using a different axperimmntal detection technique (Reimarn and
Kasufisan, 1878; Stimpfle et al., 1979; Leck et al., 1980), and two were molecular modulatica
studies; at one atmosphere (Burrows and Cox, 1981), and over the pressure range 50-760 torr
(Cattell and Cox, 1885). Thba 268 K values rsported, in mits of 10 2 ca® molecule™! 572, are:
3.820.5 (Reimann and Kaufmen), 6.31.3 (Stisgpfle et sl.), 4.540.9 (Leck et al.), 5.4 (Burrows
and Cox), and 6.2%1.5 (Cattell and Cox). The recommended wvalue is the mean of these values.
The study of Cattell and Cox over an extended pressure range when cambined with results of the
low pressurs discharge flow studiss seem to indicate that this reaction exhibits no pressure
dependence at room temperature. Ibe only tempsrature depsndence study (Stimpfle st al.) resulted
in a non-linear Arrhenius bebavior. The data were best described by a four parameter equation of
the form k = Ae B/T &+ CT®, possibly suggesting that two different mechanisms msy be occurring. The
expression forwarded by Stimpfle st sl. wes 3.3 x 10 Yaxp(-850/T) + 4.5 x 10712 (z/300y737,
Two possible preferred values can be suggested for the tempersture dependence of k; (a) an
expression of the- fora suggssted by Stimpfle et al., but where the values of A and C are adjusted

. to yield a value of 5.0 x 10-:"2 at 298 X, or (b) a simple Arrhenius expression which fits the data

obtained at and below 300 K (normalized to 5.0 x 10 32 4t 298 K). The latter form is preferred.
The two most probable pairs of resction products are, (1) 1 + 9, and (2) BCL + 0y. Leu (1980b)

-nnd!.ock st_al. used mass spectrometric detection of ozane to place upper limits of 1.5% (298 K)

and 3.0% (248 X); and 2.0Z (298 K), respectively, ca kzlk. Burrows end Cox report an upper limit
of 0.3 for k,/k at 300 K.

CI0 + H,CO. Poulet st sl. (1980) have reported an upper limit of 10 1> ca® moleculs™ s™* forx

Cl0 + CH. The recommended value is based on a £it to the 219-373 X data of Hills and Howard (1984),
the 243-298 X data of Burrows et al. (1984a), and the 298 K data of Poulet et al. (1986a). Data
reported in the studies of Ravishmkara et al. (1883a), md Leu and Lin (1979) were not used in
deriving the r ded value b in these studies the concentration of ClO was not determined
directly. The results of Burrows et al. ars tscperature-independent while those of Hills and Howard
show a slight negative temperaturs dependencs. The fraction of total reaction yielding B(Jz +Cl as
products has been detemined by .eu and Lin (>0.65); Burrows et al. (0.85t0.2); Hills and Howard
(0.8640.14); and Poulet et al, (0.88:£0.12). The latest study gives an upper limit of 0.14 for
the branching ratio to give HCL + !:)2 as products. The uncertsinties in all studies allow for the
possibility that the ECl yleld is indeed zero.

C10 Reactions. These upper limits are based on the data of Walker (reported in Clyne and Watsom,
1974a). The upper limits shown for k(298) were actually determined from data collected at either
587 or 670 X. The Arrhenius expressions wers estimated based on this ~600 K data.

Cl0 + C10. There are thrse possible bimolecular channels for this reaction: Cl0 + Cl0 - OC10 +Cl

y (kl); Cl0. + C10 - C1 + Cl00 (kz): and C10 + Cl10 -~ C].z + (f!2 (k:!)' The recocmended values given herse.

ars for the total ratée coefficient at low prsssures. They are based largely on results obtained
in the discharge flow studies of Clyne and co-workers as discussed in the reviews by Watson (1977,
1980). Note that the rate constant is here detined as ~d(Cl0)/dt = 2k (cm)z. Molecular modulation
studies such as those of Cox and co-workers (see Hxyman et al., 1985) have given a similar tempers-
ture depend but shat lower rate constant values. The product branching ratios and their
dependence on texperaturs and pressure are not well established. The low pressure results indicate
that kz and k:! are both important, while k1 represents oaly sbout 10 percent of the total rsactica.
The reaction sxhibits both bimols .iar snd temmolecular resction channels (see entry for this reac-
tion in Table 2). The temmolecular reaction, presumably to give the dimer, dominates at pressures
higher than about 10 torr; however, the zols of the dimer in the overall reaction is unclear -
whether it is merely in equilibrium with ClO or decomposes to give the same products givea in the
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bimolecular reaction chamnels. Some product branching ratic data bave been darived from studies
.of-the-chlozine-photosensitized-decomposition-of-ozone. In these systams there are uncertainties
cmeommuumodbrm:mozmclzozemuomwmmmlm
tenp t depend. of the ozone qumntum yield and also concerning the pogllhh role- of C1O
complex formation with 02 and subsequent ressctions of  the cxo-oz complex. The equilibrium
constant for formetion of the 61.202 dimer is given in Table 3.

cl0 + 03. The branching ratio between the two possible chammels is not knowm, but, for the present
discussion, is assumed to be wumity. Thers is no evidence that either reaction sctually occurs.
The Arrhenius parametsrs were estimated, and the upper limit rate coustants ars based m data
reported by DeMore, Lin and Jaffe (1876) and by Wongdontri-Stuper gt gl. (1879).

Gl+612. The = ded room temperature value is the average of the results reported by
Boodsghians ot gl. (1987), L sin and And (1984), Ravishankara ot gl. (1983a), and Leu
«id L1 (1979). “Ths temperature dependence is from Boodaghimns gt al. L in and And

determined that the exclusive products are Cl + NOC1L.

OH + HC1. The recommemded value is based on a least squares £it to the data rsported in the r ¢
studies by Molina gt al. (1984), Keyser (1984), and Ravishankara ot s]. (1985b). In these studfes
pniicuh: sttention was paid to the detemmination of the absoluts camcentration of BC1 by UV and
IR spectrophotametry. Earlier studies by Takacs and Glass (1973c), Zalmiser et al. (1974), Smith
and Zellner (1974), Ravishankars et al. (1977a), Hack st sl. (1977), Busain et s]l. (1981), Cannon
ot al. (1884), Busain et al. (1884), and Smith and Willlams (1988) had reported scmewhat lower

—_ __room temperature values. S . - . . _ ..

E33.

E34,

CH + HOC1l. In the only reportes study of this system Emnis and Birks (1987) reportsd the value of
this rate constant at room tsmperature to lie in the range (1.7 - 8.3) x 10-13 u’ mlocuh-" l-l.
A temperature dependent expression has been estimated by choosing a pre-exponential factor by
analogy with the Of + B,0, reacticn and selecting the midpoint of the experimental range for the
room temperaturs rate constant. The large uncertainty factor is needed to enccmpass the entire
range.

OH + Substituted Methenes. There have been several studies of each of the CH + cax’}u-x-y)
(X = C1 or Br) reactions, i.e., CH + CHSCL. cnzc12. csc:.a, G?Clz._CEZzCl, ACBZCI.ZV and casn:.
In sach case thers has been quite good agreemeut between the reported results (except for Clyne
and Holt, (1876b)), both at ~288 K and as a function of texperaturs. EHowever, in certain csses it
can be noted that the E/R values obtained from studies performed predominantly above 298 X were
sreater than the E/R values cbtained froam studies performed over a lower temperature range. For
exaple, the E/R velus for OB + CH,CL reported by Perry et sl. (1976a) is significatly higher than
that reportsd by Davis et_sl. (1876). These small but significent differences could be attributed
to either experimental error or non-linear Arrhenius behavior. The results of Jeng and Kaufman

(1982) have shown a nomlinear Arrhenlus behavior for each reaction studied. They found that their ~

data could best be represented by a three parameter squaticn of the form ATexp(-B/T). The
experimental Arzup(-nn) f£it is stated by the suthors to be in agreement with that expected from
transition state theory. [

The preferred values shown in this review were obtained by first fitting all of the absolute rate
data for each reaction (except Clyne and Holt (1979b)) to the three parameter equatim Afzoxp(-B/T).
and then simplifying these equatimms to a set of Arrhenius expressions centersd at 265 K, &
temperaturs representstive of the mid-troposphers. The Afzu:p(-ll'l’) expressions are giwvea for
esch reaction in the individual notes, while the Arrhenius expressions are entered in the table of
preferred values. (Cbvicusly, Arrhenius expressions can be centered at amy tempsrature from the
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three permmeter equations (these should be_restricted to-within-the-tempersturs range studied).
Transforning k = ATZaxp(-B/T) to the form k = A'axp(-E/T): ' = B + 2T md A* = A x o2 x T2,

08 + CHCl. The eferred values were cbtained using only sbsalute rate coefficient; data. The
data of Boward and Zvenson (197%a), Davis et gl. (1676), Perry ot al. (1676a), Pareskevopoulos
ot ql. (1961) and Jeong and Ksu®mn (1882) are in good agreemsnt snd wers used to determine the
preferred values. TFitting the data to sn expression of the form ATZexp(-B/T) results in the
squaticn 3.49 x 10712 T2exp(-582/7) over the temperature range (247-483)K. This results in a
preferred value of 4.3 x 10 24 ® soleculs™ 8™ for k at 208 X. The derived Arrhenius expression
centered st 285 K is 1.7 x 10 2eap(-1100/7).

cH + GZCIZ The preferred valuss were obtained using only absolute rate coefficient data. The
accuracy of the CH + G‘lol + Gzclz study (Cox ¢% al., 1978a) was probebly no better than a

factor of 2..-The data of Howard and Evenscn (1978a), Davis gt 3l. (1976), Perry et al. (1976.), ’

and Jeong and Kaufmen (1982) are in good sgresment and were used to detemmine the prefarred walue
(the values of Davis gt 3l. are scmewhat lower (20Z) then thcse rsported in the other studies but
are included in the evaluation). Fitting the data to an expression of the form Arch(—nn)
results in the equation 8.58 x 16°1% Y2exp(-502/T) over the temperature rage 245-435 X. - This
results in a preferred value of 1.4 x 102 ca® -ol.ocnh" "l for X at 208 X. The derived
Arrhenius sxpression centered at 285 K is 4.7 x 10 cp( 1050/7).

O + CBCl;. The puio:rod values were obtained using only absolste rate coefficient data. -The
nccu:acy of the CH + C4,/08 + Grl.3 study (Cox et sl.. 1878a) was probably no better than a factor
of 2. The data of Boward and Evenson (1978.). Davis s} sl. (1978) and Jecvg and Kaufmen (1982)
are in good agreemsnt and were used to doum.ln. the preferred values. Fitting the data to an
sxpression of the form AT2exp(-B/T) results in the equation 6.3 x 10~ 1% T2exp(-504/1) over the
temperaturs range 245-487 X. This results in a preferred value of 1.0 x 10722 e’ molecule™?

1-1 for k st 298 X. The derived Arthemnius expression centered at 285 K is 3.4 x 1o'uup(omso/t).

CH + CZFCL,. The praferred values wers derived using the absoluts rate coefficient data reported
by Howard and Evenson (1976a), Perry et _al. (1976a), Watson et al. (1977), Chang and Xgufman
(1977a), Paraskevopoulos et _al. (1581) and Jeong snd Kaufman (1882). The dsta of Clyne and Holt
(1979b) was not considersd as it 1s in rather poor agreenent with the other data within the tempera=
ture range studied, e.g. there i{s a difference of ~865I at 400 K. Fitting the daz- to an expression
of the fors AT?exp(-B/T) results in the equation 1.71 x 10 12 Texp(-483/T) over the temperature
range 241-483 X. This results in a preferred value of 3.0 x 10-1‘ e’ molecule } ! for k at
298 K. The derived Arrhenius expression centersd at 285 X is 0.86 x lo-uu-p(ﬂooo/n.

CH + CHF,Cl. The preferred values were derived using the absoluts rate coefficimnt data reported
by Howard and Evenson (1976a), Atkinson et sl. (1975), Watson st al. (1977), Chang &nd Kaufman

which are in good agresment. The data of Clyne and Bolt (1978b) wes pot considered as it is in
rather poor sgreement with the other data within the temperature range studied, except at 298 X
(the reported A-factor of ~1 x 10° -11 as molecule 1 " -1s inconsistent with that expected
theorstically). Fitting the data to an cxpruuon of the form Arzup(-nll’) results in the equation
1.51 x 10 18 rch( 1000/1') over the temperature range 250-482 K. This results in a preferred
value of 4.5 x 10 -15 a molecule -1 3-1 for k at 298 K. The derived Arrhenius expression centersd

at 265 K i3 0.83 x 10~ uxp(-liSO/T).

| + CE,FCI. The preferred valuss were derived using the absoluts rate coefficient data reported
ty Boward and Evenson (1978a), Watson st al. (1977). Handwerk and Zsllner (1978), Paraskevopoulos
st al. (1581) and Jeorg and Ksufmen (1982) which are in fair sgresment. Fitting the dsta to an
expression of the form AT2exp(-B/T) results in the equation 3.77 x 10718 T2axp(-604/T) over the
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temperasture range 245-486 K. This results in a preferred value of 4.4 X 10-“ u’ mloculo-1 [

for k st 208 K. The derived Arrhenius expression centered at 265 X is 2.1 x lo-unp(:llsoﬂl-.

-1

o] + Gsxl.a. This evaluaticn is based on the data of Jeong and Kaufmsn (1978) and Xurylo ot sl.
(1879). Their results are in excellent agreement over the temperature range 250-460 X. The ‘sarlier
Tesults of Howard and Evenson (1976b), Watson st _g). (1977), Chang and Kaufman (1877a) sad Clyne
and Holt (1978a) wers discountsd in favor of the newer results. The esrlier results showed higher
values of the rate constant, and lower E/R values. This mey indicate that the ca,ccx.a used in the
early studies was contaminated with small amounts of a reactive olefinic impurity.

OH + msazu. New Entry. There have been three temp re dependent studies of this rate constan®:
Watson et _al. (1877) over the temperature range 273-375 K; Handwerk and Zellner (1878) at 293 and
373 X; and Clyne and Holt (1979b) from 283 to 417 X. All studies are in agreement on the magnitude
of the tesperaturs dependence (E/R = 1800 K). The rate constant was also measured at room temperature
by Boward and-Evenson (1976b) and by Parsskevopoulos gt al. (1981). The value recomsended at room - T
temperature is the mean of all the reported values except that of Clyne and Bolt, which is significmtly
higher. The pre-exponentisl factor was fitted to the recamended valus at room temperature.

of + CA,CHF,. Hew Entry, There has been cnly one study of this rate constant as a functicn of_ . - =

temperaturs, that by Clyne and Holt (1979b) over the temperature range 293-417 X. In addition ttare
have bema room temp ure ts by Howard and Evenson (1976b), Handwerk and Zellner (1578), ~
and Nip et al. (1979). These three latter mesasurements are in good sgreement, while the value of
Clyne and Holt lies S0I higher. The value recommended at room temperaturs is the mean of all the
values ';xcopc that of Clyn._ and Holt. 7he temperature dependence is taken from Clyne and Bolt,

but with inc:us-.d error limits. The pxo.-oxponont.hl. factor was fitted to the recomnended value
at roam tarperaturs.

CH + cu:x2cr3. New Entry. The recammended value at rocm temperature is the average of the values
reported by Watson et al. (1978b) and by Howard and Evenson (1976b). The teaperature dependence
is froom the 245-375 X data of Watson st _al. The 293-429 X data of Clyne and Holt (197Sh) wers not
used in deriving the recommended value.

CcH + cacm:ra. New Entry. The recommended value at room temperature is the average of the valses
reported by Watsor et al. (197%b) and by Howard and Evenson (1976b). The temperature dependence
is from the 250-375 K of Watsca et al.

oH + mzCICC].F . New Entry. The reccomended expression is derived from a lsast squares fit to
the corrected 250-350 K data reported by Watson et al. (1978b). The measured rate constants were
correctsd for the presence of alkene impurities. The 249-473 X data of Jecny. ot al. (1984) ars a
factor of two higher at the lowest temperature and wers not used in deriving the recommended valne.

cH + a!zrcrs., New Entry. Ths recommended expression is derived from a least squares fit tothe - - - —-— .. -
249-473 X data reported by Jeang st al. (1984) and the 298 K data of Martin and Paraskevopoulos
(1983). The 294-429 K data of Clyne and Holt (1975b) were not used in deriving the recoomecded
value. .
cH + cnzc.'].zr Hew Entry. There are no rsported data on the rate of this reaction. The recommecded
value is estimated by analogy with similar reactions.

og + cza‘. The prefsrred value at 298 K is a mean of the values reported by Boward (1976) md

Chang and Xsufman (1977a). The valus reportsd by Winer st al. (1976), which is more than a facior
of 10 greater, is rejected. The preferred Arthenius parametsrs ars those of Chang and Xasufmm.
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.reaction products.

H + C2m13 The preferred value at 298 X is a mean of the values reported by Howard (1976} and
Chang and Ksuftnan (1977a). The value derived from a relative rats coefficient study by Winer et al.
(1976) is a factor of ~2 greater than the other values and is not considered in deriving the
preferred value at 298 X. The Arrhenius parameters are based on those reported by Chang and
Kaufinan (the A-factor is reduced to yield the preferred value at 298 X).

CH + C!‘Cls and CH + G‘ZCLZ. The A-factor was estimated, and a lower limit was derived for E/R by
using the upper limits reported for the rate constants by Chang and Xaufman (1877b) at about ~480 X.
These expressions are quite compatible with the upper limits reportsd for these rate constants by
Atkinson et al. (1975), Howard and Evenson (1976a), Cox et_el. (1976a) and Clyne and Holt (197¢b).
None of the investigators reported any evidence for reaction between CH and these chlorofluorunsthanes.

OB + C1CNO,. The results reported by Zahniser st al. (1977) and Ravishankara et al. (1877b) are
in good agreement at ~245 K (within 25%), considering the difficulties associated with handling
CloNO,. The preferrsd value is that of Zahniser et al. Neither study reported any dsta on the

O + ECl. Fair sgreanent exists between the results of Brown and Smith (1975), Wong and Belles
(1971), Ravishankara et al. (1977a), Back et al. (1877) and Singleton and Cvetanovic (1981) at
300 X (some of the values for k(300 K) were cbtained by extrapolation of the experimentally

_determined Arrhenius sxpressions), but these are a t_nct.or of ~7 lower than thsat of Balakimin et al.

(1971). Unfortumately, the values reported for E/R are in complets disagresment, ranging from
2260-3755 K, The preferred value was based on the results reported by Brown and Smith, Womg and
Belles, Ravisharkara et al., Hack et al. and Singleton and Cvetanovic but not those reported by
Balakhnin et al.

O + BOCL. There are no experimental data; this is an estimated value based on rates of O-atoa
reactions with similar compounds.

o+ cmuoz. The results reported by Molina et _al. (1977b) and Kurylo (1977) are in good sgreement,
and this data has been used to derive the preferred Arrhenius expression. The value reported by
Ravishankara et _al. (1977b) at 245 K is a factor of 2 greater than those from the other studies,
and this may possibly be attributed to (a) secondary kinetic complicatioms, (b) presence of HOZ as
a reactive lmpurity in the CLOKJZ, or (c) formetion of reactive photolytic products. Xone of the
studies reported identification of the reaction products. The room temperature result of Adler-
Golden and Wiesenfeld (1981) is in good agreement with the recocmended value.

0o+ c1.zo. The recomendation averages the results of Miziolek and Molina (1978) for 236-285 K
with the approximately 30 percent lower valuss_of Wecker et al, (1982) over the same temperature
range. Earlier results by Basco and Dogra (1971c) and Freeman-and Phillips (1968) have not been
included in the derivation of the preferred valus due to data analysis difficulties in botk studies.

O + OC10. The Arrhenius expression was estimated buod cn 'zs’é‘i—au zeported by Bamand, Clyne and
Watson (1973).

CH + OC10. New Entry. The recomended value is that rsported by Poulet et sl. (1986b), the only
reported study of this rate coustant, using a discharge flow systam in which CH decay was measured
by LIF or EPR over the temperaturs range 2393-473 K. Product BOCl was detected by modulated
molecular beam mass spectrometry. The branching ratio for the chamnel to produce BCCL + 0, was
detezrmined to be close to unity, but experimental uncertainty would allow it to be as low as 0.80.

HO + OCl10. The Arrhenius expression was estimated based on 298 X data reported by Bemand, Clyne
and Watson (1973).
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BCl + cumz. Recently, res1lts of four studies of the kinetics of this system have been published,
in which the following_ upper limits to the homogenecus_himolecular rate constant._wers reported:
1x 10-1’ cas mlocul--1 l-,‘ by a static wmll-less long-path UV absorption technique and a stesdy-
state flow FTIR technique (Iolina et _al., 1885); 3 z 1073 using & flow reactor with FTIR snalysis
(Friedl ot al.., 1886); and 8.4 x 10 2! using & static photolysis system with FTIR amalysis
(Hatakeyama and Leu, 1888), and 1.5 x 10-1’ by FIIR analysis of the decay of sz in the presence
of BCl in large-volume (2500 and 5800 liters) Teflom or Teflon-coated chambers (Atkinson et al.
1987). Earlier, Birks et al. (1877) had reported a higher upper limit., All studies found this
reaction to be catalyzed by surfaces. The differences in the reported upper limits caon be accounted
for in terms of the very different reactor characteristics and detection sensitivities of the
various studies. The homogenecus resction is too slow to have any significant effect on atmospheric
chemistry.

BCl + HO,MO,. This upper limit is based on results of static photolysis-FIIR experiments (M. T.
Leu, private commmication, 1985). - - I - - . N )

Bzo + sz. New Pntry. This recommendation is based on the upper limits to ths homogeneocus
bimolecular rate constant reported by Atkinson et al. (1986), and by Hatakeyama and Leu (1886).
_Atkinson et al. observed by FTIR analysis the decay of ClNO, in the presence of B,0 in large-
volune (2500 and 5800 liters) Teflon or Teflon-coated chembers. Their observed decay rate gives
an upper limit to the homogeneous gas phase rate constant, and they conclude that the decay observed
is due to heter pr . Hatakeyanma and Leu, using a static photolysis system with FTIR
analysis, derive s similar upper limit. Rowland et sl. (1886) concluded that the decay they observed
resulted from rapid heterogensous processes. The homogenecus reaction is too slow to have any
significant effect on atmospheric chemistry.

Br + 03. The results reported for k(293 X) by Clyne and Watson (1975), Leu and DeMore (1577),
Michasl et al. (1978), Michael and Payne (1979), and Tochey et al. (1987b) are in excellent agreement.
The preferred value at 298 K is derived by taking a simple mean of thess five values, The teaperature
dependences reported for x ty Leu and Detore and by Tochey et _al. are in good agreement, but they
can cnly be considered to Lte in fair agrsement with those reported by Michael et al. and Michael
and Payns., The preferred valus was synthesized to best fit all the data reported frem these five
studies.

Br + H,0,. The recommended upper limit to the value of the rate constant st room tempersturs is
based on results reported in the recent study by Toohey st _al. (1987a) using a discharge flow-laser
magnetic resonance technique. Their upper limit determined over the temperature range 288-378 X
is consistent with less sensitive upper limits determined by Leu (1980a) and Posey et al. (1981)
using the discharge flow-mass spectrometric technique. The much higher value reported by Heneghan
and Benson (1983) may result fram the prossnce of excited Br atoms in the very low pressure reactor.
The pre-exponential factor was chosen to be consistent with that for the Cl + 8,0, rate constant,
and the E/R value was fitted to the upper limit at. 298 X.. . —- -

Br + azco There have been two studies of this rate constant as a function of temperature; Nava
et al. (1981), using the flash photolysis-resonance fluorescence technique, and Poulet et al.
(1981), using t.ﬁo dhcbuv;c flow-mass spectrometric teclnique. These results are in reasonably
good agreement. The Arrhenius expressicn was derived from s least squares fit to the data reported
in these two studies. The higher room teaperature valus of LeBras ot al. (1880) using the discharge
flow-EFR technique has been shown to be in error due to secondary chemistry (Poulet et sl.),

Br + B)z. This rscommendation is based on results cbtained over the 260-390 X tesmperature range
in the recent study by Toohey e~ al. (1987a), using a discharge flow system with LMR detection of
Boz decay in excess Br. The room tempersture value reported in this study is a factor of three
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higher then that rsported by Poulet. gt gl. (1884b) using LI¥ and MS techniques and is an order of
~magnitude-larger-thm-thevalueof-Posey st al. (1881);—The-uncertainty-in-E/R-is-set-to-encompass-
ths value Z/R = O, as for other radical-radical reactions. The resactions of Br atoms with Bzoz,
BCHO, =d mz are all slower than the corresponding resctions of Cl-atoms by one to two orders of
magnituds.

Br + cxzo. New Entry. The reccmended value is a preliminary value by Sander and Friedl (private
communication, 1887). It was derived by observing the formation of C10 using long path UV
absorptica following the flash photolysis of & Br, - cxzo mixture,

BrO + O. The preferred value is based on the value reported by Clyns ot al. (1976)., This value
appears to be quits reasonable in light of the known reactivity of Cl0 radicals with atomic oxygen.
d k is expected to be small for m atom~radical process, e.g., O + Cl0.

The tecypersturs dep

BrO + C10. The recozmended room temperature valus is based an the DF/MS risults of Clyne and Watson
(1977), the recent DF/RF/LMR results of Toohey et al. (private commamication, 1887), and the recent
FP/UV ABS and DF/MS ressults of Friedl and Sander (private commmication, 1987), all of which are
in good agreement m the value of the total rate coefficient. The lower value reported by Hills
et al. (1837),-slthough not used in the derivation of the recammended value, is encampassed within
the statsd uncertainty limits. The much lower value of Basco and Dogra (1971b), derived using a
different interprstation of the reaction mechanism, is not used here. It has been shown by Clyne
and Watson, Tochey et _al., and Hills et al. that the reaction procesds approximately equally by
the two channels indicated. In the atmosphers the Cl00 peroxy radical formed in the second
reaction channel will rapidly dissociate into Cl +,02. -The lack of _tsmperature dependence
reported by Hills et al. is consistent with the present estimation of E/R = O; howsver, further
work in other laboratories currently in progress suggests an appreciable negative tecperature
dependence,

BrO + NO. The results of the three low pressure mass spectrametzric studies (Clyne and Watson, 1975;
Ray and “atson, 153l1a; Leu, 197Sa) and the high pressure uv absorption study (Watson et al., 1978a),
which all used pseudo first-order conditions, ars in ercellent agreement at 298 K, and are thought
to be much more reliable than the earlier low pressure uv ~bsorption study (Clyne and Cruse, 1870b).
The results of the two temperature dependence studies are :n good agrsement and both show a small
negative temperaturs dependence. The preferred Arrhenius expression was derived from a least
squares fit to all the data reported in the four recent studies. By combining the data reported
by Watsco st al. with that from the three mass spectrometric studies, it can be shosm that this
reaction does not exhibit any observable pressure dependencs betwsen 1 and 700 torr tctal pressure.
The temperature dependences of k for the analogous C10 and soz zsactions are also negative, and are
simjilar in mmitud,.

BrO + BrO. There are two possible bimolecular chammels for this reaction: BrO + BrO = 2Br + 0, (ky)
and BrO + BrO - Brz + 02 (kz,‘.' The total rate constmt.‘ for d.inpp,,zmco of B:O_(k. -'kl + kz) has
been studied by a variscy of tachniques, including discharge flow-ultraviolet absorption (Clyne
and Cruse, 1370a), iischarge flow-mass spectrometry (Clyne and Watson, 1975) and flash photolysis-
ultraviolet absorption (Basco and Dcgra,. 1971b; Sander and Watsom, 1981b). Since.this reaction is
second crder in {BrO}, those studies monitoring [BrOl.by ultraviolet absorption required the value
of the zross section ¢ to determine k. There is substantial disagreement in the reported values
of 2. Although the magnitude of ¢ is depeadent upon the particular spectral transition selected
and inst—mental pserameters such as spectral bandwidth, the most likely explanation for the larze
differences in the reported values of ¢ .s that the techniques (based on reaction stoichicmetries)
used to determine ¢ in the early studies wers used incorrectly (see discussion by Clyne and Watson).
The study of Sander and Watson used totally independent methods to determine the values of ¢ and
(o/k). The recocmendations for kl and kz are consistent with a recomsendation ot‘k -1.14 x 10-12
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exp(+255/1) cm:’ nolocul.-l s-". This ¢t e d d. is the corrected value from Sancier

=xd-Watson, and-the pre-exponential factor has been chosen to f£it the value of k(2883 K) = 2.7 x 10'12
_1, which is the average of the wvalues reported by Clyne and Watson (the mass
spectrometric study where knowledge of o is oot required) snd by Sander and Watson (the latest
a3sorption study). There was no cbservable pressure dependence fras 50 to 475 torr in the latzer
study. Conx et al. (1982) used the molecular modulation techmique with ultraviolet absorption =o
derive a tumperature independent value of k2 which is 50 percent greater than the 298 K valme
recommended here.

GJ ml.cuh-l s

The partitioning of the total rate constant into its two components, kl amd kz. has been measured
ty Sander and Watson at 298 K, by Jaffe and Mainguist (1980) from 258 to 333 K, and by Cax et_21.
(1982) from 278 to 348 XK. All are in agreement that klfk = 0.8410.03 at 298 X. In the tecperatcTe
dependent studies the quantum yield for the bromine photosensitized decomposition of ocine was
oesasured, Jaffe and Mainquist observed a strong, unexplained dependence of the quantum ri.'old at
238 X on (B:zl, and their results were obtained at much higher l!tz] values than were those-of
Cax et _al. This makes a comparison of resulss difficult. From an malysis of both sets of tempez-

" ature dependent data, the following expressicns for kxlk were derived: 0.98 exp(-44/T) (Jaffe and

“ainquist); 1.42 exp(-163/T) (Cox et al.); ad 1.18 exp(-104/TI) (mem value). This mean value kas
teen combiced with the expression for k; showm in the table. ~ The expression for k, results fzom
<he numerical values of kz at 200 X and 300 X derived from the evaluation of these expressions Zor
¥, and for k-(k1 +ky). i

3r0 + 03. ﬁund on a study reported by Sander and Watson (1981b). Clyne and Cruse (197Ca)
seported an upper limit of 8 x 10:_“ _cmi mlngulo-l s-" for this :ugtion.__ﬂ_og studies rsporzed
+hat there is no evidence for this reacticn. The analogous Cl0 reaction has a rate canstant of

<1.0-]'s cm3 mlcculo-l s-l.

210 + aoz. The preferred value is based on the value of X(ClO + mz). Cox and Sheppard (1S22)
kave studied the rate of this reaction in an investigation of the photolysis of 03 in the presemce
st B:Z, Hz. and O2 using the molecular modulation-ultraviolet absorption tecknique. Althcugh the
zeported value is not very precise, it does snow that this reactica occurs and at a rate caparable
<0 that for ClO + mz, By analogy with the C10 + mz system, the products may be expected to be
FBr + 02.

3rQ + OH. Value chosen to be consistent with kX(C10 + (H), due to the absence of any experimenzal
Jata.

OH + B:z. The recommended room temperature value is the average of the values reported by
3Zoodaghians et al. (1387), Loewnstein and Anderson (1984), and Poulst et al. (1983), “he
teamperature indepcﬁ&;hc- bls frem Boodaghimns et al. Loewenstein and Anderson determired that
che exclusive products are Br + HCBr.

O + HBr. The preferred value at room Zsmperature is the average of the valués reported by
Iavishankara et al. (1979a) usirg FP-RF, by Jourdain et _al. (1981) using DF-EPR, and Yy Carron
st_al. (1S84) using FP-LIF, and by Ravishatkara.ew al. (1385a) usirg LFP-KF and LFP-LIF tectniques.
In this latest study the HBr concentration was directly measured in-situ in t;a ;m flow systen
=y UV absorption. The rate counstant dotcaiﬁnd in this reinvestigation is identical to the value
cecammended here. The data of Ravishankara st al. (1979a) show no dependence an tamperature over
the rangs 249-416 K. Values reported by Takacs and Glass (1973a) md by Husain et al. (1381) are
a factor of two lower and were not iocluded in the derivation of the preferred valne.
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F15. Cd + CBSB: The absoluts rate coefficients detsrmined by Boward-and-Evenson (1576a) and Davis et al. '
(1976) are in excellmnt sgreement st 288 K. "The same approach has been used to—deteminethe—
preferred Arrhenius parapeters as was used for the OH + m;,cx.‘ -x—y Feactions. Fitting the data
to an expression of the form Arzw(’nﬂ) results in the- equation 1.17 x 103“ r?-xp(-zssrr) over
the temperature range 244-350 X. This results in a preferred value of 3.8 x 10-1‘ cm:’ nohculo-l
8"} for x at 298 K. The derived Arrhenius axpression centered at 265 K is 6.0 x 10 lexp(-820/T).

F16. O + HBr. Results of the flash photolysis-resonance fluorescence study of Nava et al. (1983) for
221-455 X provide the cnoly data st stratospheric temperatures., Results have also been reported by
Singleton and Cvetanovic (1878) for 298-554 K by a phase-shift technique, and discharge flow results
of Browmn and Saith (1975) for 267-430 X and of Takacs and Glass (1973b) at 298 X. The preferred
value is based on the rssults of Nava et sl. and those of Singleton and Cvetanovic over the same
temperature range, since these results are less subject to complications due to secondary chemistry

_than are the results using discharge flow teciniques. The uncertainty at 298 X has been set to
sncawpass these latter results. o T o -

Gli. F + 03. The only experimental data is that reported by Wagner et al. (1972). The value appears
to bs quite reasonabls in view of the well known reactivity of atocmic chlorine with 03.

G2. F + Bz. The value of k at 298 K seems to be well established with the results reported by Zhitneva
and Pahezhetskii (1978), Heidner et al. (1979, 1980), Wurzberg and Houston (1980), Dodonov et al.
(1971), Clyne et_sal. (1973), Bozzelli (1973), and Igoshin et_al. (1974), being in excellent agreement
" (range of k being 2.3-3.0 x 10'11 cna nol.oculo-l l-").’" The preferred value at 298 K is taken to -
be the mean of the values reported in these references. —Values of E/R range {rom 433-595 K (Heidner—- - - -
et al.; Wurzberg and Houston; Igoshin et al.). The preferred value of E/R is taken to be the mean
of the results from all of the studies. The A-factor was chosen to fit the recomended rooca

teoperature value.

Gi. F + CB‘. The three absolute rate coefficients determined by Wagner et sl. (1971), Clyne et al.
(1973) and Xompa and Warmer (1972) at 238 X are in good agreement; however, this may be somewhaz
fortuitous as the ratios of k(F + Ez)/k(F + Cﬂ~) detemmined by these same groups can only be
considered to be in fair agreement, 0.23, 0.42 and 0.88. The values determined for k (298) from '
the relative rate coefficient studies are also in good agreement with those determined in the
‘absolute rate coefficient studies, and the value of 0.42 repor: . for k(F +-B,)/k(F +-C8,) by Foon
and Reid (1871) is in good agreement with that reported by Clyne et al. Fasano and Nogar (1982)
determined the absolute room temperature rats coefficient, and the rate coefficient relative to
that of the reaction F + Dz. Tha preferred value for k (298) is & weighted mesn of all the
results. The magnitude of the texperature dependence is socmewhat uncertain. The preferred Arrhenius
parsmeters are based on the data reported by Wagner et al., and Foon and Reid, and the preferred
Arcthenius parameters of the F + Bz reaction. This reaction hes been reviewed by both Foon and
Kanufman (1875) and Jones and Skolnik (1976). The A-factor may be too high.

G4, F + HZO. The recamnended expressica is based on the 243-369 K results of Walther and Wagner (1983)

and the recent 298 K result of Frost et al. (1986). The pre-exponential factor has been adjusted
to give the recommended room tempersture value, which is the mean of the culy two reported values. ---

GS. HO + FO. This is the value reported by Ray and Watson (1981a) for k at 298 X using the discharge
flow-mass spectrometric technique. The temperature dependence of k is expected to be small for
such a radical-radical reaction. The temperature dependences of k for the analogcus ClO end BrC
reactions (Table 1) are small and negative.
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GE. FO 4+ FO. The-value-of k(FO + FO) reported by Clyne and-Watson (1974b) was obtained in a more

G7.

G3.

GS.

G10.

direct marmer than that of Wagner 2% gl1.” (1872), and as such is less susceptidble to error due to
the presence of complicating secondary resctions. The value recammended in this assessmmt is &
weightad-average of the two studies. From the data of Wagner et gl. it can-be seen that the daminant
reaction chamel is that producing 2F + O,. However, their data base is not adequate to conclude
that this is the only process.

0 + 03. The FO + 03 resction has two posaible pathways which are exothermic, resulting in the
production of ¥ + 2 O, or FO, + 0,. Although this reactica has not been studied in s simple,
direct mamner, two studiss of complsx chemical systems have reported some kinstic information
about it. Starrico gt _al. (1962) messured quantum yields for ozone destruction in 1’2/03 miztures,
and attributed the high values, ~4600, to be due to the rapid regeneration of atomic flucrine via
the FO + t)3 -7+ 20z reaction. However, their results.are probably also consistent with the chain
propaglum process being FO + FO ~ 2F + 32 (the ht.t.or xuct.icn hu been studied Meo (Wagner
M . 1972- Clyne and HWatsom, lﬂlb), and although the value of [Pl °“hm.d/li’!.))wmm’“l
i3 knowm to be close to unity, it has not been sccurstely dnuminod. Cauoqunuy it is impossible
to ascertain from the experimental results of Starrico et sl. whot.ho: or not the high quantum yields
for ozone destruction should be attributed to the FO + 03 reaction producing either F + 2 0z or
Poz + Oz (this process is also a chain propagation step if the resulting roz radical prefermtially
reacts with ozone rather than with either FO or itself). HWagner et al. utilized a‘ low pressure
discharge flowmass spectromstric systet to study the F + 03 and FO + FO reactions by directly
monitoring the time history of the coocentrations of F, FO and 03. They concluded that the FO + 03
reaction was uaimportant in their system. However, their paper does not present enough infsmmation
to warrant this conclusion. - Indeed, thetr value of 'k(FO + FO)-of 3 x 10'11 is about a factorof &
greater than that reported by Clyne and Watson, which may possibly be attributed to either rsactive
impurit.ies being present in their system, e.8., 0(31’), or the FO + 03 reactions beirg not of
negligible importance im "“~;t . .- .y. Consequently, it is not possible to detammine a value for the
FO + 03 reaction rate coust. (rom existing ;:potismaul d“-.i I_ri is worth noting ths scalcgous
Cclo0 + 03 reactions are ;ftnmoly slow (<10 cm” molecule 0_1)5 (D:b:o (14 al;.l, :E75), and
upper limits of 8 x 10 (Clyne and Cruse, 1970a) and 5 x 10 cm” molecule s * (Sander
and Watson, 1981b) have been reported for BrO + 03.

O+ FO. This estimate is probably accurate to within a factor of 3, and is based upon the assamption

-that the_reactivity of FO is similar to- that of Cl10 and-BrQ. The temperaturs dependencs of-the

rate constant is expected to be small, as for the analogous ClO reaction.

0o+ POZ. NHo experimental data. The rate constant for such a radical-atom process is expected to
approach the gas collision frequency, md is not expected to exhibit a strong temperature depexdence.
cx302 + NO. These recommended values for t.ho rnctlom of MO with the perhalogenated metibylperoxy
radicals are based on the results reported by Dognon et sl. (1985) for the tecperature rage 230-

430 K. They are in good sgreement with the rocm temperaturs values reported for the Tesction of _

('.'I-':,C!2 (Plunb and Ryan, 1982a), C!‘Clzoz (Lesclaux and Caralp, 1984), and Ct:].:,C!z (Ryan and Plumb,
1884). Dognon et al. have shown that ”2 is the major product in these reactions.

cq + HZS. The value of k(298) is an aversge of the rate ccnstants reported by Perry et al. (197€b),
Cox and Sheppard (1980), Wine et al. (1981a), Leu and Smith (1982a), Michael et al, (1522), Lin
(1982), Lin et _al. (1985), and Barnes et al. (1986a). The value of E/R is taken from a cxposite
useighted Zeast squares fit to the individual data points from the first seven studies. The
studies of Leu and Smith (1982a), Lin et al. (1985), and to a lesser extent Lin (1S82) show a
slight parabolic temperature dependence of k with a minimum occurring near room tesperature.
However, within the error limits stated in this evaluation, all data are fit reasonably well by an
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Arzhenius expression. The weight of avidence from thess recent mesasursments suggests that the
sarlier study by Westenberg and deliass (1973b) was in error (quite possibly due to sscondary resc-
ticns). The room temperature value of Stuhl (1874) lies just outside the 20 error limit set for
k(298).

CH + OC3. The value of k(288 K) is an average of the detaminations by Nalmer and Ravishankara
(1887) and CGeng and Lee (1988). The values detemmined by these authors lie a factor of three
higher than the earlier room temperature measuresents of Leu snd Smith (1981). As discussed in
the ioe-nt studlies, this difference mey be due to an overcorrection of the data by Leu and Smith
to accoumt for (H reaction with nzs impurities and also to possible regenerstion of CH. Neverthe-
less, the uncertainty factor at 288 K has been set to encompass the sarlier study within 25. The
work by Walner and Ravishankars (1987) supersedes the study of Ravishankaras et _sl. (1880b) which

_minimized camplications due to secondary and/or excited state _reactions. interfering with the .

expariments of Atkinscn et sl. (1978) and Xurylo (1978). Tbe upper limit for k(298 X) reported by
Cox and Sheppard (1880) is too insensitive to permit comperiscn with the mors recent studies. The
room tempersture measuremsnts Wahner = 4 Ravishankara demonstrate the lack of an effect of total
pressure (ozx 0, partial pressure) on the rate constant and ars supported by the more limited pressure
and Oz studiss of Cheng and Les. The ER value recommended is that of Chon; and bu. which is
considerably lower than reported by Leu and Smith, although this difference may be due in part to
the earlier-mmtioned overcorrecticn of the data by these lstter authors.

Product cbservations by Leu and Smith indfcate that SH is a primary product of this reaction mad

‘tentatively confirm the suggestion of XKurylo and Laufer (1079) that the resction produces predomi-

nantly SH + m through a ¢oupl.u (eadduct) mechanism (sm.nz to the adduct formation seen in the
cd + coz :uctionl). Bowever, the absence of an Ozlpnuuxo offact for OH + OC3 is markedly
different from cbservations in the CH + CS, reacticn system (see following note).

of + Gz. There is a consensus of experimental evidence indicating that this reaction proceeds
very slowly as a direc: bimolecular process. Wine et al. (1980) set an upper limit on X(298 X} cf
1.3 x 10-1.5 cn:’ mlccuh-l 1-1. A consistent upper limit is also reported by Iyer and Rowland
(1980) Zor the rate of direct production of OCS in this reaction systam, sugge=ting that OCS and SH
are primary products of s bimolecular process. This mechanistic interpretation is further supported
by-the-studisesof Leu and Smith (1982b) and Biermann et al. (1982), which set somewhat higher upper
limits on k(253 K). The more rapid reaction rates cbserved by Atkinson et_al. (1978), Xurylo (1978),
and Cox and Sieppard (1330) may be attributed to severe complications arising from excited stats
and secondary chemistry in their photolytic systems. The Cox and Sheppard study in particular may
Lave been affected by the reaction of electronically excited Cs2 (produced via the 350 nm photolysis)
with 02 (in the 1 atmosphere syntbetic air mix) as well as by the accelerating effect of 02 on the
Of + CS, reaction wi:ich has been cbserved by other workers and is summarized below. The importance
of the oloc:micd.ly cx:ir.od csz zucuo‘n in Lbl t.:opo-phoxic oxidatica of CSz to OCS has been

"discussed by Wine et al. “(1981d). -

An accelerating effect of O, on the CH + CS, reaction rate has been cbserved by Jones et al. (1982),
Barnes et al. (1983), and Ravishsnkara et _al. (1986), along with s near unity product yisld for s:z
and OCS. 1Ia the latter two atudies, the effective bimolecular rate constant was found to be a
function of total pressurs (02 + lz) as well, and exhibited an appreciable negative tecperature
dependence. These observations are consistent with the formation of a long-lived adduct as
postulated by Kurylo (1978) and Kurylo and Laufer (1979), followed by its reaction with 0,:
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" “in the absence of 0, (at epproximately one atmosphere of X,) equsl to 5 x 10

k
()
G!#CSZ*Hsziﬂ

*

X
c
wz + 0z =< Products

Ravishankara st _al. (1986) have, in fact, directly observed the approach to equilibrium :in this
reversible adduct formation. In their study, the equilibrium constant was measured as a function
of temperature and the heat of formation of BOCS, calculated (-12.4 kecal/mole). A rearrangement
of this adduct followed by dissociation into OCS snd SH corresponds to the low k (bimolecular)
channel referred to earlier. Ravishankara st_asl. (1986) measure a rate constant for this process
=16 'un3 mlocuh-’l*
. The effective secocd-order rate constant for csz or O removal in the above reaction
scheme can be expressed as

.'1

- B kg o = (/X K I1/Py,) + (1K )(1/R) — -

where Poz is the partial pressure of Oz and ?H equals Poz + PNZ' Tne validity of this expression
requires that k. and kb are invariant with tkts POZ/PKZ ratio. Al/k vs 1/?°2 plot of the data of
Jones et al. (taken at atmospheric pressure) sxhibits markad curvature, suggesting a more coomplex
mechanistic -involvement of.0,, whereas the data of Barnes st al. and Ravishankara et al. are more
satisfactorily represented by this analysis. Nevertheless, while the qualitative features of the
data fram all three laboratories agree, there are scme qQuat.ivative inconsistancies. First, under
similar conditions of O2 and llz pressures, the Barnes M rate constants lie approximately 602
higher than thase of Jones st_al. and up to s factor of 2 higher than the measursments by Ravishankara
at al. Secondly, two fits each of both the Barnes and Ravishankara dats can bs made: one at fixed
?.‘1 and varying ?:2' and the other at fized POZ and varying ?H (i.e., varying addad Nz). Within each
data set, rate comstants calculated frzm both fits agree reasonably well for m..e fracticns of Cz
near 0.2 (equivalent to air), but disagree by more than a factor of 2 for measurements in a pure O2
system. Finally, the temperature dependence (from 264-293 K) of the x.“ values from Barnes et al.
varies_systematically from an E/R of -1300 X for runs in pure 0, (at 700 torr total pressure) to
~2900 X in a 50 torr 02 plas 650 torr 'Z mixture. An Arrhenius fit of the Ravishankara et al. data
(fram 251-348 K) recorded in synthetic air at 690 torr yields an E/R = -3250 K. These observations
suggest that k. and kb are not indenendent of the identity of M. For this reason, we limit our
recammendation to air mixtures (i.e., l’mll’“2 = 0.25).

The pressnt reccomendation accepts the measursments of Ravishankara et al. (1986) which appear to
be the most sensitive of the three investigations. Thus, X(238 X) is based on an average of the

“two (above-mentioned) fits of the Ravishankara data—ylelding (in unites of @’ molecule 571

15

X(298 K} = (1.8 x 10 ) P

wheze P (the total pressure) is expressed in torr. The uncertainty factox (2298 = 1,5) encompasses
the results of Barnes et 3l. (1983) within 20. To campsts values of k below 293 X we have taken
the E/R value from the Ravishankara dasta and adjusted the pre-sxpooential factor to give exact
agresment with (238 K). The resulting expression is

K(T) = {(3.3 z 10 2% exp((3250 + 500)/T1) P
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Again, this reconmendstion is valid only for oxygsn-nitrogsn mixtures at a total pressure P (in
torr) having an oxygen mole fraction of 072.  The AE/R has been set to encompass (within-20)-the-
average E/R value from the study of Barmes et al. It is interesting to note that measurements by
Ravishankara et _al. (1986) at approximately 250 X result in X ¢¢ Values-which are independent of
the presence (or amount) of O,. This suggests that the sdduct is quite stable with Zespect to
dissociation into the reactants (CH + CSZ) at this low tezperature and the effective rate constant
for reactant removal is equal to the elementary rate constant for the adduct formation. Clearly
additional work may be needed hefore the fuil details of this cowplex reaction are understood.

g + HZS. This recommendation is derived from an unweighted lesst squares fit of the data of
Singleton et al. (1979) and Whylock st al. (1976). The results of Slagle et al. (1978) show very
good agreement for E/R L the temperature region of overlap (300-500 X) but lie systematically
higher at every temperaturs. The uncertainty factor at 298 X has been ch to P the
values of k(298 K) determined by Slagle et al. (1978) and Hollinden et al. (1970). Other than the
263 K data point of Whytock et al. (1976) and the 281 K point of Slagle st al. (IS78) the main
body of rats constant data below 298 X comes from the study of Hollinden et al. (1870), which
indicates a dramatic change in E/R in this temperature region., Thus, AE/R was set to account for
these observations. Such a non-linearity in the Arrhenius plot might indicate a change in the
reaction mechanism from abstraction (as writted) to addition. An additional” channel (resulting in
H-atom displacement) has been proposed for this reaction by Slagle st al. (1978), Singleton et al.
(1979), and Singleten st _al. (1982). In the two Singleton studies m upper limit of 20Z is placed
on the displacement charmmel. Direct observation of product HSO was made in the recent reactive
scattering experiments of Clemo et _al. (1981) and Davidson et _al. (1982). A threshold energy of

3.3 kcal/wmole was cbserved (similar to the activation energy measured in sarlier studies) suggesting- — ——

the importance of this direct displacement channel. Additiom products from this reaction have been
seen in a matrix by Smardzewski and Lin (1977). Further kinetics studies in the 200 to 300 X
range as well as quantitative direct mechanistic infommation could clarify these issues. This
reaction is thought to be of limited stratospheric importance, however.

0 + OCS. The vaiue for k(298 X) is the average of five different studies of this reaction:
Westenberg and de Haas (1969a), Klemm and Stief (1974), Wei and Timmons (1975), Manning et al.
(1976) and Breckenridge anc Miller (1972). The recommended value for E/R is the average of those
determined in the temperature studies reported in the first three refer . BHsu et al, (1979)
report chat this reaction proceeds—exclusively by-& stripping mechanism,

0+ SZ' The value of k(298 K) is the average of seven determinationa: Wei and Timmons (197S),
Westenberg snd de Haas (1969a), Slagle et _al. (197éa), Csllear snd Smith (1867), Callear and
Hedges (1970), Homann et al. (1968), and Graham and Gutman (1977). The E/R value is sa average of
those determined by Wei and Timmons (1975) and Grahom and Gutman (1977). AE/R has been set to
encompass the limited temperature data of Westenberg and de Haas (1969a). The principal reaction
products are thought to be CS + SO. EHowever, Hsu et al, (1979) report that 1.4I of the reaction
at 238 X ;:o;:-uds_t.h:m;h the chamnel yielding €O + Sé and calculate a rate_constant for the overall
process in agresment with that reccmmended. Graham and Gutman (1S77) have found that 9.6% of the

reaction proceeds to yisld OCS + 3 at room tecperaturs.

S + oz. This recommendation is based primarily on the study of Davis et al. (1972). Modest
agreement at 298 K is provided by the studies of Fair and Thrush (1969), Fair et sl. (1971), Donovan
and Little (1972) and Clyne and Townsend (1975). The study by Clyns and Whitefield (1979), which
indicates a slightly negative E/R between 300 and 400 X, is encompassed by the present recomnendation.




B8, S + 03. This recomsendation accepts the only availsble experimental dats; that from-Clyne and

) —Townsend —(1975), —h—&k&lm—wmﬂmmrm:'S'oﬁﬁim reasonable

- sgreement with that recommended. The error limit cited reflects both the agreement and the need
for independent confirmstion.

B3. S+ 0. This dation is based on the single study by Jourdain et al. (1979). Their measured
value for k(288 X) crepares fazvorably with the recommended value of k(0O + () when cne considers
the slightly greater exothemmicity of the present resction.

H10. SO+ 0,. This recosmendation is based on the low tesperature messurements of Black et gl. (1882a,
1982b). The room temperaturs value accepts the lattsr results, ss recommended by the authors.
The uncertainties cited reflect the need for further confirmation snd the fact that these results
lie significantly higher than an sxtrapolation of ths higher tesperature dsta of Bomenn gt al.
(1968). A room tamperature upper limit on k set by Breckenridge and Miller (1972) is in good
- agreement with the Black et sl. data. T o oo -

B11., SO + 03. The value of k(288 X) is sn sverage of the determinatiocns by Halstead and Thrush (1968),
Robertshaw and Smith (1980), and Black ot s]. (1882a, 1882b) using widely differing techniques.
the value of E/R is an average of the values reported by-Halstead -mnd Thrush (1966) and Black et el.” ~ - -
(1982b), with the A-factor calculated to fit the value recoamended for k(zna"x). ’

H12. SO + CH. The value reccmmended Zor k(298 X) is an aversge of the detemminstions by Fair and Thrush
. (1869) and Jourdain et a]l. (1979). Both sets of data have been corrected using the present - — " -~ ~ -
o _ . . __.zecomoendation for the O + CH reaction. - - - - - - . -- s
H13. SO + mz. The value of k(298 X) is an average of the measurements by Clyne and MacRobert (1980),
Black et al. (1882s), and Bruming end Stief (1988a), which agree quite well with the rate constant
calculated from the relative rate messurements of Clyne et al. (1966), The Arrhenius parameters
are taken from Brumning and Stief (1926s).

Hl4. SO + ClO. The valus of (298 X) is a2n aversge of the measurssents by Clyne and MacRobert (1981)
and by Brunning and Stief (1986a). The temperature indspendence is taken from Brunning and Stief,
with the A-factor calculated to f£it the value of k(298 X).

H15. SO + OClO, 7This recommendation is based on the single room temperature study by Clyne and MacRobert
(1981). The uncertainty reflects the absence of any confirming iovestigation.

H16. SO + BrO. This recammendation is based on the messursments of Brumning and Stief (1986b) performed
under both excess BrO and excess SO conditicns. The rate coustant is supported by the lower limit
assigned by Clyne and MacRobert (1881) from measursownts of 502 production.

— -~ HI7. SO, +-BO,. This upper limit' is based cn the stmospheric’ pressuré study of Grahas etil. (1979). T T T
: "7 A low pressure laser magnetic resonance study by Burrows et al. (1979) places-a scsewhat higher

upper limit on k(298 X) of 4 x :H)."7 (dstermmined rslative to OH + uzoz). Their limit is based on
____the.assumption that the products are CH + 503. The weight of both these studies suggests an error

in the earlier determination by Payne et al. (1973).

H18. 502 + CH:’O . This r dation pts results from the stody of Sander and Watson (1981a),
which is believed to be the most sppropriate study for stratospberic modeling purposes among those
which have been conducted. Their experi s were ducted using such lower ca._‘oz radical
concentrations than in the earlier studies of Sanhueza et sl. (1979) and Xan ez al. (1979), both
of which resultsd in k(298 X) values approximately 100 times larger. A later report by Xan et al.
(1881) postulates that these differences are due to the reactive removal of the cxsozmz adduct at
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hl;h‘(x’aoz radical concentrations, prior to its reversibls decomposition into G40, + S9,. They
suggest that such behavior of 68202&2 or its equilibrated adduct with 02 (caaozsozoz) would be
expected in the studies yielding high k values, whils decomposition of casozsoz into resctants
would dominate in the Sander and Watson experiments. It does not sppesr likely that such secondary
reactions involving a,oz. WO, or othsr radical species, if they occur, would be rapid emough
under normal stratosphers conditions to complete with the adduct decamposition. This interpreta-
tion, unfortunately, doss not explain the high rate constant derived by Cocks st al. (1986) under
conditions of low (ca,0,1.

S0, + NO,; SO, + NO,. The recosmendations for both of these reactions are based on the study of
Penzhorn snd Canosa (1883) using second derivative uv spectroscopy. The upper limit given for
k(298 K) in the soz reaction is actually their measured value, However, their observatims of
strong heterogeneous and water vapor catalyzed effects prampt us to accept their msasurement as an
upper limit. This valus is approximately two orders of magnitude lower than that for s.dark reaction
observed by Jaffe and Klein (1966) in mz + 302 aixtures (much of which may have been due to
heter e ). Penzhorn and Canosa suggest the products of the st)2 Teaction to be
MO ¢+ 8)3. They observe a white aerosol produced in the rescticn of uoz with 303 and Lntcrp'nt. it
to be the adduct lSOs. This claim is supported by ﬁc&_q_ncun._

502 + NOa. This recommended upper limit on k(298 K) is the result of Daubendiek and Calvert (1975).
Considerably more conservative upper limits have been derived by Burrows st _al. (19285b) and Wallington
et al. (1986).

S0;7+70;. This recommendatich is based on the limited dats of Davis et al. (1974b) at 300 K and
360 X in a stopped-flow investigaticu using mass spectrametric and uv spectroscopic detection.

ClL + xzs. The value of k(298 X) is an average of the measurements by Nesbitt and Lecme (1880),
which refines the data of Braithwaite and Lecne (1978), Clyne and Ono (1883), Clyne ot _al. (1884),
and Nava ot sl. (1985). The zero activation energy is derived from the data of Nava et al. and
the A-factor is calculated to agree with (298 X). Lu et al. (1986) also measure a tecperature
indspendent. rate constant, and their larger value of k(298 K) = 10.5 x 10 11 mey be indicative of a
slight pressurs dependence for the reaction, since their ix'poxinmt.s were performed at 4000 torr.

Cl+-0CS, Thisupcer limit is based on the minimm detectable decrease in stomic chlorine measured
by Eibling snd Kaufman (1983), Based on the cbservation of product SCl, these suthors set a lower
limit on k(298 X) of 10-“ for the reaction as written. Considerably more comservative upper
limits on k(298 X) were determined in the studies of Clyne et al. (1984) and Xava et _al. (1385),

Clo + OCS; C10 + SO,. These recammendations are based on the discharge flow mass spectrometric
data of Eibling zad Xaufman (1983). The upper limit on k(288 X) for ClO + OCS was set from the
minimm detectabl) decrease of C10 in this reaction systea. HNo products were observed. The upper
limit on X(298 X) for C10 ;soz is based on the suthors’ estimate of their dotoctablut? u:__;oat
Their estimates of k(298 X) based on the minimm detectable decrease in ClO have not been used
because of the potential problem of Cl0 reformation from the Cl + O3 source reaction.
SH + 3202 This recommended upper limit for k(298 K) is based on the single study of Friedl
ot sl. (1985). Their value is calculated from the lack of SH decsy (measured by laser-induced
fluorescence) and the lack of OH production (measured by o fluor ). The three
possible product channels are: BzS + mz. BESCH + OH, and HSO + nzo.
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H26.

H27.

B28,

H29,

H30.

S8 + 0. -This r dation pts the results of Cupitt snd Glass (1875). The large uncertainty
zeflects the Lact that—thereis—only-one-study of the-reaction..

sH + 02. This-new upper limit for k(288 X) is based on the recent study by Stachnik and Molina
(1927) in experiments sensitive to the production of CH. More canservative upper limits on k(298
K) of 1.0 x 1077 and 1.5 x 10727 were assigned by Friedl st al. (1985) md Wang st sl. (1987)
respectively from detsction sensitivities for OH production and SH decay, respectively. An even
higher upper limit by Black (1984), based on the lack of SH decay, may have beem cosplicated by
SH regeneration, Much less sensitive upper limits had been calculated by Tiee et al. (1881},
Nielsen (1979), snd Cupitt and Glass (1975). Stachnik and Molina (1887) also report a more
conzervative upper limit (<1.0 x 10'“) for the rate constant for the sum of the two SH + l:)z
reaction charmels (producing CH + SO and B + soz).

s :i' 03. The value for k(268 X) is an average of the determinations by Friedl et al. (1885)
(laser induced fluorescence detecticn of SH), Schonle et al. (1987) (mass spectrametric detection
of reactant SH and product ESO), and Wang and Howard (1987) (laser magnetic resamance datection of
SH). The temperature dependence is from Wang and Boward, with the A-factor calculated to agree
with the recommended valus of k(298 K)..A(E/R) reflects the fact that the tsmperature dependence
canes from measurements sbove room temperature and thus extrapolation to._lower temperatures may
have additional uncertainties. ' -

SE + NO,. Ihis recoomendation accepts the recent messurements by Wang et _al. (1587). These
authors suggest that the lower values of k(238 K) measured by Black (1984), Friedl et al. (1985),
-and Bulatov-et al. (1983) are due to SH regensration from the EZS source cospound., In the recent
study by Stachmik and Molina (1867), attempts were made at minimizing such regeneration. These
authors obtained a k(298 X) value significantly higher than did the earlier investigators, but
still 30X lower than that measured by Wang et _al., who used two independent SB source reactions,
A still higher rate constant value measured by Schonle et_al. (1987) has not been recommended due
to the somewhat limited data base for their detsrmination. The reaction as written represents the
ocst exothermic chamel. The absence of a primary isotope effect, as cbserved by Wang gc_ai.
(1987), coupled with the large magnitude of the rate constant, suggests that the (four-center
intenrsdiate) chammels producing SO + HND and OH + SNO are of minor importance. No evidence for a
three-body combination reaction was found by either Black (1984) or Friedl et al. (1S85). Based
on a pressure-independence of the rate constant between 30 and 300 torr, Black set an upper limit
of 7.0 x 107! for the third body rate constant, Similarly, Stachnik aod Molina (1987) saw mo
change in decay rate between 100 and 730 torr with 02 (although these 0z experiments were designed
primarily to limit SH regeneration).

BESC + NO, HSO + NOz. BSO + 02. These recammendations for all three reactions ars based on the
measursments of Lovejoy st al. (1987), who used laser magnetic resonance detection to sonitor ESO
in a discharge flow reactor. Their upper limit for the NO resction is a factor of 25 lower than

_ tbe rate constant measured by Bulatov of al. (1985) using intracavity laser absorpticn at pressures.

betwsen 10 and 100 torr. Since it is unlikely thet this resction rate undergoes a factor of 25

increass betwsen 1 torr (the pressure of the Lovejoy st al. work) and 10 torr, the higher rate
‘canstant: may be due to secondary chemistry associated with the ESO productionm.

The recoxmendation for the mz Teaction is a factor of two higher than the rate constmt rsported
by Bulatov et al. (1984). Lovejoy st a]l. have attributed this differsnce to HSO rsgeneration
under the experimental conditicons used by Bulatov et al. (1924). The product assigrmment for the
mz reaction is discussed {n note H32.
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H31.

H32.

H33.

H3s,

H3S5.

Ji.

BSO + 03 This recommendation is based on the single determination by Friedl et al. (1983) in
their study of the SH + 03 reaction. At higher 03 concentrations, greater quantities of ESO
were produced in the flow tube snd SH spproached a steady stats dus to its regeneration via
BSO + 03. The rate ccustant for this latter reaction was thus determined relative to SB + 0,
from measursasnts of the steady state SH concentration as a function of the initisl SH concentra-
ticn. The lack of an 1sotope effect when SD was employed suggests that the products of the
B0 + 03 reaction are SH + zoz (analogous to those for mz + 03).

nmz + 0, This recomendation is based on the rate of mz formation messured by Lovejoy et al.
(1587) upon addition of oz to the HSO + noz reaction system. While moz was not observed directly,
a consideration of ths mechanistic possibilities for HSO + l)z. coupled with measurements of the
BO, production rate at various Oz pressures, led these authors to suggest that 8SO, is both a

2 2
major product of the BSO + mz reaction and a precursor for mz via resction with Oz.

mz + oz. This recamendation is based on the recent studies of Gleason et al. (1987) and Gleason
and Boward (1987), in which the sosoz reactant was directly monitored using a chemical ionization
mass spectrometric technique. Gleason and Boward ducted their s over the 297-423 X

_texperature range, constituting the omly b-xn:at.uxi dependence investigation. Thus AE/R has been

increased from theilr quoted limits to account for the potential uncertainties in extrapolating
their data to subambient temperatures. The valus of k(288"K) derives further support from the
stuady of Bando and Boward (1987), who employed laser magnetic resonancs detsction of product aoz,
and from the studies of Margitan (1984a) and Martin st al. (1586), both of whom used modeling fits
of Ci radical decays in the OB + SO, + M reaction system in the pressuce of O, sud NO. In this
lattar analysis, the mmz (produced by OH + S)z + M) reacts with 02 yielding mz. which subse-
queatly regenerates OH through its reaction with NO.

EZS + 1103. This recommendation is based on the measurscents of Wallington et al. (1986), performed
using flash photolysis kinsetic absorption spectroscopy.

S 02. The recommendation given for k(298 K) is based cn the work of Black et al. (1983) using
LIF to monitor CS decays. This value agrees with the somewhat less precise determination by
Richardson (1975) using OCS formation rates, suggesting the validity of the reaction products as
written. The latter author presents evidence that this reaction channel daminates the one producing
S0 + CO by more than a factor of 10. Measursments by Richardson at 223 X and 495 K yield en E/R
valise of 1860 XK. However, use of this activation energy with the recomsended value of x(298 X)

resalts in an unusually low Arrhenius A-factor of 1.5 x 10-16. In view of this, no recommendation

4 )

is ;resently given for the temperature desp .

S+ 03; cs + nz. The x(298 K) recommendations for both reactions accept the results of Black
et al, (1983), who used LIF real-time detection of CS in s laser photolysis experiment at room
tecperature.

Na + 03. The recommendation is the average of measurements of Silver and Xolb (1586a) and As-:
et ul. (1886). These values are not in good agresment, differing by about a factor of two.
Measurements made by Husain et al. (1985) at 500 K are consistent with the recamsendation but
ars not included becsuse they did not recognize that secondary chamistry, Ne0 + 03 - Na + 202.
interferes with the rate coefficient measursment., Ager st al. (1986) estimate that the lnoz +0
product chamel £ SX.
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J2.

J3.

—Js,

Js.

Ja.

J9.

Jio.

J11.,

Ji2.

dation 1

Na + H,0. Ther tes the data of Busain and Marshall (1883), Ager et s].
(1988), and Silver and Xolb (1926a). Husain and Marshall and Ager g% 9]. mesasursed the temperaturs
dependence over the ranges JAS to $17 K and 240 to 429 X, respectively, and are in good sgreement.
Silver and Xolb measured & rate coefficiemt at 295 K which i{s about 351 lower than ibe other two.
Earlier less direct studies are discussed by Ager ot sl. (1888). The NaD product does not rssct
significantly with uzo at room temperature (k (for Xa + l2 + O products) < 10-“ “3 mhcuh."

! and x (for %a0, + H,) 5 2 x 1072° Ager ot al).

Na + c:.z. Two measursments of the rate coefficient for this resaction sre in excellmt agreement:

Silver (19888) and Talcott st al. (1988). The recaommended value is the average of thess room

tezperature results.

NaO + 0. The rezosmendation is based on a measurement at 573 X by Plane and Husain (1986).
reported that S 1% of the Na product is in the SzP excited state.

Ka0 + 0;. This reaction was studied by Silver and Xolb (1988a) and Ager ¢t _3zl. (15%6), who e
on_the rate coefficient and branching ratio. This sgreement may be fortuitous becsuse Silver ad

Kolb used an indirect method snd an analysis based on their rate coefficient for the ; ;n, ’ -
reaction which is about 1/2 that reported by Ager et al. Ager st al. employed a somewhat moce ! -
direct measurement but the study is camplicated by a chain reaction mechanism in the h/o3 systes,

NaO + 52' The rocanundnum is based on & muu:mnt. by Agu und Banrd (1901.). nw; also
rcporud a significant lln + nzo product ch-nnnl and that a small fraction of the Na frem this
charmel i{s in the SZP excited state.

NaO + 820. The recommendation is based on a measurement by Ager and Boward (1987a).
NaO + NO. The recommendation is based on an indirect measurement reported by Ager et al. (1985),

NaD + BCl. There is only one indirect measurement of the rate coefficient for this rsaction, t:at
from the study of Silver et al, (1884a). They indicate that the products are NaCl and OH, althocgh
some NaOH and Cl production is not ruled out.
Hd)z + NO. This reaction is endothermic. The upper limit recommended is from sn experimental
study by Ager et al. (1986).

n-oz + BCl. The recommendation is based cu a measursment reported by Silver and Kolb (19863).
They indicated that the products are NaCl + soz, but NaOOH + Cl msy be possible produc:s.

NaCH + BCl. The recommendation is based on the study of Silver et a;. (19848), which is the c=ly
published study of this reaction. -—— - - S e e
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Table 2.

Rate Constantg for Three-Body Reactions

Low Pressure Limit*

Bigh Pressurs u.-lt.b

x, (0 = x3%%1/300) (1 = x3%%1/300)™
- . .
Reaction k:oo n k:oo [ Notes
e
M
r &0 + 0z - 03 (6.0£0.5)(-34) 2,310.5 - - - 1
F oclDy + M, = 1,0 (3.5£3.0)¢-37) 0,620 - - - 2
2~ N -383. 825
H
' — R EXAES: TN (5.740.5)(-32) 1.8£0.5 (7.5£4.0)¢~11) o1 3
; H 2.0
' CH +CH ~ nzoz (6.2£3.0)(-31) O.Bto:‘ (1.0£0,.5)(~-11) 121 L)
i M
: O+M0-~ uoz (9.04£2,0)(~-32) 1.5%0.3 (3.0£1.0)(-11) ot1 5
i u
= 0o+ Dz - 1003 (9.0£1,0)(-32) 2.021.0 (2.240.3)(-11) (2231 [}
. u
Lo OH + BO = BONO (7.0£2.0)(-31) 2.641.0 (1.5£1.00¢-11)  0.540.5 7
P I Mo . ] , '
i - T ‘& CH + mz - ma (2.8620,3)(-30) 3.220.7 (2,4£1.2)(-11) 1.321.3 '8
3 M
? - mz + l)z - nozzwoz (1.810.3)(-31) 3.240.4 (4.7£1.0)(-12) 1.421.4 9
i M
:’ & mz + nos - !205 (2.220.5)(-30) 4.321.3 (1,540.8)(~12) 0.5%0.5 10
i M
€l + SO0 ~ C1XNO (9.0£2,0)(-32) 1.6:0.5 - - - 11
H
Cl + noz - CICRO (1.3120.2)(-30) 2.021.0 (1.030.5)(-10) 111 12
: M
i - cmoz (17810.3)(-3Y) 2.021.0° €1.020.5)(~10) . 121 12
. H
3 ClL + Oz - Clo0 (2.031.0)(=33) 1.421.4 - - - 13
3 M
A # ClL+ Czﬂz - C].l’:ZB2 (1.0%0,2)(-29) 3.520.5 (5.0%1.5)(~11) 2.630.5 14
- M
# Cl0 + Cl10 -~ c1202 (4.0£2,0)(-32) 2.0$1.0 (1.0)(-11$1) 222 15
- .. - . M — - —- - .- . _—— - e
< & Cl0 + xoz - sz [ (1.820.3)(=31) 3.421.0 - €1.520.7)(-11) .. 1.9%1.9 15.
ol H
:’_ BrO + Dz - B:O!‘Oz (5.0£2.0)(¢(-31) 2.022.0 (1.01£0.5)(-11) 1+1 17
_ k(DM {1+ (Log,g(x (D MI/X (TN 2
- Mote: X(I) = k(M,T) = (——2—ouuu-——) 0.8
e 1+ k(1) (M)/k (T)
The values quoted are suitable for air as the third body, M.
a Units are c-slnoloculoz-nc
b Units are caslmlmlo-nc
. = Indicates a change from the previous Panel evaluation (JPL 85-37).
b4 & Indicates s change in the pote from the previocus evalustionm.
0t # Indicates a new entry that was not in the previous evsluation.
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Table 2. (Continued)

Low Pressure Limit®

High Pressure Lmr."'

- 300 -n -300 -a
x (D = x2%%1/300) X (1) = x39%1/300
Reaction k:oo n k:oo = Notes
M
F+0, = FO, (1.620.8)(-32) 1.4£1.0 - - - 18
M
F+ NO - IO (5.9$3.0)(-32)  1.741.7 - - - 19
M _ '
F + §O, = Products (1.120.6)(-30)  2.0¢2.0 (3.042.0)¢-11) 141 20
TO + O, = oM, (2.6£2.0)(-31) ~  1.3$1.3 (2.0£1.0)(-11)  1.5%1.5 21
u
& Coy + 0, ~ G0, (4.581.5)(-31)  2.0£1.0 €1.8£0.2,(-12)  1.7$1.7 2
_ ) S o . . -
CL,0, + B0, = CH,0,N0,  (1.5£0.8)(-30)  4.042.C (6.5£3.2)(~12) 242 7
" }
&8+ 50, + XSO, (3.0£1.0)(-31) 3.311.5 (1.520.5)(-12) 0s 2
i} u R
G2 + C,H, - HCH,CH, (1.5£0.6)(-28) 0.8£2.0 (8.810.9)(-12) 019 s
H
G2 + C,H, + TCHCH (5.5£2.0)(-30) 0.010.2 (8.3%1.0)(-13) -242 25
M
"Gy + 0y =0, (1.520.3)(-29) a2 (8.5£1,0)(-12) 111 27
M
Ge1, + 0, = TFEL,0, (5.040.8)(-30) 242 (6.0£1.0)(-12) 121 23
M
<, + 0, « <10, (1.0£0.7)(-30) 242 (2.5£2)(-12) 111 23
H
GRTL,0, + HO, = CFC1,0,50, (3.5£0.5)(-29) A2 (6.01,0)(-12) 212 30
H 0
ES + HO - ESNO (2.420.4)(-31) a1 (2.740.5)(-11) 03 n
M
Xa + 0, = Ha0, (1.9£1)(-30) 1.1£0.5 (2.041.8)(-10) 01 22
"
# %0 + 0, = Kaly (3.5£0.7)(-30) 242 (5.723)(-10) 021 2n
M
# 320 + 0, - X2,  (8.7£2.6)(-28) _2t2 (6.5£3)(-10) o1 _ 34
" _# o ) i -
# NxCH + €D, - JaBCO, (1.3£0.3)(-28) 242 (5.8£4)(-10) o1 3s

Bcte: k{Z) = k(4,T) = (

K (T (M]

1+ Xk (THMI/K ()

) 0.

T:s values qucted are suitable for air as the third body, M.
a Tnits are uslnolocuhz-nc
b Tnits ars a’/noloculruc
* Tadicates a change from the previous Panel evalustion (JPL 85-37).
& Indicates s change in the note from the previous evaluation,

# Indicates a 3ew entry that was not in the previcus evalmation.
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NOTES _TO TABLE 2

) 1. 0o+ 02. Low-pressure limit and T-dependence are an average of Xlais, Anderson, and Xurylo (1980a),
and Lin and Leu (1982). The result is in sgreement with most previous work (see references therein).
Kaye (1386) has calculated isotope effects for this reaction, using methods similar to those discussed
in the Introduction; Troe (1877), Patrick and Golden (19883).

2. O(ID) + lz. Low-pressure limit from Kajimoto and Cvetanovic (1376). The T-dependence is obtained
by assumirg a constant S8, The rate constant 1is extremely low in this special system due to
electronic curve crossing.

3. 3+ 02. Karylo (13972), Wong and Davis (1974) and Hsu et _al. (1987) are averaged to obtain the low
pressure limiting value at 300 K. The first two studies include T-dependence, as does a recent study
by Bsu st sl (1987b).. The recamended valus is chosen with comstant <AB>; ~.03 keal mole™l. - - - -
This very low mumber reflects rotational effects. The high pressure limit is 2 from Cobos ot al.
(1985). Tte tasmperature dependence is estimated. Cobos et al. estimate m = -0.6, which is within

our uncertainty.

4. 08 + OH. Zallner :p:_iviu ca_r;:micnt.ion. 1982) reports pressure u;d T-dependence in llz for 253 < ‘I
< 353. Their values are in rcugh agreement with those of Xijewsky and Troe (1972), who report low- T
pressure values in Ar for 950 < T < 1450. Trainor and von Rosenberg (1974) also report a value.

| »

0+ MO, h;-pnssuu limit and n from direct measurements of Schlcfc:st.cln et _al. (1983) and t.hci‘z
re-analysis of the data of tht;ock._ et al. (18976). Error limits encompass other studies. High-
pressure limit and m from Baulch et al. (1980) and Baulch et _al. (1982), slightly modified.

6. 0+ l‘)z. Values of rate constants and temperature dependences from the evaluations of Baulch et al.
(1980). They use Fc = 0.8 to fit the measured data at 298 X. but our value of l-'c = 0.6 gives a
similar result. In a supplementary review, Baulch et al. (1882) suggest a slight temperature depen-

dence for Fc‘ which would causa their suggested value to rise to Fc = 0.35 at 200 K.

7. OH + NO. The low-pressure limit rate constant has been reported by Anderson and Kaufman (1972),
Stuhl and ¥iki (1972), Morley and Smith (1972), Westenberg and de Haas (1972), Anderson et al.
(1974), Eoward and Evenson (1974), Harris and Wayne (1975), Atkinson et al. (1975), Overend et al.
(1975), Anastasi and Smith (1978), and Burrows et al. (1983). The general agresement is good, and
the recompmded value is a weighted average, with heavy weighting to the work of Anastasi and Samith.
The resportsd high pressure limit rate constant is generally cbtained from extrapolation. The recom-
cended value is a weighted average of the reports in Anastasi and Smith (1978) and Andersonm et al.
(1974). [Zoth cis and trans--HONO are expected to be formed.)

. 8. @+~ NOZ, The low-pressurs limit is from Anderson et al. (1974), who report n = 2.5 (240 < I/X
< 450); Boward and Evenson (1974): Anastasi and-Smith- (1976), who report n = 2.6 (220 < T/K -

< 550) and Wine et al. (1979) who support these values over the range (247 < T/K < 352). The recom-

sended value 0_: n = 3.2 comes from <A}>,2 - 70.55@{:_&1 mh-l. (This valus is consistent with

the experimets.) Burrows et al. (1983) confirm the valus of k at 295 K. The high-pressure

limit and T-dependsnce come from ERKM modsl of Saith and Golden (1978), although the error limits

have been expanded to encompass m = 0. Robertshaw and Smith (1982) have measured X up to 8.6

stnospheres of CF,. Their work suggests that k_ aight be higher than suggested bere (~501).

This might also be due to other causes (i.s., isomer formation or involvement of excited electronic

states). Burkholder et al. (1937) have shown that BCMO, is the only isomer formed (yield =

.75—::%:). The recammendation here fits all data over the range of atmospheric interest.

83

W

-




-y

-
i
i
|
'

]

? W R P Vs g gy oy ye

[T Ty

e

7

9. mz * nz. Changed froms JPL 33-37. Recently !nryl.a d Cuellstte (1886) have remsasured the 300 X
range constants. —Kurylo snd Ouellstte (1087) have also d the temp depend The
tecomnended values are takenfrom-thizlattsrreference wherwin-their-dats were-combined with-that
of Sander and Peterson (1984). The recommended xomo K) is consistent with Boward (1677). Other
studies by Simonaitis and Heicklen (1878) sad Cox .and Patrick (1878). are in reasonasble sgreement.
with the recommendaticns. . ’

10. W, + ¥,. Data on the reverse reaction are from Connell and Jobnston (1978) end Viggisso et sl.
(1981). (These data are used in this analysis by multiplying by the equilibrimm constant given in
Table 3.) A very thorough smalysis of this data and a wore complicated fit can be found in Malko
and Troe (1882). Recent studies by Kixcher st 3]. (1984), Croce de Cobos gt _sl. (1984), Smith ot al.
(1985), Burrows g% al. (1985a), snd Wallington o% gl. (1987a) confirm the b+ dation

The values in Table 2 yield a curve that matches sil the data up to 5 atm. This includes the two
lowest pressure points of Croce de Cobos gt 31. The values from this lattesr work above 10 atm are
301 higher than the curve. The value of n = 4.3 is from Kircher et al. (1984). The value of
m = 0.520.5 is from Kircher et sl. The study of Fowlss et _a]l. (1582) is noted but not used in the
analysis. Johnaton st_al. (1988) have reviewsd this resctiom.

11,- CL + M0, Low-pressure limit from Lee st sl. (1978s), Claxk ot sl. (1966), Astmore md Spencer - - —_
(1959), snd Ravishankara et sl. (1978). * Temperature despendance from Lee st sl. (1978a) and Clark
st_al. (1988).

12. ClL + N0, Low-pressure limit sd T-dependence frow Leu (1984a). (Assuming similar T-dependence

-_— -Ln»llz ;nd-He:) --Leu confirms the observation of Niki et _sl. (1978) that both CLONO md.cubz are _ .-
formed, with the former dominating. This has been explained by Chang et_sl. (1979a), with detailed
calculations in Patrick and Golden (1883). The teop o depend is ss predicted in Patrick
and Golden (1983). The lattsr work extends to 200 torr and the high pressure limit was chosen to
fit these measurements. Th-. texwperaturs dependence of the high pressurs limit {s estimated.

13. CL +0,. Stedman et al. (1568} and Nicholas and Norzish (1863) measured tkis process i1 Ar. The
recommanded value is based on k(Nz)/k(A:) = 1.8., =md the T-dependence is based on the assumption
of constant <AE>,

4. CL +C.H,. Taken from Bruoning and Stief (16835), who measured k from 210 to 361 K in Ar between
approximately 10 torr and 300 torr. Experiments in K, at 296 K were used to <zale the lowpressure
limiting rate constant. Irror limits were increased to account for the fact thst only coe terpera-~
ture-dependent study exists.

As pointed out in Brunning and Stief (1985), these valuas are ressonably compatible with earlier
studies of Poulet et al. (1973), Atkinson and Aschmerm (1985), Lee and Rowland (1977), and Iyer
et sl. (1983).

15. CIO+ Cl0. For the temolecular reaction (with N, and O, as third bodies), Eaymen st sl. (1985)
report

K = (8.00.4) x 10732 x (1/300)"2-120.7 8

o /s

This result is in good agreemsnt with the earlier molecular modulation result of Johnston et al.
(1969), which gave kX = 5 x 10'32 unsls with °2 as third body. Cther previous measuresmts, such
ss Cox and Derwent (1979), Basco and fhunt (1978), and Walker (1972), gave somewhat lower results
(approximately a factor of two) for similar third bodies. The rsasons for these diffarences are
not known. The = dation passes these values.
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3 15. Qo + K,. The svailable Xkinetics data for this reaction bave fallen into two sets, which are in
) i substantial dissgremsmt. Sevenil independent lowpr detemminations (Zabniser gt-gl.,-1977;—
:’ Birzks ot 3l., 1877; lsu ot 9l., 1977; Les gt 3l., 1962) of the rate of CIO dissppearance vi; t.b;
cxo+nz¢nzmm in excellent agresmsot nd‘;iﬁ*n-mm-ko(somuul.lx.m o
- shom product identificatiocn was carried cut, and it was assumed that the rsaction gave chlorine

nitrate, a.aoz- In contrast, direct mesasurmments of the rats of thermal deccmposition of C1lomo,
(Knaath, ma- Schenle gt gl.. 1979), cambined with the equilibrium constant, give X (300) = 4.5 x
3 -32 tnz the three-body reaction forming C1ONO,. Since the mesasured rate of cxo dissppeac-
mce ---.u. established by four groups, the Knsuth results can be reconciled with the higher
mmber br three diffsrenc explmatioos: (1) the measursd thermsl decomposition rate is incorrect:
(2) the equilibxrius constant is in error by s factor of t.h:_oo (requiring that the A!z are off by
r ~1 keal/sole, which, while smell, is outside the stated error limits); (3) all the dsta acre correct,
and the low-pressurs Cl0 dissppssrance studies messured not only 8 reaction fomming sz. but

- -F snother charnel forming an iscssr, such as OC1NO,, ClONO, or OC1080 (Chang ot gl., 1979a; Molina

[

st sl., 1380a).

Receut wxk by Mergitan (1933b), Cox et _gl. (1984b), snd Burrows gt gl. (1883a) indicate that there
are DO isomers of GO, Zormed. Thus, either explanation (1) snd/or (2) above must be invoked.
mu.mgm nd Cox (1886) confirm current n.luu. but ares unable to explain the effect of 0OCl0
cbserved by bath Molina et sl. (1580a) and thesselves.

E

E

3

F

E - The highpressure limit rate constants and their temperature dependence axe from the model of Smith
and Goldem (1978). e rate coustmts above fit measured rate dats for the dissppsarsnce of reactants
(Cox end Lewis, 1979; Dasci st a7, 1981). Deta from Handwerk and-Zellner (1984) indicate a slightly
lower k.

E

!

.
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17. nzo + lJz. Dats at 300 K ars from Sander ot sl. (1881). They suggest k = (5.021.0)(-31) k =

(2.023-33(-11) and 7, = 0.42)"3,. The tesperature depend are sizple estimates.

Even ttough isomer :_:.mr.iou seeca %o have teen ruled out for the C10 + mz reaction (i.e. the iscmer
stability is too low o makse a significant centrzibution to the measured rate constant), this does not
eliminate the possibility that 3O + NO, lsads to more than one stable cospound. In fact, if the
measured valus of &, is accepted, it can mly be theorstically reconciled with a single isamer,
Bx@z. which would hvo & 6-7 kcal mole” m;_: bond -than szl -This would fix the heat of
formaticn of Bxﬂnz <0 be the sae as sz an unlikely possibility.

18, F + 02. Low-presswce limit fzom Baulch et al. (1982), who averaged the results of Zetzsch (1873),
Arutyunor et al. (1578), Chen et sl. (1977), and Shamcnima and Xetov (1979). Teamperature dependence
o is calczlated (Patrick and Goldm (1883)).

'

Calculsted values cf t.h. :t.:a:rcol.usion rate constant yield s more physically meaningful value

P
< Patrick mnd Golden {1383).
M
o 13. F + NO. Parameters estimated from strong collision calculaticns with <AZ> set-at .42 kcal/mole’ !,
yielding § = 0.30 az 300 K and 8 = 0,38 at 200 K.
< 20. F + M0,. Experimeczal data of Fasano and Jogar (1983) were used to determine both the high and low
pressurs limits at 300 X. “hey fit their data to an expression such as recommended here.
"r-
E
85
L 4
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of S wben the JA!AF v-luo of the heat of formatica of YO is adopted. “"See notes w“hb].o 3 and
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21.

22.

23.

NECETIR

o

Treatment of the data for this system requires knowledge of the relative stabilities of mz and FORO.

—Patrick-snd-Golden—(1883) assumed_that the difference between these would be the same as between
the t:l.!l)5 isonmers. Thus, they concluded that kgoo(mz) - 3.9 x 10-31 and kgoo(PW) -
2.4 x 10 °, and that FONO would be tomd-:thoa-o:ozxvonb!.-thmmz. We have found an
error of a factor of four in their calculations, which would predict ksoo(EUN) =1,06 x 10 29’
and thus an overwhelming amount o! FONO. The measured value is k ~1.06 « i -3 , which is cus—tenth
of the predicted value.

A calculation at the MP-3/6-31G* lsvel by Evleth (privats commmication, 1984) indicates that the
FONO is much more than 10 kcal -o).. less stable t.han mz and that its rate of formaticn can be
ignored. Thus, we have k(sxp) = x(mz) - 1.06 x 10

The value of n = 2 is from Patrick and Golden, and the value of m is a rough estimate from similar
reactions.

FO + RO,. Low-pressure limit tm strong collision calculation and 8 = 0.33. T-dependence from
resultant <AE> = 352 kcal mlo . High~pressure limit and T-dependsnce estimated. Quce again (see
Note 16) multiple charmels could be L;_nportnt. here, which would mean that the reaction between FO and
mz could be much -faster, since these values eumidog oanly rmoz formation.

Ciy + 0,. Low-pressure limit from Seltzer and Bayes (1883). (These workers dstermined the rate
comnnr.s as a function of pressure in lz, Ar, 02. and He. Only the ll2 points wera used directly
in the evaluation, but the others sre comsistent.) Plumb and Ryan (1S8Zb) report a valus in He
which is consistent wit.hin _error limits with the work of So!.t.zo: and Bayes. Pilling and Saith
(1985) have ed this p v press

is consistent wita this evaluation, but their high pressuze value is a little low., Cobos et al.
(1985) have made measurements in Ar and N, from 0.25 to 150 atmospheres. They report paraseters
somewhat differsnt than recoomended here, but their data are reproduced well by the recommended
values, The work of Laguna and Baughcum (1982) seems to be in the fall-off region. Results of
Pratt and Wood (18S84) in Ar are cimsistent with this recocmendation, although the measuremects are
indirect. Their T-dependence is within our estimats. As can be seen from Patrick and Goldes (1983),
the above value leads to a very szall 8, ~.02, and thus temperature dependence is hard to calculate.
The suggested value is an estimate. Ryan and Plumb (1984) suggest that the same type of calculation
as employed by Patrick and Golden yislds a reasonable value of 8. We have not been able to reproduce
their results. The high pressure rats constant fits the data of Cobos et al. (1335). The tasmpera-
ture dependence is an estimate. (Data of van den Bergh and Callear (1871), Hochanadel et al. (1977),
Basco et al. (1972), Washida and Bayes (1976), Laufer and Bass (1875), and Washida (1980) are also
considered.)

CB._,C)2 + noz Paxﬁuun from & reasonable fit to the temperature and pressure-dependent data in
Sander and Watson (1980) snd Ravishankara et sl. (1980s). The former reference reports their rocm-

~ temperature “data inm the sane form as herein, but thay allow. Pc to __vary. They_ report:

=30

-12 -3.5
k, - 2.33x10 77, kg = 10 "“(T/300) . Pc = 0.4,

These parameters are a better fit at sll tesperatures than t.bou:oc;n;;:d.d hers. We do not adopt
them since they are not much bettar in stratospheric range, and they would requize both a ctage in
our Fc = 0.6 format, and the adoption of & quite large negative activation energy for )
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The CODATA recomsendations (Baulch M.. 1062) are: X, = 2.3 x 107°0%(7/300) 7", ¥, = 8 x 1072
_md P = @ /320 4 /T, yiging ¥, = .41 at 300 K end .54 at 200 K. These values do
not fit the data as \nu. as tbo current :ocmmdnum. It is interesting to note that the dats
require a negative I-dependence for k., similar to our new mz + uoz recommendstion, and that

the value of 8 at 300 X is ~.2,

26, CB + soz. Values of the rate constant as a function of pressure at 288 X from Leu (1982),
Paraskevopoulos et al. (1983), and Hine et al. (1984). The value of the low pressure limit is
fran Leu (1982), corrected for fall-off, The high pressure limit is fram a fit to all the data.

The value of n comes from the above data combined with calculations such as those of Patrick and
Golden (1883), except that the hest of formation of aosoz is raised by 4 kcal m!..l, as suggested
by the work of Margitan (1984). The value of m is sstimated. This is not a radical-radical
resction and is unlikely to have s positive value of m. The limit of m = -2 correspunds to a real

~— activation energy of ~1 kcal mol ). Earlier data listed in Bsulch.et al. (1960) and Baulch st al.
(1982) are noted. Recent work of Martin st al. (1986) and Barnes et al. (1586a) confim the
current evaluation.

25, G+ Czl!‘._ Experimentsl data of. 'l.'nlly (€1983), n-vu ot _al. (1975), Boward (1978), Greiner (1970a),

Morris et _sl. (1971), and Overend and ?‘xnkcwpol.ws (1977b) in helium, Atkinson et _al. (1977) in

argon, and Lloyd et s]l. (1976) and Cox (1975) and Xlein et al. (1984) in nitrogen/oxygen mixtures,
have been counsidered in the evalustion. This well-studied reaction is considerably more complex
- - - then most others in this table. The parameters recommended here fit exactly the same curve proposed
. . by Klein gt al. (1984) at 298 K. Discrepancies remain and the effect of mltlph product channels
is not well understood. The temperature dependence of the l.aw-pnuun 1imit has not been determined
experimentally. Calculations of the type in Patrick and Golden (1883) yield the recammended value.
The high-pressure limit tsmperaturs depend has been determined by several workers. Almost all
cbtain negative activaticn energes, the Zellner and Lorenz (1984) value being equivalent tom = 40.8
over the range (296 < T/K < 524) at about 1 phere. Although this could theoretically arise at
a result of reversibility, the aquilibrium constant is too high for this possibility. 1If there is
a product channel that proceeds with a low barrier via a tight transition state, a complex rate
constant may yleld the cbserved behavior. The actual addition process (CH + Czﬂ‘) may even have

a small positive barrier. The recommended limits encompass the reported values.

26, CGd+ czxz. The rate constant for this complex process has recently been re-examined by G. P, Smith
et _al. (1984) in the temperature rage from 228 to 1400 X, and in the pressure range 1 to 760 torr.
Their analysis, which is cast in similar terms to those used iun. is the source of the rate constants
and temperaturs dependences at both limits. The negative value of m reflects the fact that their
analysis includes a 1.2'kcal/mole barrier for the sddition of CH to Czﬂz.

The data analyzed include those of Pastrana snd Carr (1874), Perry et al. (1977), Michael et al.
- ~—(1980), snd Perry -and Williamson (1982). Other data of Wilson and_Westenberg (1567), Breen and
Glass (1971), Smith and Zellner (1973), and Davis et _sl. (1975) were not included. - - ——

Calculations of k via the methods of Patrick and Golden (1833) yield vulu-l caqnubh with those
of Smith et al. T

27. d‘s + oz. Changed from JPL 835-37. Caralp st sl. (1888) have measured the rate constant in lz
between 1 and 10 torr. This supplants the value from Caralp and Lesclaux (1883)., They recommend
different parmsetsrs, but the data are well represented by the currently recomsended values. Data
of Ryan and Plumb (1881) are in sgreement.
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28.

29.

30.

31.

az.

33.

346,

3s.

CPCLZ + Oz. T Valuss for both low~ and Eigh-pressurs limits st 3OO0 K are from Caralp and Lasclaux
(1983), Temperaturs dependences are rough estimates-based-on similar resctions.

cc:.a + 02. Values for both low- and high-preasurs limits are from Rysn mod Pl:mb (1584). They use
the same format ss recammended hare and report:

2P = (5.8 0.8) 3070, 10 w25 x T wmen 2 -0.2s,
We find a good fit to_t.hlk dats using F = 0.8 %o yleld

x2%%(8e) = & 2107, xeeping k2 = 2.5 x 10772

The recommendsd value of kzuo(lz) is 2.5 times the value i(n He,
Texperature depend are ugh estimates bssed ‘on”similar reactions.- A value of kioo -

-12

5x10 has been reported by Cooper g% _gl. (1980).

crcxzoz + mz. Values for both low- and high-pressure limits at 300 X from Lesclaux and Caralp
(1984). Their bath gas was 0, which'1s assused to be equal to N, in energy transfer characteristics.
Tecperature depend are rough estimates based on similar reactions.

BS + RO. Data and analysis are fram the recent work of Black et e]l. (1884). The temperature

-dopcndmco of k, has been estimated. - - -

Ha + 0,. The low-pressure limit and tempersturs depend are taksm from the receat Paper of
Silver et _s)l. (1884b). Ibe error limits are broadened scoewhat. Patrick and Golder (1984a) have
performed calculations in the marmer of Patrick and Golden (1983) which yield p;“ - 0.3,
The high-pressure limiting rste constant is an astimate by Silver et a]. (19861:).2 The error limits
and temperature deper.-ence are estimated.

Nal + 02. New Entry. Ager and Boward (1886) have measured the low-pressure limjit at room terpera-
ture in several bath gases. Their value in Nz is used in the recaamendation. They performed a
Troe calculaticn as per Patrick and Golden (1983) to obtain collisicn effiziency and temperature
dependence. Thev obtained a high-pressure limit rate constant by =se of a simple model. The
tsoperaturs depsndence is estimsted.

O + coz. New Entry. Ager and Boward (1986) have measured the rate constant for this process
in the “fall-off" regime. Their lowest pressurss are very close to the low-pressure limit., The °
temperature dependence is an esticate. Ager and Howard calculate the high-pressure rate constant
from a simple model. The temperature dependence is an estimate. '

N:CB +Co,. New Entry. “Ager and Boward (1987b) have measured the low-rryssure limiting rate constant.
The teaperaturs dependsnce is an estimats. Ager and Howard have calculated the high-pressure limit
using a simple model. Tbe tamperature deperdencs is an estimate.
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EQUILIBRIUM CONSTANTS
Formac
Some of the three-body reactions in Table 2 form products which are

thermally unstable at atmospheric temperatures. In such cases the thermal

decomposition reaction may compete with other loss processes, such as photo-
.. . ..dissociation or radical attack. Table 3 lists the equilibrium constants,

K(T), for six reactions which may fall into this category. The table has

three column entries, the _first two being the parameters A and B which can

be used to express K(T):

_K(T)/cm> molecule™l = A exp(B/T)-(200 < T < 300 K)

"~ "The third column entry in Table 3 {s the calculated value of K at 298 K.
The data sources for K(T) are described in the individual notes to
Table 3. When values of the heats of formation and entropies of all species

are known at the temperature T, we note that:

Log[K(T)/cn? molecule~l] = ok AHY
& 2.303R  2.303RT

+log T - 21.87

where the superscript "o” refers to a standard state of one atmosphere.
In some cases K values were calculated from this equation, using thermo-

chemical data. In other cases the K values were calculated directly from

values were used for the equilibrium constants. The following equations

were then used to calculate the parameters A and B:

op - 2 300 x 200
B/°K = 2.303 {log ] (300 200 )

= 1382 log(Kzoo/K3oo)

log A = log K(T) - B/2.303 T
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Table 3. Equilibrium Constants

1

Reaction Men® molecule” Ba3/°k (208 K) 2208 K)*  Kote
BO, + NO, ~ HO 2.1 x 1079 10,90041, 000 1.6x10" 1! s 1
, + N0, = BONO, ; . . .
# 10 + 40, ~ H,0, 3.0 x 10727 4,700£100 D o2x1072 T g T2 -
.27 -11
* N0, + MO, ~ B0 1.1 x 10 11,200£500 2.3x10 2 3
2 * MOy = 8,04
€1 + 0, = C100 2321072 77 30062750 s.ax1072 - 29 . o
) -26 -19
€10 + 0, = €100, <2.9 z 10 <5,00021,500  <$.6x10 500 s
B v s p -27 — .16
. _#.C10 +Cl0 - CL,0, 7.9 x 10 8.60022, 500 2.7x10 100 6
&F +0, = FOO 5.3 x 10723 7.600 - 6.3x10734 - 7a .
1.1 x 10733 3,600 - 1.9x10720 - ™
CH,O, + NO, = CH,0,NO 1.3 x 16728 11,200£1,000 2.7x10712 10 s
30, * N0, = CH0,¥%0, . ' . .

K/cn® molecule ! = A exp(B/T) (200 < T/K < 300]

s £(298 X) is the uncertainty at 298 X. To calculate the uncertainty at other
temperatures, use the expression: f£(T) = £(233 K) exp(aB | 1.3 1.
T

298
* Indicates a change from the previous Panel evaluation (JPL 85-37).

& Indicates a change in the note from the previous evaluation.

# Indicates a new entry that was not in the previous evaluation.
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2

4.7CL + 0,. "Cox st al. (1979) measured X at 298 K. Their reported valus of K, (5:4'% 2.6 x 1072} en® —

NOTES TO TABLE 3

mz + mz. The value was cbtained by combining the data of Sander and Peterson (1984) for the
rate constant of the reaction as written and that of Graham et gl. (1877) for the reverse resction.

From the equilibrium constant, it may be inferred that the thermal decomposition of nozmz is
unimportant in the stratospbere, but is important in the troposphers,

.. W0+ 10, The data are from JANAF, This process is included b acr t rement of the

rate constant by Saith snd Yarwood (1986) shows that it is too slow to be an ancn;z rats process,
but there will be some equilibrium concentration present.

NO, + NO,. Note changed from JPL 835-37. Recent measurements and s re-evaluation of the entropy of
N0, Lead to a slightly altered value. Burrows st al. (1985c), taking their data and those of Graham
and Johnston (1978) and the room temperature data of Perner gt 8). (1885), have performed a “3rd law”
fitting that yields the recommended parametsrs. These values are well within the range of measursaents
of Kircher et al. (1984), Tuazon et_al. (1983) and Smith et al. (1985).

nol..culo-l. when combined with JAXAF values for the entropy change, gives Anz(zsa)(cxoz) = 22.5
kcal/ml..l. This {3 in excellent agreement with Ashford et a). (1978), who suggest Aﬂz(ZSG) (sz) -
22,5t .5 ke.l/ml.-z. The expression of Cox et al. is:

X =3.71 2 102 T exp(3227/7).
Cl0 + Oz. Zellner (private communication, 1982) suggests K < 12 lbl.l andsH 2 -11 kcal/mol. The
corresponding value of A leads to s%300(c10°0. ) =73 cal mol.-1 t-l. A higher value of X has been
proposed by Prasad (1980), but it requires S°(Cl0'0,) to be about 83 cal w1l X1, which ssans

unreasonablyhigh. - Carter and-Andrews (1881) found no experimental evidence for cm'oz in matrix
experiments.

Cl10 + Cl0. This equilibrium constant is not well established. The quoted value is based primarily
on the work of Cox snd co-workers (Cox and Derwent, 1979 and Hsyman et al., 1986). The corresponding
entropy of the dimer is 76 cal 2oL 2 X" and a8 ts -17.6 keal nol.l.

F ’_02' (a) From JANAFP !.hfmochfgic_ul values. ) f‘thh :uhio _t{\«f!od by ko -calcuht.;on. s’. Kgu 18,
Table 2.) (b) From Bemson's (1976) themochemical values. Wallington et al. faror the Benson value
for mz, based on the independence of ms oo diluent gas (i.e. lz, Oz) when making nos by F + BNOS.
The conclusion is that F + 02 - roz is a fast equilibrium; they conclude that the Benson value is
correct. However, the value of the low-pressure rate constant favors the JANAF value (Patrick snd
Golden, 1983).

caaOz + noz. Thermochsmical values at 300 X for m302m2 and c3302 are from Baldwin (1582).

In the absence of dats, AH® end AS® were assumed to be independent of temperature. Bahta st si.
(1982) bave measursd k(dissociation) at 263 X. Using the values of k(recombination) suggested in
this evaluation, they compute K(263) = (2.68 £ 0.28) x 10'1° _3' Our values predict 3.84 x 10‘10

aa, in good agresment.
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PHOTOCHEMICAL. DATA
Discussion of Format and Exxoxr Estimates

In Table &4 we present a list of photochemical reactions considered to
be of stratospheric interest. The absorption cross sections of 0, and O3
largely determine the extent of penetration of solar radiation into the

sections are presented in the text, but only a sample of the data are listed

here.- (See, for example, WMO Report #$11, 1982; WMO-NASA, 1985.) The photo-

dissociation of KO in the 0, Schumann-Runge band spectral range is another

7" “-important process.- requiring special treatment and is not discussed in

this evaluation (see, fdr ex.nmprle'.‘ Frederick and Hudson; '1979; Allen -and

Frederick, 1982; and WMO Report #11, 1982).
For some other species having highly structured spectra, such as CS,
and 50;, some comments are given in the text, but the photochemical data

are not presented. The species CHZO, N0y, NO4 and OCl10 also have compli-

cated spectra, but in view of their importance for atmospheric chemistry a_.

sample of the data is presented in the evaluation; for more detailed informa-

tion on their high-resolution spectra and temperature dependence, the reader

is referred to the original literature.

Table 5 gives recommended re_iiabili—ty—‘_f—acc_drs for some of the more

important photochemical reactions. These factors represent the combined

uncertainty in cross sections and quantum yields, taking into consideration

the atzospherically imzportant wavelength regions, and they refer to the
total dissociation rats regardless of product identity (except in the case

of O(ID) production from photolysis of 03).
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Table 4. Photochemical Reactions of Stratospheric Interest

&0 +hwv~-0+0 CCl, + hv -+ products

* 03 + hv « 0y + 0 CC143F + hv -~ products
03 + hw = 05 + 0(!D) CCl,F, + hw =+ products

* HOp + hv -+ products CHC1F, + hv - products
Hy0 + hw'» H ¥ OH 7 T (1) CHyCl + hw » products
Ho0y + hv -+ OH + OH CC1,50 + hv -~ products
NO+h-+N+0O : CC1FO + hv - products _

*NOp + v~ NO + O " CF,0 + hw -+ products

* NO; + hwv - products CH;CCl3 + hv - products

N0+t Ny +0(lD) # CBrClF, + hv ~ products

- - NoOg + hv —-products - - - # CBrFy # hu ~ products
NHy + hv - NHy, + H (1) BrO + hv - Br + O
HNOj; + hw - OH + NO BrONO; + hv - products
HNO3 + hv - OH + NOy HF + hv - H+ F
HNO, + hv - products CO+hw-C+0 (L
Cl, + v » C1 + Cl CO, + v =+ CO + 0 (1)
Clo+hv~-Cl+0 CH, + hwv - products (2)
Cl00 + hv - products CH,0 - products

* 0Cl0 + hv - 0 + Cl0
€103 + hv -+ products

CH300H + hv - products
HCN + hv -+ products

# C1505 + hv = products CH4CN + hw-~ products

HCl + hw - H + Cl SO0y + v = SO + 0
--——— - HOCL --OH '+ Cl R - OBS T+ hs - GO+ S -
* CINO + hv = C1 + NO ' © HpS +hv + HS + H (2)

CINO; + hv -~ products
ClONO + hv - products
C1ONO, + hv - products

CS; + hwv - products
# NaCl + hw - Na + C1
NaOH + h» =» Na + OH

(1) Hudson and Kieffer (1975)

(2) Turco (1975)

# New entry

* Indicates a change in the recommendation from the previous evaluation.
& Indicates a change in the note.
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Table 5. Combined Uncertainties for Cross Sections and
Quantun Yields

Species Uncertainty
05 (Schumann-Runge bands) 1.4
e © " 0z (Continua)-— --- — 1.3 - -

04 1.1

T 03-» o(lp) . . .. L4
NOé 1.3

e . .. _NOg_ . - 2.0 -
. ___Nzo_ . - o Sy e —

N,05 2.0
Hy0, 1.4
HNO, 1.3
HO,NO, 2.0
CH,0 1.4
HCl 1.1
HOC1 1.4
C10NO, 1.3

[ P 11
CCl,F . 1.1 ]
CClyFp 1.1
CH,3C1 1.1
CF,0 2.0
CH,00H 1.4
BrONO, 1.6
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The absorption cross sections are defined by the following expression
of Beer’s Law:

I = I exp(-onl),

where I, and I are the incident and transmitted light intensity, respectively;

2 molecule” 1; n is the concentration

o is the absorption cross seccion in cm

1n molecule ca 3. and 1 ig the pathlength in cm. The cross sections are

room temperature values at the specific wavelengchs listed in the tables,

and the expected photodissociacion quam:un yields are unity, unless otherwise

stated.

0, +hw =0 +0

The photodissociation of molecular oxygen in the stratosphere is due
primarily to absorption of solar radiation in the 200-220 nm wavelength
region, i.e., within the Herzberg continuum. The 185-200 nm region--the
0, Schumann-Runge band spectral range--is also very important, since solar
radiation penetrates efficiently into the stratosphere at those wavelengths.

Frederick and Mentall (1982) and Herman and Mentall (1982) have estimated
0, absorption cross sections from balloon measurements of solar irradiance

in the stratosphere. The latter authors find the cross sections in the

© 200- 210 nm range to be -352 smaller than the smallest of the older laboratory

results, which are those of Shardanand and Prasad Rao (1977). There are-

three recent laboratory studies (Johnston et al., 1984; Chueng et al.,
1984 ; Jenouvrier et al., 1986) which confirm the lower values obtained from
solar irradiance measurements. There is also, however, a study of the
penetration of stellar UV radiation into the stratosphere which agrees

better with the higher 0, cross section v~lves (Pirre et al., 1984).
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The attenuation of solar radiation in the Schumann-Runge wavelength
region is a problem requiring special treatment due to the rotational
structure of the bands; see, for example, Nicolet and Peetermans (1980);
Frederick and Hudson (1980); and Allen and Frederick (1982). The effective
0y cross sections obtained from solar irradiance measurements in the
sttatosphere by Herman and Mentall (1982) are in good agreement between 187 B
and 195 mm with the values reported by Allen and Frederick (1982), vhich
— - -were-obtained by an empirical fit: to the effective cross sections appropriate

for stratospheric conditions. Between 195 and 200 nm the fit yielded values

which--are- somewhat- larger than those estimated by Herman and Mentall®

" The studiés of the penetration of solar radiation in the atmosphere in
the Schumann-Runge wavelength region have been based so far on laboratory
measurements of cross sections which were affected by instrumental parameters
due to insufficient spectral resolution. Yoshino et al. (1983) have reported
high resolution 0, cross section measurements at 300 K, between 179 and
202 nm, obtaining presumably the first set of results which is independent
of the instrumental width. The Schumann-Runge cross sections are tempera-
ture-dependent, so that additional studies will be required..in.order to

carry out detailed atmospheric modeling calculations. Furthermore, for

77 estimates of the solar irradiance in the stratosphere the cross section
values which need to be accurately known are those at the wings of the
- rotational lines and in the underlying continuum, and these are several

orders of magnitude smaller than the peak values.

<z
- 03 +hw =+ 0+ 0y
The O3 absorption cross sections and their temperature dependence have
= been remeasured recently by several groups. For a review see WMO-NASA,
96
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1985; Table 6 lists a sample of the data taken from this review, namely
the 273 K cross section values averaged over the wavelength intervals
commonly employed in modeling calculations, except for the wavelength range
185 to 225 nm, where the present recommendation incorporates the averaged
values from the recent work of Molina and Molina (1986); the older values
were based on the work of Inn and Tanaka.(1953). .- The temperature effect is —

negligible for wavelengths shorter than -260 nn. Recent work by Mauersberger

et al. (1986, 1987) yields a value of 1137 x 10'”20 cm? for the cross section

at 253.7 nm, the mercury line wavelength; it is about 1% smaller than the

commonly accepted value of 1147 x 19'20 cm? reported by Hearn (1961), and

about 2% smaller than the value obtained by Molina and Molina (1986), 1157° ~~ —
x 10720 cn2.  The reason for the small discrepancy, which appears to be
beyond experimental precision, is unclear.

The quantum yields for 0(1D) production, 4’(010), for wavelengths
near 310 nm--i.e., the energetic threshold or fall-off region--have been
measured mostly relative to quantum yields for wavelengths shorter than
300 nm, which were assumed to be unity. There are several studies which
indicate that this assumption 1is not correct: Fairchild et al. (1978)
observed approximately 102 of the primary photolysis products in ﬁt;e
(1980) also report §(03P) ~0.1, at 266 nm; according to Brock and Watson
(1980Db) Q(O]'D) = 0.88 at 266 nm; Amimoto et al. (1980) report <D(01D) - 0.85
at 248 mm, and Wine and Ravishankara (1982) measured directly ¢(01D) - 0.9
at 248 mm. There are also some indications that Q(OID) decreases slightly

between 304 and 275 nm (see Brock and Watson, 1980a,b).
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Table 6. Absorption Cross Sections of 04 at 273 K
A 1020 (cm?2) A 10205 (cn?)
(nm) average (nm) average
175.439-176.991 81.1 238.095-240.964 797
176.991-178.571 79.9 240.964-243.902 900
~178.571-180.180 78.6 _ . . . .243.902-246.914 1000 -
) 180.180-181.818 76.3 246.914-250.000 1080
181.818-183.486 72.9 250.000-253.165 1130
. 183.486-185.185 ___. 68.8 _ 253.165-256.410 ¢ - -1150 - --
185.185-186.916 62.2 256.410-259.740 1120
186.916-188.679 57.6 259.740-265.158 1060
- 188.679-190.476 ~ ——52.6 - " 263.158-266.667 965 .
©190.476-192.308  47.6 7 266.667-270.270 834
192.308-194.175 42.8 270.270-273.973 092
194.175-196.078 38.3 273.973-277.778 542
196.078-198.020 34.7 277.778-281.690 402
198.020-200.000 32.3 281.690-285.714 277
200.000-202.020 31.4 285.714-289.855 179
202.020-204.082 32.6 289.855-294.118 109
204.082-206.186 36.4 294.118-298.507 62.4
206.186-208.333 43.4 298.507-303.030 34.3
208.333-210.526 54.2 303.030-307.692 18.5
210.526-212.766 69.9 307.692-312.5 9.80
212.766-215.054  92.1 312.5-317.5 5.01_ _ __.
I 215.054-217.391 119 "317.5-322.5 2.49
217.391-219.780 155 322.5-327.5 1.20
219.780-222.222 199 327.5-332.5 0.617
222.222-224.719 256 332.5-337.5 0.274
224.719-227.273 323 337.5-342.5 0.117
227.273-229.885 400 342.5-347.5 0.0588
229.885-232.558 483 347.5-352.5 0.0266
232.558-235.294 579 352.5-357.5 0.0109
235.294-238.095 686 357.5-362.5 0.00549
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The recommendation for the quantum yields in the fall-off region is
given in Table 7, and is taken from the mathematical expression given by
Moortgat and Kudzus (1978), scaled down by a factor of 0.9 to account for
the absolute magnitude of ¢(01D) at short wavelengths. The relative wvalues

are in good agreement with those reported by Brock and Watson (1980a).

Table 7. Mathematical Expression for 0(1D) Quantum Yields, &,
in the Photolysis of 04

&(A,T) = A(r) arctan[B(r)(A-Ao(r))] + C(r)

where r = T - 230 is-a-temperature-function, with T given in Kelvin; ) .
A is the wavelength in nm, and arctan is expressed in radians. — - — - e

The .coefficients A(r), B(r), A, (r) and C(r) are expressed as
interpolation polynomials of the third order:
A(r) = 0.332 + 2.565x107% + 1.152x107572 + 2.313x10°3,3
B(r) = -0.575 + 5.59x1073r -1.439x10"7r2 - 3.27x10°8,3
A (r) = 308.20 + 4.4871x1072r + 6.9380x1077r2 - 2.5452x10763
C(r) = 0.466 + 8.883x10"%r - 3.546x10"%r2 + 3.519x1077¢3.,

In the limit where ®(A,T) > 0.9, the quantum yield is set & = 0.9, and
similarly for &(XA,T) < O, the quantum yield is set ¢ = 0.

HOp + hv = OH + 0

The absorption cross sections of the hydroperoxyl radical, HOp, in the
200-250 nm region have been measured at room temperature by Paukert and
Johnston (1972), Hochanadel et al. (1972; 1980), Cox and Burrows (1979),
McAdam et al. (1987), and Kurylo et _al. (1987a); and by Sander et al. (1982)

at 227.5 ma.
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There are significant discrepancies in the shape of the spectrum as
well as in the absolute cross section values; at 227.5 nm, the value ranges
from 250 to 309 x 10'20 cmz/molecule, the average of all measurements
being 269 x 10°20 cm?/molecule.

Table 8 lists the recommended cross sections, which are computed from
the mean of the five sets of reported values. -This recommendation—is given

here merely to indicate that photolysis of HOj, in the stratosphere and

_troposphere is not an important pfocess and can be neglected.. However, for - -

chemical kinetics studies the simple average presented here need not be the

_best choice and the most suitable cross section values to be used should bé

considered on a case-by-case basis.

Lee (1982) has detected O(ID) as a primary photodissociation product
at 193 and at 248 nm, with a quantum yield which is about 15 times larger
at the longer wavelength. The absolute quantum yield for 0(1D) production

has not been reported yet.

Table 8. Absorption Cross Sections of HO,

A(nm) 10205 (cm?)
T f‘~ﬁ60w—- T 430 -
- 210 430
220 : 360
230 240
240 120
250 50
100
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NO, + hw -~ NO + O
Table 10 lists a sample of the the recommended absorption cross sec-

tions of nitrogen dioxide, taken from the work of Bass et _al. (1976), who

report extinction coefficients every 1/8 nm between 185 and 410 nm at 298
K, and between 290 and 400 nm at 235 K. For atmospheric photodissociation
calculations which r-:éqt;ire cross section values avetagéd over aippropriat:e

wévelengch intervals the original literature report should be consulted;

" Table 10 lists the values only at the indicated wavelengths.

Recent cross section measurements by Schneider et al. (1987) give

results which are 2-3% smaller than those of Bass et_al. around 375-395 nm,

which is the most important wavelength region for atmospheric photodissocia-
tion, but which are larger by as much as 20-25Z around 270 nm and around
200 nm where the experimental measurements are more difficult. Furthermore,

measurements by Calvert et al. (private communication) indicate that the

temperature effect on the cross sections is significantly smaller than

reported by Bass et al. (1978). The discrepancies are probably due to

inaccuracies in the correction required to account fer the presence of

N7O04 - in the absorption cells.

sections and quantum yields in the 375-420 nm region. Their cross sections

are 4-10Z larger than the values reported by Bass et al. (1976), and their

quantum yields are, on the average, about 15% smaller than those measured
by Jones and Bayes (1973). The measurements of the quantum yields by Daven-

port (1978) at six different wavelengths agree wzll with those of Harker

et _al., and they indicate that the quantum yields themselves are temperature
dependent. Direct measurements of the solar photodissociation rate of NO,

in the troposphere by Parrish et al. (1983) agree better with theoretical

102

Harker et al. (1977) have rcported measurements of absorption cross
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Table 10. NO, Absorption Cross Sections at 235 and 298 K
A 102% (cm?) A 10205 (cm?)
(nm) 235 K 298 K (nm) 235 K 298 K
185 26.0 300 10.9 11.7
190 29.3 305 16.7 16.6
195 24.2 310 18.3 17.6
200 25.0 315 21.9 22.5
205. - 37.5 _ . 320 23.5 _25.4
210 38.5 325 25.4 27.9
215 40.2 330 29.1 29.9
220 39.6 335 31.4 34.5
225 T32.4 T30 0 T 32,3 8.8
230 24.3 345 34.3 40.7
235 14.8 350 31.1 41.0
240 6.70 355 43.7 51.3
245 4.35 360 39.0 45.1
250 2.83 365 53.7 57.8
255 1.45 370 48.7 54.2
260 1.90 375 50.0 53.5
265 2.05 380 59.3 59.9
270 3.13 385 ' 57.9 59.4
275 4.02 390 54.9 60.0
280 5.54 395 | 56.2 58.9
285 6.99 - 400" - 666  67.6
290 6.77 8.18 405 59.6 63.2
295 8.52 9.67 410 7 53.2 57.7
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calculations that incorporate the quantum yleld values of Jones and Bayes
(1973) rather than those of Harker et al. (19.77).

The previous recommendation for quantum yields was based on the work
of Harker et al. (1977) and of Davenport (1978) for the atmospherically-

important 375-470 nm region. Recent work by Gardner et al. (1987) ylelds

values which are in much better agreement with the values 'reported'earlier ’

by Jones and Bayes (1973). The recommended quantum yield wvalues, listed in
Table 11, are in agreement with the recommendation of Gardner et al. (1987):
they are based on a smooth fit to the data of Gardner et al. (1987) for the
wavelength range from 334 to uOlo nm; Harker __c___l (1977) for 397- 620 um

(corrected for cross sections); Davenport (1978) for 400-420 nm; and Jones

and Bayes (1973) for 297-412 nm.

N03 + hv - NO + 02 (Ql)

- NO, + 0 (&p)

The absorption cross sections of the nitrate-free radical, NOj,-have.

been studied by (1) Johnston and Graham (1974); (2) Graham and Johnston
(1978); (3) Mitchell et al. (1980); (4) Marinel'i et al. (1982); (5) Ravi-

shankara and Wine (1983); (6) Burrows et al. (1985b); (7) Ravishankara and

- Hauldin (1986), (8) Sander (1986), and (9) Cantrell et al. (1987). The lst

and 4th studies required calculation of the NOj concentration by mcdeling
a complex kinetic system. The other studies are more di;e;t and the results
in terms of integrated absorption coefficients are in good agreement. The
recommended values at 298 K are the averages of the results of Ravishankara
and Wine (1983) and Sander (1986). Table 12 lists a sample of these values;

the original literature should be consulted for a more extended wavelength

range, and for values at other temperatures. The effects of secondary

104
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Table 11. Quantum Yields for NO, Photolysis

A,nm (] A,nm ]

< 285 1.00 393 0.953
290 0.999 394 0.950
295 0.998 395 0.942
T 300 ©0.997 7396 77 0.922
305 0.996 397 0.870
310 0.995 398 0.820
315 _ 0.994 T399 0.760
320 0.993 400 0.695
o 325 0.992 401 0.635

e : 330 -0.991 — —~- = 402 - - - 0.560—
335 0.990 403 0.485
340 0.989 404 0.425
345 0.988 405 0.350
350 0.987 406 0.290
355 0.986 407 0.225
360 0.984 408 0.185
365 0.983 409 0.153
370 0.981 410 0.130
375 0.979 411 0.110
380 . 0.975 412 0.094
381 0.974 413 0.083

) ' T3 T T T0.973 414 T 0.070  __ "

- 383 0.972 415 0.059

384 0.971 : 416 -0.048-
385 0.969 417 0.039
186 0.967 418 0.030
387 0.966 419 0.023
188 0.964 420 0.018
389 0.962 421 0.012
3190 0.960 422 0.008
391 0.959 423 0.004
392 0.957 426 0.000
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Table 12. Absorption Cross Sections of NO; at 298 K

by : 10200 A 10200 A 10200
(nm) (en?) (nm) (cm?) (nm) (cn?)
600 261 625 804 648 61
- — 601 266 - 626 - 710- - 649 . 52
602 305 627 722 650 50
603 354 628 709 651 53
- 604 417 - 629 679~ 652 56
605 419 630 64 653 62
606 325 631 475 654 77
~ 607 227 _ 632 348 655 9
608 172 633 196 656 133
609 155 634 144 657 174
610 194 635 129 658 22¢
611 173 636 161 659 360
612 204 637 193 660 665
613 24 638 195 661 1320
614 245 639 164 662 2020
615 212 640 122 663 1760
616 192 641 100 664 1120
617 191 642 92 665 760
618 210 643 94 666 468
~ 619 231 - - 644 93 667 - 257 .
i 620 295 645 86 668 165
621 455 646 73 669 114
622 950 647 70 670 85
623 1420
624 1150
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chemistry were minimized in these two studies by working with short time
scales and direct titration of the radicals, but séme unexplained discrepancy
of up to 20% remains. The recommended peak cross section value around 662
m is 2.1 x 10717 co? at 298 K, and 2.7 x 10717 at 220 K, as computed

from the average of the studies by Ravishankara and Mauldin (1986) and

-Sax_xd;; ‘(1956) ;#within experimentai error, the var-iatioh is linear with

temperature. Note, however, that Cantrell et al. (1987) fin_d no measurable
temperature effect on the peak cross section; the reason is rot clear.

The quantum yields &; and &9 have been measured by Graham and Johnston
(1978), "and under highe;_ resolution by Abila_gng;t‘::a_ _and Johnston (1980), who
report the product of the cross section times the quantum yield in the 400
to 630 nm range. ﬁe total quantum yield value ¢ + &, computad from
the results of this latter study and the cross sections of Graham and Johnston
(1978) are above unity for A <610 nm, which is, of course, impossible;
hence, there is some systematic error and it is most likely in the primary

quantum yield measurements. Magnotta and Johnston (1980) and Marinelli

et al. (1982) have discussed the probable sources of this error, but the

question remains to be resolved and further studies are in order. At

present, the recommendation remains unchanged, namely, to use the following

photodissociation rates estimated by Magnotta and Johnston (1980) for over-

head sun at the earth’s surface:
J1(NO + 0y) = 0.022 s°1

J,(NO, + 0) = 0.18 s°L.
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N,0 + hw » Ny + 0(lD)

The recommended values are taken from the work of Selwyn et al. (1977),
who measured the temperature dependence of the absorption cross sections in
the atmospherically relevant wavelength region. They have fitted their
data with the expression shown in Table 13; Table 14 presents the room

temperature data. Hubrich and Stuhl (1980) remeasured the N,O cross sections

at 298 K and 208 K, and their results are in very good agreement with those

of Seiwyn g;_gl.

Table 13. Hathemacical Expression for Absorption Cross
/ Sections of N0 as a Function of Temperature

In o(A,T) = &) + Apd + A2 + 3,03 + agx®

+ (T-300)exp(By + Byx + ByaZ + B,a3)

where T: temperature, Kelvin; A :nm
Ay - 68.21023 By = 123.4014
Ay = -4.071805 B, = -2.116255
Ay = 4.301146 x 1072 By - 1.111572 x 1072 o
Tt T “ay = -1.777846 x T By - -1.881058 x 1073 -
Ag = 2.520672 x 1077 - S

Range: 173 to 240 nm; 194 to 320 K
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Table 14. Absorption Cross Sections of N,0 at 298 K
A 1020, Y 1020, A 10290
(rm) (cm?) (nm) (cn?) (nm)  (cm?)
173 11.3 196 6.82 219 0.115
174 11.9 197 6.10 220 0.0922
175 12.6 198 5.35 221 0.0739
176 13.4 199 4.70 222 0.0588
177 14.0 200 4.09 223 0.0474
178 13.9 201 3.58 224 0.0375
179 ~ -14.4 202 3.09 225 - 0.0303
7180 14.6 203 2.67° 7 7226 T 7 70.0239
181 14.6 204 2.30 227 0.0190
182 14.7 205 1.95 228 0.0151
183 14.6 206 1.65 229 0.0120
184 14.4 207 1.38 230 0.00955
185 14.3 208 1.16 231 0.00760
186 13.6 209 0.980 232 0.00605
187 13.1 210 0.755 233 0.00478
188 12.5 211 0.619 234 0.00360
189 11.7 212 0.518 235 0.00301
190 11.1 213 0.421 - 236  0.00240
191 10.4 214 0.342 237 0.00191
192 9.75 215 0.276 238 '0.00152 -
193 8.95 216 0.223 239 0.00123
194 8.11 217 0.179 240 °  0.00101
195 7.57 218 0.142 '
109
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NoOs5 + hv - products

The absorption cross sections of dinitrogen pentoxide, N;0g5, have
been measured at room temperature by Jones and Wulf (1937) between 285 and
380 nm, by Johnston and Graham (1974) between 210 and 290 nm, by Graham

range by Yao et _al. (1982), between 200 and 380 nm. The agreement is good,

particularly considering the difficulties in handling N,05. The recon-

mended cross section values, listed in Table 15, are taken from Yao et_al.
(1982); for wavelengths shorter than 280 nm there is little or no tempera-

- ture_dependence,_and between -285 and 380 -~ the temperature effect is best -

computed with the expression listed at the bottom of Table 15.

There are now several studies on the primary photolysis products of

Ny05: Swanson et al. (1984) have measured the quantum yield for N0,

P production at 249 and at 350 nm obtaining a value close to unity, a result

consistent with the observations of Burrows et al. (1984b) for photolysis at

254 nm. Barker et al. (1985) report a quantum yield for 0(31’) production

at 290 nm of less than 0.1, and near unity for NO;. For O-atom production
Margitan (private communication, 1985) measures a qixahtum yield value of

—  ===--——0.35 at 266 nm, and Ravishankara et al. (1986) reéport values of 0.72, 0.28,

0.21 and 0.15 at 248, 266, 287 ar.ld 289 nm, respectively, with a quantum yield
near unity for NOj production at:-all these wavelengths. It ap;;ears, then,
that NO5 is produced with unit quantum yield while the O-atom and hence the
NO yield increases at shorter wavelengths with a consequent decrease in the

NO, yield.

110
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Table 15. Absorption Cross Sections of N,0g

A(nm) 102°a(cm2) A{nm) 102°a(cm2)
200 920 245 52
205 820 250 40

. . 210 . _ _560__ __ __ 255 32 -~ B
215 370 260 26
220 220 265 20

—— e 225 - 146 - 270 - . .16.1 . -

230 99 275 13.0
235 77 280 11.7

T T e T e T -

For 285 nm < X < 380 nm; 300 K > T > 225 K:
10200 = exp[2.735 + ((4728.5 - 17.127 A}/T)]}
where o is in cm“/molecule; X in nm; and T in Kelvin.

HONO + hv - HO + NO
The ultraviolet spectrum of HONO between 300 and 400 nm has been
studied by Stockwell and Calvert (1978) by examination of its equilibrium
mixtures with NO, NO,, HZO, N203 and Nzoa; the possible interferences by
_these compounds were taken into account. The recommended cross sections,

taken from this work, are listed in Table 16.

HNO3 + hw - OH + NOj

The recommended absorption cross sections, listed in Table 17, are
taken from the work of Molina and Molina (1981). These data are in good
agreement throughout the 190-330 nm range with the values reported by Biaume

(1973). They are also in very good agreement with the data of Johnston and
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Table 16. HONO Absorption Cross Sections

W

A 1020, A 1029, A 102%

(m)  (cm?) (m)  (cn?) (nm)  (cm?)
310 0.0 339 16.3 368 45.0

311 (0.0 340__ 10.5 369 29.3_
. o Ta12 0 0.2 341 8.70 370 11.9
313 0.42 342 33.5 371 9.46

S 314 _ 0.46 343 20.1_ . 372 . 8.85

315 - 0.42 344 10.2 373 7.44

316 0.3 345 8.54 374 4.77

e m7 - 0.46 - -346- 8.32 375 2.7 -
- U318 36 347 8.20 376 1.9
319 6.10 348 7.49 377 1.5
320 2.1 349 7.13 378 1.9
321 4.27 350 6.83 379 5.8
322 4.01 351 17.4 380 7.78
323 3.93 352 11.4 381 11.4
324 4.01 353 37.1 382 14.0
325 4.04 354 49.6 383 17.2
326 3.13 355 24.6 384 19.9
327 4.12 356 11.9 385 19.0
328 7.55 357 9.35 386 - - 11.9
329 6.64 358 7.78 387 5.65
LT T iz T 7.29 359 7.29 388 3.2
o 331 8.70 360 6.83 389 1.9
332 13.8 361  6.90 390 1.2
3 333 5.91 362 7.32 391 0.5
: 334 5.91 363 9.00 392 0.0
335 6.45 364 12.1 393 0.0
3 336 5.91 365 13.3 394 0.0
T - 337 4.58 366 21.3 395 0.0
338 19.1 367 35.2 395 0.0
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Graham (1973) except towards both ends of the wavelength range. Okabe
(1980) has measured the cross sections in the 110-190 nm range; his results
are 20-30% lower than those of Biaume and of Johnston and Graham around
185-190 nm.

Johnston et gl. (19"_]4_)_@(3;13\1;09__ a_quantum_yield value of ~l1_for the . - -- —--

OH + NOjy channel in the 200-315 nm range, using end product analysis. The

quantun yield for. 0-atom production at 266 na has been measured to be 0.03,

* and t:hat for H-atom product:ion less than 0.002, by Margitan and Watson (1982),

who looked direct:ly for these products using atomic resonance fluorescence. .

Jolly et aL. (1986) measured a quantum yield for OH production of 0.89 £ 0.08 N -

at 222 mm.

Table 17. Absorption Cross Sections of HNO5 Vapor

b 1020, A 1020,
(nm) (cm?) (tum) (cm?)
190 1560 260 1.88
195 1150 265 1.71
200 661 270 1.59
205 293 275 1.35
~ —-e210- - - 105 280 —Li0 . C T o T T
Sl 215 35.6 285  0.848
220 15.1 290 - 0.607 -
225 8.62 295 0.409
230 5.65 300 0.241
235 3.72 305 0.146
240 2.57 310 0.071
245 2.10 315 0.032
250 1.91 320 0.012
255 1.90 325 0.005
330 0.002
113 s
F=



H02N02 + hy - products
There are four studies of the UV spectrum of HO)NO, vapor: Cox and

Patrick (1979), Morel et al. (1980), Graham et al. (1978b) and Molina and

Molina (1981). The latter two studies are the only ones covering the gas
phase spectrum in the critical wavelength range for atmospheric photo-
dissociation, that is, wavelengths..longer than _290_nm. The recommended

values, listed in Table 18 are taken from the work of Molina and Molina

(1981), which is the more direct study. The temperature dependence of the

cross sections at these longer wavelengths remains to be determined.

MacLleod et al. (1987) report that photolysis at 248 nm yields one third OH

and NO3 and two thirds HO, + NO,. = - - A -

Table 18. Absorption Cross Sections of HO,NO, Vaﬁor

N 10200 A 10200
(run) (cn?) (nm) (cm?)
190 1010 260" 27.8
195 816 265 22.4
200 563 270 17.8
205 367 275 13.4
210 21 280 9.3 ‘
- - 215——- 164 - - 285 - 633 e s
‘ 220 120 290 4.0
225 95.2 295 2.6
230 80.8 300 1.6
235 69.8 305 1.1
240 59.1 310 0.7
245 49.7 315 0.4
250 41.8 320 0.3
255 35.1 325 0.2
330 0.1
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c12+hu-'C1+Cl

from the work of Seery and Britton (1964),.

The absorption cross sections of 012, listed in Table 19, are taken

These results are in good agree-

ment with those reported by Gibson and Bayliss (1933), Fergusson et al.

(1936), and Burkholder and Bair (1983).

Table 19. Absorption Cross Sectioms of Cl,

A 1029%, A 1029%,
(nm) (cm2) (nm) (cm®)
240 0.08 350 18.9
250 0.12 360 13.1
260 0.23 370 8.3
270 0.88 380 4.9
280 2.7 390 3.3
290 6.5 400 1.9
300 12.0 410 1.3
310 18.5 420 0.99
320 23.6 430 0.73
330 25.6 440 0.53
340 23.6 450 0.34

——— e
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—_ﬁi‘gdomina-t{tly gy reécﬁion with oxygen atoms and nitric oxide.

ClO+ M -+Cl+0

The absorption cross sections of chlorine monoxide, Cl0, have been
reviewed by Watson (1977). There are more recent measurements yielding
results in reasonable agreement with the earlier ones, by Mandelman and
Nicholls (1977) in the 250-310 nm region; by Wine et al. (1977) around
283 nm;- and by Rigaud et al. (1977) and Jourdain et al. (1978) in the
270-310 n~m region.

_The calculations of Coxon et al. (1976) and Langhoff -et al- (1977)"
indicate that photodecomposition of Cl0 accounts for at most 2 to 3 percent

of the total destruction rate of Cl0 in the stratosphere, -which occurs

Cl100 + hw - Cl0 + O

Johnston et _al. (1969) measured the absorption cross sections of the

Cl00 radical using a molecular modulation technique which required inter-
pretation of a complex kinetic scheme. The wvalues listed in Table 20- are

taken from their work.

Table 20. Absorption Cross Sections of Cl00

- A "~ 1020, A 1020, .
(nm) (cm?) (nm) (cm?)
225 260 255 1240
230 490 260 1000
235 780 265 730
240 1050 270 510
245 1270 275 340
250 1230 280 230
116

#3



r

[ g |

0Cl0 + v - 0 + C10

The spectrum of 0Cl0 is characterized by a series of well developed
progressions of bands extending from ~280 to 480 nm. The spectroscopy of
this molecule has been studied extensively, and the quantum yield for
photodissociation appears to be unity throughout the above wavelength
range--see, for example, the review by Watson (1977). A

Birks et _al. (1977) have estimated a half-life against atmospheric
photodissociation ofO_ClO of a few seconds.

The recommended absorption cross section values are those reporte.a.dﬂb.y
Wahner et al. (198_7). who measured the spectra with a resolution of 0.25 nm
at 204, 296 and 378 'K, in the wavelength range 240 to 480 nm.. ‘rablle-_nz-l

lists the cross section values at the peak of the bands [a(0) to a(26)].

117

NI

A



Table 21. Absorption Cross Sections
of OC1l0 at the Band Peaks
10200 (cmz)
A(nm) 204 K 296 K 378 K

-. 475.53 .- 13 -
461.15 17 17 16
446 .41 94 69 57
432.81— - 220 166 134
420.58 393 304 250
408.83 578 479 378
_397.76 821 670 547
387.37 1046 844 698
377.44 1212 992 808
368.30 1365 1136 920
359.73 1454 1219 984
351.30 1531 1275 989
343.44 1507 1230 938
336.08 -1441 1139 864
329.22 1243 974 746
322.78 1009 791 628
317.21 771 618 516
311.53 542 435 390

305.99 -~ 393 312 291 --

300.87 256 219 216
296.42 190 __. 1leo 167
391.77 138 114 130
287.80 105 86 105
283.51 089 72 90
279.64 073 60 79

275.74 059 46 -

272.93 053 33 -
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Cl053 + hv -+ products

Table 22 lists absorption cross sections of chlorine trioxide, Cl0j,
for the 200 to 350 nm range obtained by graphical interpolation between the
data points of Goodeve and Richardson (1937). Although the quantum yield
for decomposition ha_s not bee_t_\ﬂn;eas_ured_. :he_ cont:inuqus nature of the

spectrum indicates that it is likely to be unity.

Table 22. C10; Absorption Cross Sections

A . 1020, P 1020,
.~ (nm)— (em?) - - (m)—. (en?) - -
200 530 280 460
210 500 290 430
220 480 300 400
230 430 310 320
240 350 320 250
250 . 370 330 180
260 430 340 110
270 450 350 76

Cly0p +hw - - B

The UV spectrum of C1,0, has been studied by Basco and Hunt (1979),
who report cross sections at six wavelengths between 277 and 232 nm, with
increasing wvalues towards the shorter wavelengths; by Molina and Molina
(1987), who observed a maximum at about 270 nm; and by Cox and Hayman (1987),
who report the maxfmum around 2453 nm. Using IR spectroscopy, Molina and
Molina (1987) showed that several isomers of C1202 exist, so that the

discrepancies in the UV spectra might be due at least in part to the presence

119
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of different isomers.

On the other hand, for the atmospherically-important

wavelength region around 310 nm the agreement between the last two sets of

data is good. Clearly, additional studies are needed. Molina and Molina

(1987) suggest a quantum yield of unity for the production of Cl-atoms, but

direct: studies of t:he 1dencit:y of the photodissociation product:s also need

to be carried out.

HClL + w - H+ Cl1

The absorption cross sections of HCl, listed in Table 23, are taken . -

from the work of Inn (1975).

Table 23. Absorption Cross Sections of HCl Vapor

A 1020 A 1020
(nm) (cn?) (nm) (cn?)

140 211 185 31.3

145 281 190 14.5

150 345 195 6.18

- = - 155 382 — 200 2756 - o T

160 332 205 0.983

165 - 248 210 - - 0.395

170 163 215 0.137

175 109 220 0.048

180 58.8
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HOC1 + hv -+ OH + C1

Knauth et al. (1979) have measured absorption cross séctions of HOCl
using essentially the same technique as Molina and Molina (1978) except for
a higher temperature, which allowed them to obtain a more accurate value
for the equilibrium constant Keq for the H;0-C1,0-HOCl system. The cross-
section values from Molina and Molina‘’s measurements recalculated using the
new Keq are in excellent agreement with the results of Knauth et al. The
recoumended values, taken from t:hi§ later work, are presented in Table 24.

Molina et al. (1980b), by monitoring directly OH radicals produced

- - . by laser photolysis of HOCl, _obtain an absorption cross section value of

-6 x 16'20 éhz 'arou;;l 3_16 nm, agai;t—in exc-el-le;\—t agtleément with the data of
Knauth et al. (1979).

In contrast, the theoretical predictions of Jaffe and Langhoff (1978)
indicate negligible absorption at those wavelengths. The reason is not
known, although it should be pointed out that no precedent exists to validate
the theoretical approach for this particular type of problem.

Recently, Mishalanie et al. (1986) reported measurements of the UV
spectrum of HOC1l, using a dynamic source to generate this species, instead

of equilibrium mixtures with C1,0 and Hy0. Overall, their results are in

reasonable agreement with th;e recomnended cross section values, a;xd lead to" -
.slightly smaller atmospheric photodissociation rates below ~30._km, but
yield, at higher altitudes, rates which are larger by a factor of up to
- ~1.7. The reason for the discrepancy is not known.

Butler and Phillips (1983) found no evidence for O-atom production at
308 nm, and placed an upper limit of ~0.02 for the primary quantum yield

for the HC1 + O channel.
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Table 24. Absorption Cross Sections of HOC1

A 1020, A 020
(nm) (cn?) (nm) (cm?)
200 .2 310 6.2
210 6.1 __ .. .320_. . 5.0
220 11.0 330 3.7
230 18.6 340 2.4

. 240 __ 22.3  -. 350 - 1.4
250 18.0 360 0.8
260 10.8 370 0.45
270 6.2 80 0.2
‘280 4.8 390 0.15
290 5.3 400 0.05
300 6.1 420 0.04

CINO + hv » C1 + NO
Nitrosyl chloride has a continuous absorption extending beyond 650 nm.
There is good agreement between the work of Martin and Gareis (1956) for the

240 to 420 nm wavelength reglon of Ballash and Armstrong (1974) for the 185 to

A540 nm reglon and of Illles and Takacs (1976) for the 190 to 400 nm region,

and of Tyndall et al. (1987) for the 190 to 350 region except-around 230 nn,

where the values of Ballash and Armst:rorng are larger by almost a factor of two.
The recommended absorption cross sections, listed in Table 25, are taken from

the recent work of Tyndall et al. (1987).

The quantum yield for the primary photolytic process has been reviewed
by Calvert and Picts (1966a); it is unity over the entire visible and near-

ultraviolet bands.
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Table 25. C1NO Absorption Cross Sections
A 1029 A 10205 1020, 1029
(rm) (ca?) (m)  (cm?) (m)  (em?)  (m)  (em?)
190 4320 230 266 270 12.9 310 11.5
- =~ ----—192-  -5340- 212- 212 — 272 —--12.3- - 312 11.9
194 6150 234 164 274 11.8 314 12.2
196 6480 236 120 276 11.3 316 12.5
198 6310 238 T 101 278~ 10.7 318 13.0
200 5860 240 82.5 280 10.6 320 13.4
202 5250 242 67.2 282 10.2 322 13.6
o T 204 4540 24 __  55.1 _ _284_ 9.99_ 324. _ 14.0
206 3840 246 45.2 286 9.84 326 14.3
208 3210 2438 37.7 288 9.71 328 14.6
210 2630 250 31.7 290 9.64 330 4.7
212 2180 252 27.4 292 9.63 332 14.9
214 1760 254 23.7 29 9.69 334 15.1
216 1400 256 21.3 296 9.71 336 15.3
218- 1110 258 19.0 298 989 338" 15.3
220 896 260 17.5 300 10.0 340 15.2
222 707 262 16.5 302 10.3 342 15.3
224 552 264 15.3 304 10.5 344 15.1
226 436 266 4.4 306 10.8 346 15.1
- 228— - 339 -~ 268 --- 13.6- 308 - 11.1 - 348 14.9
) 350 14.5
. 123
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C1NOy + hv - products
The absorption cross sections of nitryl chloride, ClNO;, have been
measured between 230 and 330 nm by Martin and Gareis (1956), between 185
and 400 mm by Illies and Takacs (1976), and between 270 and 370 nm by
Nelson and Johnston (1981). The results are in good agreement below 300 nm.
. ... Table .26_1ists the recommended -values which are taken from-Illies- and
Takacs (1976) between 190 and 270 nm, and from Nelson and Johnston (1981)
between 270 and 370 nm. These latter authors showed that an approximate
62 Cly impurity in the samples used by Illies and Takacs could explain

_ the discrepancy in the results above 300 nm. Nelson and Johnston (1981) .

" “feport a value of ome (within experimental error) for the quantum yield
for production at Cl-atoms; they also report a negligible quantum yield

for the production of oxygen atoms.

Table 26. Absorption Cross Sections of CINO,

A 1020 A 1020,
(rm) (cn?) (nm) (cm?)
190 2690 - - 290 18.1
/ 200 455 300 15.5
T T T 210 N 339 310 12.5 - T T B
1220 342 320 8.70
230 236 330 5.58 o
240 140 340 3.33
250 98.5 350 1.78
260 63.7 360 1.14
270 37.2 370 0.72
280 22.3
124 ;
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ClONO + hrv - products

Measurements in the near-ultraviolet of the cross sections of chlorine
nitrite (ClONO) have been made by Molina and Molina (1977). Their results
are listed in Table 27. The characteristics of the spectrum and the insta-

bility of ClONO strongly suggest that the quantum yield for decomposition

... is unity. _The _Cl-0 bond strength is only about 20- kilocalories, so that -

chlorine atoms are likely photolysis products.

Table 27. ClONO Absorption Cross Sections at 231 K

- A 1020, A 1020,
T (om) T (ea®) T (w7 (ea?) -
235 215.0 320 80.3
240 176.0 325 75.4
245 137.0 330 58.7
250 106.0 335 57.7
255 65.0 340 43.7
260 64.6 345 35.7
265 69.3 350 26.9
270 90.3 355 22.9
275 110.0 - - 360 16.1
280 132.0 365 11.3
i - .. 7 285 4.0 0 30 9.0 - e
290 144.0 375 6.9
295’ 142.0 380 S |
300 129.0 385 3.3
305 114.0 390 2.2
310 105.0 395 1.5
315 98.1 400 0.6
125
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ClONO; + hv = products

The recommended cross section wvalues, listed in Table 28, are taken
from the work of Molina and Molina (1979), which supersedes the earlier
work of Rowland, Spencer and Molina (1976). '

The identity of the primary photolytic fragments has been investigated

by .several. groups.._ Snﬁ.x:h et_al. (1977) zeport O + ClONO as .the most likely .

products, using end product analysis and steady-state photolysis. The

results of Chang et al. (1979b), who employed the "Very Low Pressure Pho-

tolysis® (VLPFh) technique, indicate that the products are Cl + NOj.

_A“dler'_-(}o}den and W_iesegfeld (1981), using a flash pl'}qto_]:ysis atomic absorp-

" tion technique, find O-atoms to be the predominant photolysis product, and

report a quantum yield for Cl-atom production of less than 4%. Marinelli
and Johnston (1982b) report a quantum yield for NOj production at 249 na
between 0.45 and 0.85 with a most likely value of 0.55; they monitored NC:
by t:unaBle dye-laser absorption at 662 nm. Margitan (1983a) used atomic
resonance fluorescence detection of 0- and Cl-atoms. and "found the quantun
yield at 266 and at 355 nm to be 0.9 £ 0.1 for Cl-atom production, and ~0.1
for O-atom production, with no discernible difference at the two wavelengths.

The preferred quantum yield values are 0.9 for the Cl + NOj channel,

“and a c'émplementary-v.al\'xé‘ of 0.1 foz.': the 0 + CIONO channel. The recommenda- --

tion is based on Margitanv §1983a), whose direct study is _the only one with
results at a wavelength longer than 290 nm, which is where atmospheric
photodissociation will predominantly occur. The reason for the discrepancy
with the studies by Adler-Golden and Weisenfeld (1981) and by Marinelli and
Johnston (1982b) is almost surely that the rate constant for Cl + CINO5 is
much faster (two orders of magnitude) than previously thought (Margitan,
1983a; Kurylo et al., 1983a).
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Table 28. Absorption Cross Sections of ClONO,

o

A 1020 (em?) A 10295 (em?)
(nm) 227K 243K 296K (nm) 227K 263K 296K
190 555 - 589 325 0.463 0.502 0.655
195 358 - 381 330 0.353 0.381 0.514
o 2000 T 293 © 7T T 7307 335 0.283 70.307  0.397
205 293 - 299 340 0.246 0.255 0.323
210 330 - 329 345 0.214  0.223 0.285
T 15 362 - 360 350  0.198  0.205  0.246
220 348 - 344 355 0.182 0.183 0.218
. ___225_ 282 - . 286 360 0.170 __0.173 0.208
—~ - —-230-  206-— - - --210 - - 365 0-155- - —0-159--— 0.178 -
235 141 - 149 370 0.142 0.140 0.162
240 98.5 - 106 375 0.128 0.130 0.139
245 70.6 - 77.0 380 0.113 0.114 0.122
250 52.6 50.9 57.7 385 0.098 0.100 0.108
255 39.8 39.1 44.7 390 0.090 0.083 0.090
260 30.7 30.1 34.6 395 0.069 0.070 0.077
265 23.3 23.1 26.9 400 0.056 0.058 0.064
270 18.3 18.0 21.5 405 - . 0.055
275 13.9 13.5 16.1 410 . . 0.044
280 10.4 9.98 11.9 415 - . 0.035
285 7.50 7.33 8.80 420 - . 0.027
—-ttTT—To90 T 5,45 5.36 U 6.36 425 T T TIT T U0 T 0U020
295 3.74 3.83 4.56 430 - - 0.016
300 2.51 2.61 3.30 435 - .- 0.013
305 1.80 1.89 2.38 440 . - 0.009
310 1.28 1.35 1.69 445 . - 0.007
315 0.892  0.954 1.23 450 . . 0.005
320 0.630  0.681 0.895
127
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Haloca

The primary process in the photodissociation of chlorinated hydro-
carbons is well established: absorption of uitraviolet radiation in the
lowest frequency band is interpreted as an n-o* transition involving
excitation to a repulsive electronic state (antibonding in C-Cl), which
d;.ssoci-at:es by b.teaking the carbon chlorine bond (Majer and Simons, 1964).
As expected, the chlorofluorométhanes--which are just a particular type of
chlorinated hydfocarbons--behave in this fashion (Sandorfy, 1976) Hence, ~——

the quantum yield for photodissociation is expected to be unity for these

compounds. There are several studies which show specifically that this-is - —— -~ -

the case for CF2C12, CFCl3 and CCl,. These studies--which have been reviewed'
in CODATA (1982)--also indicate that at shorter wavelengths two halogen
atoms can be released simultaneously in the primary process.

Several authors have reinvestigated the absorption cross sections for
cCl,, CCl3F, CCl,F,, CHC1F,, and CH3Cl--e.g., Hubrich et al. (1977); Hubrich

and Stuhl (1980); Vanlaethem-Meuree et al. (1978a,b); Green and Wayne (1976-

1977)--and their results are in general in very good agreement with our
earlier recommendations. Tables 29, 30 and 31 1list the present recommenda-

tions for._the cross_sections of CCl,, CCl3F and CCl;F, respectively; these

data are given by the méan of tk-xe véxlues repo-r-;:re-ci By various '_g.x-:;ﬁps;-t:hose
cited above as well as those referred to in earlier evaluations--as reviewed
by CODATA (1982). For atmospheric photodissociation calculations the change
in the cross section values with temperature is negligible for CCl, and
CFC1,; for CF,Cl,; the temperature dependence is given by the expression
at the bottom of Table 31. The species CHCIFZ, CH3CI, CH,CC14, CBrF5 and
CBrClF, are discussed individually; their absorption cross sections are
listed in Tables 32, 33, 35 and 36, respectively.
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Table 29. Absorption Cross Sections of ccy,

A 1029, A 1029,

(nm) (cn?) (rm) (ca?)

174 995 218 21.8

_ ) 176 1007 - 220 7.0 - - -

178 976 222 13.0

180 772 224 9.61 _

B 182 589 226 " 7.19 — " -
184 450 228 5.49
186 318 230 4.07
188 218 232 . 301
T 190 144 234 2.16

192 98.9 236 1.51

194 74.4 238 1.13

196 68.2 240 0.784

198 66.0 242 0.579

200 64.8 244 0.414

202 - 62.2 246 0.314

204 60.4 248 0.240

206 56.5 250 0.183

208 52.0 255 0.0661

210 46.6 260 0.0253

B 212, 39.7 . 265 . __-0.0126-- .- --
- " 7314 33.3 270 0.0061 - - -

216 27.2 275 0.0024
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Table 30. Absorption Cross Sections of CCl3F
2 102% A 1020,
(nm) (cm?) (nm) (cm?)
170 316 208 21.2
- .72 . 319 210 - 15.4—
174 315 212 10.9
176 311 214 7.52
- . - 178 - 304 216 5.28
180 308 218 3.56
182 285 220 2.42
- s : 18 260 222 1.60
o 186 233 224 1.10
188 208 226 0.80
190 178 228 0.55
192 149 230 0.35
194 123 235 0.126
196 99 240 0.0464
198 80.1 245 0.0173
200 64.7 250 0.00661
202 50.8 255 0.00337
204 38.8 260 0.00147
206 29.3 i '
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Table 31. Absorption Cross Sections of CCl,Fy

A 1029, A 1029,
(nm) (cm?) (nm) (cm?)
170 124 200 8.84
- - C e ce--172 - m- U IS1 — 202 5.60 — -
174 171 2064 3.47
176 183 206 2.16
- T T 178 7189 208 1,52 7
180 173 210 0.80
182 157 212 0.48 o
S ¥: AR 7 214 0.29° - _ .
186 104 216 0.18
188 84.1 218 0.12
190 62.8 220 0.068
192 445 225 1 0.022
194 30.6 230 0.0055
196 20.8 235 0.0016
198- 13.2 240 0.00029

o 1 = gpggexp[4.1 x 107%(1-184.9)(T-298))

Where: ggg9g : cross section at 298 K

A s onm

T : temperature, Kelvin
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The absorption cross sections for various other halocarbons not listed
in this evaluation have also been investigated: for Cch3, CCIZFCCII-‘Z.
CClF,CC1F, and CClF,CF3 the values given by Hubrich and Stuhl (1980) at
298 K are in very good agreement with the earlier results of Chou et a}l.
(1978) and of Robbins (1977); Hubrich and Stuhl also report values of 208 K

- -for these- specles. - Otheér absorption cross section measurement include
the following: CHC1,;F by Hubrich et agl. (1977); CHCl3, CH,Cl,, CH,ClF,

| _CF3CHyCl, CH3CClF,-and CH3CH,Cl by Hubrich and Stuhl-(1980); CHCly, CHyBr, ~~ ™ °
CHFCl;, CoF,Bry, C,HCly and CoH3Clj by Robbins (1977); CH,Cl, and CHCl,

_by Vanlaethem-Meuree et _al. (1978a);- CHCIZF, CCIFZC}lch, CF3CH201.— CI-'3Ch612

and CHyCF,Cl by Green and Wayne (1976-1977); and CH3Br, CH,Bry, CBr,F,, -
CBrF,CBrFy and CBrF,CF; by Molina et _al. (1982).
As before, the recommendation for the photodissociation quantuz yield

value is unity for all these species.
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- reaction with OH radical is the dominant destruccion process. . —

CHC1F; + hv - products
The preferred absorption cross sections, listed in Table 32, are the
mean of the values reported by Robbins and Stolarski (1976) and Chou et a].

(1976), which are in excellent agreement with each other. Hubrich et al.

(1977) have reported cross sections for CHCIF2 at 298 K and 208 K. Theix

results indicate a significant temperature dependence for A > 200 nm, and

their room cempetacure values are somewhat higher than those of the former

two groups.

Phocolysis of CHCIF, is rather unimportant throughout the acmosphere

Table 32. Absorption Cross Sections of CHCLF,

A(nm) 10206(cm2)

174 5.94

176 4.06

178 2.85

180 1.99

182 1.30 i

L 184 _ 0.825 S

T 186 0.476

190 0.235

192 0.157

194 0.100

196 0.070

198 0.039

200 0.026

202 0.022

204 0.013
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.trend is _taken into consideration. _ __

"CHaCl + hw - products

The preferred absorption cross sections, listed in Table 33, are those
given by Vanlaethem-Meuree et al. (1978b). These values are in very good
agreement with those reported by Robbins (1976) at 298 K, as well as with

those given by Hubrich et_al. (1977) at 298 K and 208 K, if the temperature

~_Table 33. Absorption Cross Sections of CH3Cl

N 1020, (cmz)
7T (am)TTT T 296 KT 279K - 255K - -
186 24.7 24.7 24.7
188 17.5 17.5 - 17.5
190 12.7 12.7 12.7
192 8.86 8.86 8.86
194 6.03 6.03 6.03
196 4.01 4.01 4.01
198 2.66 2.66 2.66
200 1.76 1.76 1.76
202 1.09 1.09 1.09
204 0.691 0.691 0.691 -
.. _ __.206 _ _ 0.483 0.475 0.469
e 208 0.321 - -0.301  o0.286
210 0.206 0.189 0.172
212 0.132 0.121 © 0.102
214 0.088 0.074 0.059
216 0.060 0.048 0.033
134
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cC1,0 + hy -~ products; CClFO + hv - products, and CF50 + hr -~ products

Table 34 shows the absorption cross sections of CCl,0 (phosgene) and
CFC10 given by Chou et al. (1977), and of CF,0 taken from the work of Molina
and Molina (1982). The spectrum of CF20 shows considerable structure;
the values listed in Table 34 are averages over each 50 wavenumber interval.
The spectrum of CFClO shows less structure, and the CCl,0 spectrum is a
“c'oExtit}uum; it:s_phqtfgis?gc:._j.;tion quantt_:m yielc} is gnity (Calvert and Pitts,
1966a).

The quantum yield for the photodissociation of CFy0 at 206 nm appears

to be ~0.25 (Molina and Molina; "1982); additional studies of the quantum —

yield in the 200 nm region are required in order to establish the atmospheric

photodissociation rate.

CHyCCly + hv -+ products
The absorption cross sections have -been measured by ‘Robbins (1977), by
Vanlaethem-Meuree et _al. (1979) and by Hubrich and Stuhl (1980). These

latter authors corrected the results to account for the presence of a UV-

absorbing stabilizer in their samples, a correction which might account for

"the rather large discrepancy with thé other measurements. The results of  ~

Robbins. (1977) and of Vanlaethem-Meuree et _al. (1979) are in good agreement.
The recommended values are taken from this latter work (which reports values
at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 mm, and in a separate
table at wavelengths corresponding to the wavenumber intervals generally
used in scratosphéric photodissociation calculations). Table 35 lists the
values at 210 K, 250 K and 295 K, every 5 nm; the odd wavelength values

were computed by linear interpolation.
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Table 34. Absorption Cross Sections of c0120, CC1FO, and CF,0

.

N 10200(cn2)
(nm) CC1,0 CC1FO CF,0
184.9 204.0 - .
© 77 186.00 7 189.07 U156 0 T ms T T

187.8 137.0 14.0 4.8

o 189.6 117.0 13.4 4.2
191.4  93.7 12.9 377 -
193.2 69.7 12.7 3.1

. , , 195.1 _ . 52,5 12,5 2.6

o - 197.0 - 41,0 -- — 12.4—— -~ 2.1

199.0 31.8 12.3 1.6
201.0 25.0 12.0 1.3
103.0 20.4 11.7 0.95
205.1 16.9 11.2 0.69
207.3 15.1 10.5 0.50
209.4 13.4 9.7 0.34
211.6 12.2 9.0 0.23
213.9 11.7 7.9 0.15
216.2 11.6 6.9 0.10
2186 11.9 5.8 0.06
221.0 12.3 4.8 0.04

T DI U Tl293.s TTTTTTINNE T 40 . 0.03 -

- 226.0 13.2 3.1 .
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Table 35. Absorption Cross Sections of CH,CClj

N 102°a(cm2)
(nm) 295 K 250 K 210 K
185 _ . 265 - - 265 ... ..265 . .. . . __
190 192 192 129
200 81.0 81.0 81.0
- - —=- 205 ~ 46:0- --— 44.0 - 42.3-- - S -
210 24.0 21.6 19.8
215 10.3 8.67 7.47
220 4.15 3.2 0 2,90 ’
225 1.76 1.28 0.97
230 0.700 0.470 0.330
235 0.282 0.152 0.088
240 0.102 0.048 0.024

"CBrClF, + hv - products
The absorption cross sections of CBrCle (Halon 1211, or fluorocarbon
12B1) have been measured by Giolando et al. (1980), and by Molina et al.

(1982), both at room temperature. The recommended cross sections, listed

_i‘n'Taia—le-'3'6', are ‘_t:ake_r-r—fr-om t—h_is -]..'at;ter“ wo;k. -Thé'se—cfossrseét-ior'z_vaiues
are about 20X lower than those reported by Giolando et al. in the atmo-

spherically important 285-305 nm wavelength région.

CBrF3 + hv - products
Table 36 shows the absorption cross sections of CF3Br (Halon 1301,

or fluorocarbon 13B), taken from the work of Molina et al. (1982) who report

measurements at 298 K.
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Table 36. Absorption Cross Sections of CBrF,
and of CBrClF,
\ 10205 (cm?) A 1020 (cm?)
(nm) CBrF, CBIC1F, (nm) CBrF; CBICLF,
190 6.71 42.4 265 T 0.00905 T 0.72v
195 9.61 71.1 270 0.00348 0.392
200 11.8 96.2 275 0.00138 0.190
205 12.9- 09 280 0.00055  0.0883
210 12.3 105 285 0.00022 0.0398
215 . 10.3 89.6 _290____ _ 0.00008 0.0182 _
220 - 7.50 - 70.0 295 - - — 0.003-— -- 0.00821 - -
225 4.83 51.3 300 0.001 0.00361
230 2.70 34.2 305 0.00165
235 1.48 23.3 310 0.00066
240 0.695 4.4 315 0.00026
245 0.325 8.87 320 0.000098
250 0.139 5.29 325 0.000037
255 0.0589 2.97 330 0.000025
260 0.0234 1.56

Br0 + hv» Br + O

strongest absorption feature lying around 338 nm.

quantum yield in this wavelength range 1is expected to be unity due to

extensive predissociation.

The recommended absorption cross sections averaged over 5 nm wavelength
intervals are taken from the work of Cox et al.

Table 37. These authors estimate a BrO lifetime against atmospheric photo-
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The 'BrO radical has™ a banded spectrum in "theé 290-380 nm range, the

The photodissociation

(1982), and are listed in
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dissociation of ~20 seconds at the earth’s surface, for a solar zenith
angle of 30°.
The earlier BrO cross secticn measurements were carried out mostly

around 338 nm, and have been reviewed by CODATA (1980; 1982).

Table 37. Absorption Cross Sections of BrO

A 10205 (cm?)

(nm) average
300 - 305 T T T200 0
305 - 310 259
310 - 315 454
315 - 320 391
320 - 325 600
325 - 330 753
330 - 335 628
335 - 340 589
360 - 345 515
345 - 350 399
350 - 355 228
355 - 360 2 o

T T 360 365 ' 161 -
365 - 370 92
370 - 375 51
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BrONG, + hw —+ products
The bromine nitrate cross sections have been measured at room tempera-
ture by Spencer and Rowland (1978) in the wavelength region 186-390 nm;

their results are given in Table 38. The photolysis products are not known.

Table 38. Absorption Cross Sections of BrONO,

A 10290, A 102%
(o) (cm?) (ru2) (cn?)
e 106 280 - 29 — .
190 1300 285 27
195 1000 290 24
200 720 295 22
205 430 300 19
210 320 305 18
215 270 310 15
220 240 315 14
225 210 320 12
230 190 325 1n
235 170 330 10
. S o 130 333 >
. _ | s 1000~ T30 g7 T
B 250 78 345 8.5
255 61 350 7.1
/ 260 48 360 6.2
) 265 19 370 4.9
' 270 3 380 4.0
- 275 31 390 2.9
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HF+hw - H+F
The ultraviolet absorption spectrum of HF has been studied by Safary
et al. (1951). The onset of absorption occurs at A < 170 nm, so that photo-

dissociation of HF should be unimportant in the stratosphere.

HyCO + hv = H + HCO (%) - ©T T T e
-+ Hy + CO (29)
Bass et al. -(1980) have . measured the- absorption-cross sections of-
formaldehyde with a resolution of 0.05 nm at 296 K and 223 K. The cross

sections have also been measured by Moortgat et al. .(1980; 1983) with a.

resolution of 0.5 nm in the 210-360 K qtemi)eravture x.%née; their values are
~30% larger than those of Bass et al. for wavelengths longer than 306 nm.
The recommended cross section values, listed in Table 39, are the mean of
the two sets of data (as computed in CODATA, 1982).

The quantum yields have been reported with good agreement by Horowitz

and Calvert (1978), Clark et al. (1978a), Tang et al. (1979), Moortgat and

Warneck (1979), and Moortgat et _al. (1980; 1983). The recommended wvalues
listed in Table 39 are based on the results of all of these investigators.

The quantum yield &, is pressure dependent for wavelengths longer than

329 nm, and is given by "the expression at” the bottom of Table 37, which is

based on the values reported by Moortgat et al. (1980; 1983) for 300 K.

Additional work is needed to determine ®; and the cross sections around

330 nm, which is the important wavelength region for atmospheric photodissocia-
tion of CH,0 to yield H + HCO; only a few scattered measurements of $; have
been carried out around this wavelength. At present the recommendation for
the 320-340 nm wvavelength interval is to calculate &; by linear interpolation
assuming a value of & = 0.62 at 320 nmm and & = O at 340 nm.
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Table 39. Absorption Cross Sections and Quantum Yields
for Photolysis of CH,0.

\ 102% (cm?) 8 &
(nm) 290 K 220 K (H + HCO)  (H, + CO)
2%0 0.03 - - - 0.08 - --- 0.21- -- 0.42~
250 0.13 0.08 0.24 0.46
260 0.47 0.47 0.30 0.48
270 - -0:86 — 0785 - _ 040 "~ - -0.46
280 1.86 1.93 0.59 0.35
290 2.51 2.47 0.71 0.26

300 ' 2.62  2.58 _0.78  _0.22 _ _
310 2.45 2.40 0.77 0.23

320 1.85 1.71 0.62 0.38

330 1.76 1.54 0.31 0.69

340 1.18 1.10 0 0.69%

350 0.42 0.39 0 0.40%

360 0.06 0.02 0 0.12+%

Note:

The values are averaged for 10 nm intervals centered on
the indicated wavelength.

* : at P = 760 torr

For X > 329-nm, &, -at gr“g.i.ve_n wavelength (not. averaged -—
over 10 nm intervals) is giGen b_y_ the fdllowing

expression:

4, = L= exp(112,8-0,3473)
2 P 1-329
1 + (A==
760  '364-A

A nm

P : torr
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CH300H + hwv = products
Molina and Arguello (1979) have measured the absorption cross sections

of CH300H vapor. Their results are listed in Table 40.

Table 40. Absorption Cross Sections of CH;00H

A 1020, A 1029,
(nm) (cm2) (nm) (ca2)
210 37.5 290  0.90
220 22.0 © 300 0.58
i 230 - 13.9 o "31‘0 0.34 T T T
240 8.8 320 019 7T
250 5.8 330 0.11
260 3.8 340 0.06
270 2.5 350 0.04
280 1.5

HCN + hv - products and CH4CN + hy -+ products

Herzberg and Innes (1957) have studied the spectroscopy of hydrogen

cyanide, HCN, which starts absorbing weakly at A <190 mm. McElcheran et al.

(1958) have reported the spectrum of methyl “cyanide, .CHyCN; the first
absorption band appears at A < 216 nm,

The solar photodissociation rates for these molecules should be rather
small, even in the upper stratosphere; estimates of these rates would
require additional studies of the absorption cross sections and quantum

yields in the 200 nm region.
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S0; + hv - products

The UV absorption spectrum of 505 is highly structured, with a very
weak absorption in the 340-390 nm region, a weak absorption in the 260-340
nm, and a strong absorption extending from 180 to 235 nm; the threshold
’vavelengch for photodissociation is ~220 nm. The atmospheric photocheaistry
of SO, has been rev{ewed by ﬁ;-ickle; g__;__a_l. (1980) and (by Calvert and
Stockwell (1983). Direct photo-oxidation at wavelengths longer than -300 nm
by wa& of_&x;z eléch—:onicaﬁy excited states of 50, appears to be relarively
unimport:ant;
. The absorption cross sections have been measured recently by McGee and

Burris (1987) at 295 and 210 ‘K, between 300 and 324 nm, vhiclh is the wave-

length region commonly used for atmospheric monitoring of S0,.

OCS + hw - CO + S

The absorption cross sections of 0CS have been measured by Breckenridge
and Taube (1970), who presented their 298 K results in graphical form,
between 200 and 260 nm; by Rudolph and Inn (1981) betw?en 200 and -300 nm

(see also Turco et al., 1981), at 297 and 195 K; by Leroy et al. (1981) at

© 294 K, between 210 and 260 mn, using photographic plates; by Molina et al.

(1981) between 180 and 300 nm, at 295 and 225 K, and by Locker et _al. (1983)

bet;.véen 195 and 260 nm, in the 195 K to 402 K r.empérature range: ~"The zesults
are in good agreement in the regions of overlap, except for A >.280 nm,
where the cross section values reported by Rudolph and Inn (198l) are
significantly larger than those reported by Molina et al. (1981). The
latter authors concluded that solar photodissociation of OCS in the tropo-

sphere occurs only to a negligible extent.
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The recommended cross sections, given in Table 41, are taken from
Molina et al. (1981). (The original publication also lists a table with
cross sections values averaged over 1 mm intervals, between 185 and 300 nm.)

The recommended quantum yield for photodissociation is 0.72. This
value is taken from the work of Rudolph and Inn (1981), who measured the

U

quancum yield for CO produc:ion in the 220 254 rm range

CSy +hw +CS +5S S | T
The CSy absorption spectrum is rather complex. Its photochemistry has

been reviewed by Okabe (1978). There are two dist:inct: regions 1n the near

UV spectrum: a strong absorption extending from 185 to 230 nm, and a weaker
one in the 290-380 nm range. The threshold wavelength for photodissociation
is ~280 mm.

The photo-oxidation of CS, in the atmosphere has been discussed by

Wine et_al. (1981d), who report that electronically excited CSp may react

with 0y to yield eventually OCS.

NaCl + hvr - Na + Cl -
For a review of the earlier work, which was carried out at high temperatures,

see Rowland and Rogers (1982). The' recomended cross sections, listed in

- - -

Table 42, are taken from the work of Silver et al. (1986), who measured
spectra of gas phase NaCl at room temperature in the range from ~190 to 360

nm, by directly monitoring the product Na atoms.
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) Table 41. Absorption Cross Sections of OCS

N 102°a(cm2) N 1029, (cmz)
(nm) 295 K 225 K (nm) 295 K 225 K
186.1  18.9 13.0 228.6 26.8 23.7
187.8  8.33 5.63 231.2 22.1 18.8

- - == -18976 3.75 2.50 23397 1701 T14.0°

1914  2.21 1.61 236.7 12.5 9.72

193.2  1.79 . 1.53 239.5 8.54 6.24

- - 195.1 1.96 ~ 1.3 T 242.5 5.61  3.89

197.0  2.48 2.44 245.4 3.51 2.29

199.0  3.30 3.30 8.5 2.11 1 29
... 201.0 .. 4.48 . . 4.50 — .251.6 ——---1.21 - - -0.679
203.1  6.12 6.17 254.6 0.674 0.353

205.1  8.19 8.27 258.1 0.361 0.178
207.3  10.8 10.9 261.4 0.193 0.0900
209.4  14.1 14.2 264.9 0.0941  0.0419
211.6  17.6 17.6 268.5 0.0486  0.01%9
213.9  21.8 21.8 272.1 0.0248  0.0101
216.2  25.5 25.3 275.9 0.0119  0.0043
218.6  28.2 27.7 279.7 0.0584  0.0021
221.5  30.5 29.4 283.7 0.0264  0.0003
223.5  31.9 29.5 _  287.8 0.0012  0.0005
226.0  30.2 27.4 292.0 0.0005  0.0002

—— = e e = - - e 2963 0.0002 -

- Photodissociation quantum yield-$ = 0.72
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Table 42. Absorption Cross Sections of NaCl Vapor at 300 K

A 10200
(nm) , (cm?)
189.7 612
) 1934 ) 556
203.1 uws )
205.3 90.6
o ~ "205.9 N 89.6 B
210.3 73.6
216.3 151
— - - - 218.7 - 46.3- : i
T T T ‘225,2 D U - T T T T "
230.4 512
231.2 947
234.0 1300
237.6 638
241.4 674
248.4 129
251.6 251
254.8 424
260.2 433
268.3 - 174
277.0 40
....... — —_— - _ - ) - 591'8 - - - T o 0.8 ’ ’ 7 - - —- : —_— -

NaOH + hv - Na + OH

The spectrum of NaOH vapor is poorly characterized. Rowlarnd and Makide
(1982) inferred the absorption cross section values and the average solar
photodissociation rate from the flame measurements of Daidoji (1979).

Additional measurements are required.
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APPENDIX.

GAS PHASE ENTHALPY DATA

MOLECULE  AH,(288)

(Kcal/mol)
] 52.1
5, 0.00
o 59.57
oclm 104.9
0, 0.00

o ¢t-ELTA) - 22.5
o,ct-stamy  37.s

0, ua
EO 8.3

e : 2 -
-- - - - -B0 -57.81 -
8,0, -32.6

N 113.00

N, 0.00

¥§ 82.0

B, 45.3

NE, -10.98

No 21.57

Ko, 7.8

KO, 1711

N0 --19.61

N0, 19.8

X,0, 2.2

N0, 2.7

HNO 23.8

HXO, -19.0

ERO, -32.3

EO,NO, -1112
e - S 182.0
cs, 92.3

ca, 5.1

ca, -17.88

o 104.0

ECN 32.3

NCO 38

co -26.42

co, -84.07

BCO 9.0

CE,0 -26.0

BCOOH -90.5

MOLEICULE Aﬂz(298)

(Xcal/mol)

o 3.5
cH40, 3.812
ca 08 -6.2
ca,on -48.0
c.,008 -31.3
cB om0 -15.6
ca, om0, -28.6
CH,0,80,  -10.6:2
c,8 135
S 54.35
C 8, - 68.1
C,8, 12,45
A 28.4
C,H, -20.0
ca CN 58.6
ca,cn 19.1
C8,co -14.23
cH,c0 -5.8
CB,CBO ~39.7
C,H,0 4.1
CH,CH, 00 -13.2
C,8,08 -56.2
ca,co, -49.6
C,8,0, -1.8
CH,00CH, -30.0
C,8, 39.4
CqH, 4.8
n-C 8, 22,642
1-CjE, T 18232
C4B, -24.84
C,H,CEO -44.8
CH4COCH, -51.9
CH,CHCH,0B  -18.0
s 66.22
s, 30.72
BS 3421
8,5 -4.93
so 1.2
s0, ~70.96
50, -94.6

MOLECULE 4H,(288)

(Keal/mol)
SO -142
BSO; -o282
cs 85
cs, 28.0
ca,s 33s2

 CHySCBy - -8.9
CH,35CH, -5.8
ocs -3
¥ 18.98
Y, 0.00
BF  — --65.3%
BO¥ -23.421
o 2612
fo, 1213
FoNo -15.2
mz ~25.4
FONOZ 2.4
cr, -aag2
cry -11281
cr, -223.0
FCO 41114
001’2 -151.7
c1 28.9
Clz 0.00
BCL -22.07
Cl0 2.
c100 22541
oc10 2312

TToTewoy T 13
c1o, 3
c1,0 19.5
c1,0, s
BOCL -18.63
cio 12.4
cino, 3.0
C10HO 19.8
clomo, 6.3
FcL -12.1
ccL 12045
cc, 56.925
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MOLECULE  AH,(298)

(Kcal/meol)
_(2:13._ 1921
CC].‘ ~22.9
GCLa =248
ngcx 2821
C!}zCIZ -22.8
cgscx- - -19.6
c1co 4.1
cocx.z -52.5
CFC1l RE
Cﬂz? -822
- CBC!.z 23.5:1
CPClz -22.9
(:I"(:!.3 -68.1
CF,CL -64.3
(:FZCJ.2 -117.9
Cr,C1 -169.2
CHFCLZ -€3.2
CHFZCL -115.5
COFCL ~102:8
CZC"S -3.0
(:ztlcl3 -1.3
CH,CCl, 1147
cu3oc13 ' -34.0
Br 26.7
Brz 7.39
HBr -8,70
HOBr ~19+2
BrO 33
BrNO 18.777
BrONOz 527
BrCl 3.5
Cﬂzﬁxz -2.622
CHZB: 4122
CBJBt -9.3
(:HB::2 4523
I 25.52
Iz 14.32
HI 6.23
I0 412
INO 29.2
moé 16 4
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