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ABSTRACT

This is the twelfth 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 modeling of stratospheric

processes, with particular emphasis on the ozone layer and its possible perturbation by anthropogenic and natural
phenomena. Copies of this evaluation are available from the Jet Propulsion Laboratory, California Institute of
Technology, Document Distribution, MS 512-110, 4800 Oak Grove Drive, Pasadena, California, 91109.
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CHEMICAL KINETICS AND PHOTOCHEMICAL DATA

FOR USE IN STRATOSPHERIC MODELING

INTRODUCTION

The present compilation of kinetic and photochemical data represents the 12th evaluation prepared by the
NASA Panel for Data Evaluation. The Panel was established in 1977 by the NASA Upper Atmosphere Research
Program Office for the purpose of providing a critical tabulation of the latest kinetic and photochemical data for use
by modelers in computer simulations of stratospheric chemistry. The previous publications appeared as follows:

Evaluation

1 NASA RP 1010, Chapter 1

2 JPL Publication 79-27

3 NASA RP 1049, Chapter 1

4 JPL Publication 81-3

5 JPL Publication 82-57

6 JPL Publication 83-62

7 JPL Publication 85-37

8 JPL Publication 87-41

9 JPL Publication 90-1

10 JPL Publication 92-20

11 JPL Publication 94-26

Reference

(Hudson [1])

(DeMore et al. [12])

(Hudson and Reed [2])

(DeMore et al. [11])

(DeMore et al. [9])

(DeMore et al. [10])

(DeMore et al. [4])

(DeMore et al. [5])

(DeMore et al. [6])

(DeMore et al. [7])

(DeMore et al. [8])

The present composition of the Panel and the major responsibilities of each member are listed below:

W. B. DeMore, Chairman

D. M. Golden (three-body reactions, equilibrium constants)

R. F. Hampson (halogen chemistry)

C. J. Howard (HO x chemistry, O(ID) reactions, singlet 02, metal chemistry, profiles)

C. E. Kolb (heterogeneous chemistry)

M. J. Kurylo (SOx chemistry)

M. J. Molina (photochemical data)

A. R. Ravishankara (oxidation of organic compounds)

S. P. Sander (NOx chemistry, photochemical data)



Asshownabove, each Panel member concentrates his effort on a given area or type of data. Nevertheless, the
final recommendations of the Panel represent a consensus of the entire Panel. Each member reviews the basis for all
recommendations, and is cognizant of the final decision in every case. Communications regarding particular
reactions may be addressed to the appropriate panel member.

W. B. DeMore
S. P. Sander

Jet Propulsion Laboratory
183-301
4800 Oak Grove Drive

Pasadena, CA 91109

wdemore @ftuvs.jpl, nasa.gov
ssander @fluvs.jpl.nasa.gov

D. M. Golden
PS-031
SRI International
333 Ravenswood Ave.
Menlo Park, CA 94025

golden @cplvax.sri.com

R. F. Hampson
M. J. Kurylo
National Institute of Standards and Technology
Physical and Chemical Properties Division
Gaithersburg, MD 20899
hampson@enh.nist.gov
mkurylo@hq.nasa.gov

C. J. Howard
A. R. Ravishankara

NOAA-ERL, R/E/AL2

325 Broadway
Boulder, CO 80303

howard@al.noaa.gov
ravi @al.noaa.gov

C. E. Kolb

Aerodyne Research Inc.
45 Manning Rd.
Billerica, MA 01821

kolb@aerodyne.com

M. J. Molina

Department of Earth, Atmospheric, and Planetary Sciences
and Department of Chemistry
Massachusetts Institute of Technology

Cambridge, MA 02139
mmolina@ athena.mit.edu

Copies of this evaluation may be obtained by requesting JPL Publication 97-04 from:

Jet Propulsion Laboratory
California Institute of Technology
Secondary Distribution, MS 512-110
4800 Oak Grove Drive

Pasadena, CA 91109

Telephone: (818) 397-7952



BASIS OF THE RECOMMENDATIONS

The recommended rate data and cross sections are based on laboratory measurements. In order to provide
recommendations that are as up-to-date as possible, preprints and written private communications are accepted, but
only when it is expected that they will appear as published journal articles. Under no circumstances are rate
constants adjusted to fit observations of stratospheric concentrations. The Panel considers the question of
consistency 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 available, the panel may provide estimates of rate
constant parameters based on analogy to similar reactions for which data are available.

RECENT CHANGES AND CURRENT NEEDS OF LABORATORY KINETICS

Format of the Evaluation

Changes or additions to the tables of data are indicated by shading. A new entry is completely shaded, whereas
a changed entry is shaded only where the change was made. In some cases only the note has been changed, in which
case the corresponding note number in the table is shaded. In the Photochemistry section, changed notes are
indicated by shading of the note heading.

Each edition of the evaluation is self-contained, and it is not necessary to refer to earlier editions to obtain a

complete set of data.
Appendix 1, listing heats of formation of many atmospheric species, has been updated and expanded. A new

entry, Appendix 2, tabulates entropy data for most of these same species. Appendix 3 includes solar flux data as
well as model-generated concentration profiles and J-values for important species in the upper atmosphere.

Computer Access

The contents of the evaluation (exclusive of the figures) are available in computer-readable formats. (In the
near future, electronic versions of the figures wilt be available.) To maximize transferability to different personal
computer and workstation/main frame environments, the evaluation will be made available in several different
formats, including Microsoft Word, Rich Text Format (RTF), Postscript, and Adobe Acrobat files. Further details
are provided in a 'Readme' file.

Files may be downloaded from hnp://remusjpl.nasa.gov/jp197/or may be copied via 'tip' from the Internet
host remus.jpl.nasa.gov. The username is anonymous and the password is the electronic address of the user logging
in. The files are to be found in the/pub/jpl97 subdirectory just below the root directory.

Individuals who want to receive notices when the web page and/or ftp archive are revised should send email to
Majordomo@remus.jpl.nasa.gov, with the first line of the message being subscribejp197-announce.

Questions may be addressed to Mark Allen (Mark.Allen@jpl.nasa.gov).

Ox Reactions

The kinetics of the O, 02, and 03 system are relatively well-established. However, the O + 02 + M reaction

remains of fundamental importance in atmospheric chemistry. This is because the extent of ozone destruction is
determined by the relative rates of competing reactions such as O + 03, O + NO2, O + OH, and O + CIO.

Additional studies of the ozone-forming reaction, or its relative rate compared to the competing reactions, would be
useful, especially at very low temperatures.

Reactions of Singlet Oxygen

O(1D) Reactions

The recommended rate coefficients for the O(ID) reactions correspond to the rate of removal of O(ID), which
includes both chemical reactions and physical quenching of the excited O atoms. Details on the branching ratios and

products are given in the notes.



The kinetic energy or hot atom effects of photolytically generated O(1 D) are probably not important in the

atmosphere, although the literature is rich with studies of these processes and with studies of the dynamics of many

O( 1D) reactions. The important atmospheric reactions of O(1D) include: (i) deactivation by major gases, N 2 and

02, which limit the O(ID) steady-state concentrations; (2) reaction with trace gases, e.g., H20, CH4, and N20,

which generate radicals; and (3) reaction with long-lived trace gases, e.g., HCN, which have relatively slow

atmospheric degradation rates. There are no data for the O(1 D) + HCN reaction.

0 2 (1A and 1_)

Fourteen reactions of the (alAg) and (b lye+g) excited states of molecular oxygen are reviewed. These states

are populated via photochemical processes, mainly the UV photolysis of ozone, and the reaction of O( 1D) with 02.

Over the years they have been proposed as contributors to various reaction schemes in the atmosphere, but as yet no
significant role in the chemistry of the stratosphere has been demonstrated. The fate of most of these excited species
is physical quenching by means of energy transfer processes. In the few cases where chemical reaction occurs, it is
indicated in the corresponding note.

HOx Reactions

There have been no changes in the database for HOx chemistry since the last evaluation. The HO2 + 03

reaction rate coefficient remains one of the most significant uncertainties in the HO x system. High quality data at

low temperatures are needed for this key reaction.

NOx Reactions

There are no significant changes to the recommendations on NOx reactions. The recommendation for the

HO2 + NO reaction has been changed and the uncertainty factor reduced to reflect a new direct study of this reaction

in the high pressure (several hundred torr) regime. The NH2 + NO and NO + 03 reactions have been re-evaluated,
resulting in a significant reduction in the uncertainty factors of both reactions.

Oxidation of Organic Compounds

The major update in this evaluation is the inclusion of the reactions of acetone and alkyl nitrates. In addition,
several changes to the recommended values have been made in light of recent data.

The rate coefficient for the reaction of OH with CH4 has been revised very slightly, based on recent work at

temperatures close to 200 K. Even though the recommendation is in the form of an Arrhenius expression, the three
parameter expression given in the note may better represent the data and may be preferred in some cases.

There have been direct measurements of the rate coefficients for the reactions of many peroxy radicals with
NO, and this data base has been significantly improved. The current recommendations reflect the better database on
peroxy radical reactions. The rate coefficient for the reaction of CH3C(O)O2 with NO has been measured directly and
is now recommended. This recommended value also leads to a consistency, which was previously absent, in the
ratio of the rate coefficients for the reactions of CH3C(O)O2 with NO and NO2. Even though there have been many

studies of the reactions between peroxy radicals, the use of only UV absorption to measure the rate coefticients is
still a limiting factor. All peroxy radicals have similar absorption spectra and cross sections. Therefore,
deconvolution of the measured absorbances into changes in concentrations of individual reactants is not
unambiguous. Use of peroxy radical detection by methods other than UV absorption would be very beneficial.

The reactions of OH with CH3CN and HCN still require further study, because both the rates and mechanisms

are uncertain. Studies of larger (>C3) hydrocarbons, especially those containing oxygen, will be of interest in
elucidating the hydrocarbon chemistry in the upper troposphere and the lower stratosphere. Such information is
needed to assess the effects of aircraft emissions on ozone and climate as well as the general state of the upper
troposphere.



Halogen Reactions

The kinetics database for homogeneous reactions of halogen species has been expanded since the previous
evaluation. Rate coefficients for the reaction of OH with sixteen HFCs, HFOCs, and HCFCs have been added,
increasing to forty-nine the number of potential alternatives to the fully halogenated CFCs for which rate data for
reaction with OH are now included. Rate coefficients for the reaction of chlorine atoms with many of these species

are also included. Rate coefficient data for the reactions of these species with O(ID) are included in the O(ID)

section of Table 1. More information on halocarbon degradation mechanisms in the atmosphere can be found in
Francisco and Maricq [13], Wallington et al. [19], and WMO [20]. There have been some changes in the
recommendations for reactions included in the previous evaluation, in particular for reactions of OH with HFCs and
HCFCs.

SOx Reactions

The database on gas phase atmospheric sulfur chemistry has seen only minor changes in the recommendations
for the reactions that were included in the previous evaluation. Minor expansion of this section continues in the area
of reactions important in the atmospheric oxidation of reduced sulfur compounds of natural and anthropogenic origin.
The database also continues to expand as more information becomes available on halogen atom and halogen oxide

radical reactions with a number of the reduced sulfur compounds. Some of these reactions are considered to be
important in boundary layer chemistry affecting tropospheric polar ozone. Further mechanistic information can be
obtained from other reviews such as Tyndall and Ravishankara [18].

Metal Chemistry

Sodium is deposited in the upper atmosphere by meteors along with larger amounts of silicon, magnesium,
and iron; comparable amounts of aluminum, nickel, and calcium; and smaller amounts of potassium, chromium,
manganese, and other elements. The interest is greatest in the alkali metals because they form the least stable oxides
and thus free atoms can be regenerated through photolysis and reactions with O and 03. The other meteoric elements

are expected to form more stable oxides. A review by Plane [15] describes many aspects of atmospheric metal
chemistry.

The total flux of alkali metals through the atmosphere is relatively small, e.g., one or two orders of
magnitude less than CFCs. 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 significant role.

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 studies have shown that the polar species NaO and NaOH associate with abundant gases such as 02 and
CO2 with very fast rates in the atmosphere. It has been proposed that reactions of this type will lead to the

production of clusters with many molecules attached to the sodium compounds. In most cases thermal dissociation
is slow, and photolysis competes with the association reactions and limits the cluster concentrations in daylight. If
atmospheric sodium does form large clusters, it is 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 cluster species.

Photochemical Data

The recommendation for the quantum yield values for production of O(ID) in the photolysis of ozone around
300 nm (i.e., in the Huggins bands) has been modified to take into account recent work that corroborates the

presence of the "tail" that had been observed in earlier laser experiments. The change incorporates the larger quantum
yield values (0.2 - 0.3). Additional measurements for this quantum yield should be carried out as a function of
temperature. For CI202, the small absorption cross sections beyond 320 nm are potentially very important for

photodissociation in the polar stratosphere, and need to be further studied. In addition, the photodissociation
quantum yields for CIONO2 at longer wavelengths (around 350 nm) should be further investigated.

There are new entries for HOBr and CH3C(O)O2NO2 (PAN, peroxyacetyl nitrate) and significant new work

has been published on the 02 Herzberg continuum, CIOOCI, CI203, and BrONO2. Recent work on CIOOCI has



suggestedthatcrosssectionsin thelong-wavelengthtail,wheremostofthephotolysisoccursin thelower
stratosphere,maybesignificantlysmallerthanpreviouslythought.Spectralartificatsarisingfromtraceimpurities
areespeciallydifficulttoidentifyinthissystem,leadingtolargeuncertaintiesinthecrosssectionsinthisspectral
region.ThesituationissimilarforHOBr,whereaphotodissociationstudyandonespectroscopicstudyindicatethe
presenceofabsorptionfeaturesextendingwellintothevisibleregion,butotherspectroscopicstudiesseeno
absorptionbeyond400nm.

Heterogeneous Chemistry

There is no question that heterogeneous processes on the surfaces of polar stratospheric cloud particles play a
critical role in the chemistry of the winter and spring polar stratospheres. Furthermore, there is a great deal of
observational and modeling evidence that heterogeneous reactions on background sulfuric acid aerosols play a very
important role in stratospheric processes at both polar and mid-latitudes, particularly when stratospheric sulfate
levels are elevated by major volcanic eruptions.

Polar heterogeneous chemical processes identified to date have a tendency to enhance the destruction of
stratospheric ozone, primarily by converting relatively inactive "reservoir" species HCI and CIONO2 to more active

Ci 2 and HOCI, which are easily photolyzed to C1 and CIO. In some scenarios the heterogeneous reaction of HOCI

and N205 with HCI may also play an important role in promoting the production of more easily photolyzed species.

In addition, interaction with PSC surfaces can remove N205 and HNO3 vapor from the polar stratosphere,

sequestering nitrogen oxides in the form of condensed phase nitric acid and, thus, reducing the normal mitigating
effect gaseous NOx can have on CIOx-catalyzed ozone destruction. The net effect of these processes is a major

buildup of C1Ox radicals in PSC-processed polar stratospheric air masses and, particularly over the Antarctic, a

massive springtime destruction of stratospheric ozone.

The reaction of stratospheric N205 with liquid water in sulfuric acid aerosols to form HNO 3 can have a

significant impact on NOx/HNO3 ratios in the lower mid-latitude stratosphere, bringing measured mid-latitude ozone

losses into better agreement with observations. Models suggest that at current mid-latitude ratios of NOx/CIOx this

process increases ozone loss by lowering NOx levels and thus reducing the scavenging of CIO by CIONO2

formation. The reactions of CIONO 2 and BrONO 2 with sulfuric acid aerosol may also play a rote in denitrification,
the release of photolyzable halogen species, and the perturbation of HOx radical levels.

The stratosphere also contains carbonaceous soot from aircraft and rocket exhausts, alumina and other metal
oxides from solid propellant rocket exhaust and spacecraft debris, and, possibly, sodium chloride from some volcanic
eruptions. There is increasing interest in determining if and when heterogeneous processes on these relatively minor
surfaces can influence stratospheric chemistry.

Heterogeneous processes involving the liquid water droplets and ice crystals found in tropospheric clouds and
aircraft contrails and/or the sulfate aerosols found in the free troposphere may have a significant effect on the flux
into the stratosphere of reactive species from partially oxidized hydrohalocarbons or aircraft exhaust. Proper
modeling of these processes will be necessary to assess the atmospheric impact of reducing the use of partially
chlorinated hydrocarbon solvents, replacing CFCs with HCFCs and HFCs, and the evolution of the civil aviation
industry.

The laboratory study of heterogeneous processes relevant to the stratosphere is an immature field in
comparison with the measurement of gas phase kinetic and photodissociation parameters. Heterogeneous
experimental techniques are not yet as well developed, and the interpretation of experimental data is significantly
more complex. Nonetheless, over the past several years, a number of experimental groups have made very
significant progress and data from complementary techniques are increasingly available to help determine when the
quantification of heterogeneous kinetic processes has been successfully distinguished from complicating mass
transport and surface saturation processes.

However, it is well to remember that quantitative application of laboratory results on heterogeneous processes

to the stratosphere is not straightforward. First, there is still a significant level of uncertainty in both the detailed
chemical and physical characteristics of the droplet and particle surfaces present in the stratosphere and in how
faithful the laboratory simulation of these surfaces in various experimental configurations may be. Secondly, the
proper incorporation of heterogeneous processes into models of stratospheric and upper tropospheric chemistry is
very difficult, and no current models incorporate formation of and reaction on droplet/particle surfaces in a fully
coupled and self-consistent way. A great deal of effort will have to be expended before the modeling community is



asadeptatincorporatingheterogeneouseffectsastheyareinrepresentinggasphasekineticandphotochemical
processes.

Gas Phase Enthalpy Data (Appendix 1)

This table lists AHf(298) values for a number of atmospheric species. Most of the heat of formation data are
taken from the IUPAC Evaluation (Atkinson et al. [3]) or the NIST Standard Database 25 [16]. However, some of

the values may be different from those quoted in these sources, reflecting recent studies that have not yet been
accepted and incorporated into those publications.

Entropy Data (Appendix 2)

Values for S°(298K) are taken mainly from the NIST Standard Database 25 [16], although in a few cases
estimates based on structural similarity are included and are identified as such by enclosure in parentheses.

The listings of both enthalpy and entropy data are presented for utility only, and the present evaluation should
not be cited as a primary literature reference for thermochemical data.

Solar Flux and Species Profiles (Appendix 3)

A set of two figures representing solar fluxes are included in this evaluation. One figure gives the solar flux
from 110 to 600 nm above the atmosphere and the second gives the actinic flux from 180 to 400 nm at five altitudes
from the surface to 50 kin.

A set of nine figures presenting model-calculated altitude profiles tbr stratospheric temperature, trace species
concentrations, and photolysis rate coefficients is given. Some details of the model used to generate the profiles are
given at the beginning of Appendix 2. The efforts of Peter S. Connell and other members of the LLNL are

gratefully acknowledged for providing these profiles.

The data in the eleven figures are presented to provide "order of magnitude" values of important parameters for
the purpose of evaluating stratospheric kinetics and photochemical processes. Since the profiles are sensitive to
variations in season, hour of the day, latitude, and aerosol density, some care must be taken in how they are applied
to specific problems. They are not intended to be standards.

DATA FORMATS

In Table ! (Rate Constants for Second Order Reactions) the reactions are grouped into the classes Ox, O(ID),

Singlet 02, HOx, NOx, Hydrocarbon Reactions, FOx, CIOx, BrOx, IOx, SOx, and metal reactions. The data in
Table 2 (Rate Constants for Association Reactions) are presented in the same order as the bimolecular reactions. The

presentation of photochemical cross section data follows the same sequence.

Bimolecular Reactions

Some of the reactions in Table i are actually more complex than simple two-body reactions. To explain the
pressure and temperature dependences 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 (nonconcerted) reactions.

A direct or concerted bimolecular reaction is one in which the reactants A and B proceed to products C and D
without the intermediate formation of an AB adduct that 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 CH4 forming H20 + CH3 is an example of a reaction of this class.

Very useful correlations between the expected structure of the transition state [AB] ¢: and the A-Factor of the
reaction rate constant can be made, especially in reactions that are constrained to follow a well-defined approach of
the two reactants in order to minimize energy requirements in the making and breaking of bonds. The rate constants



forthesereactionsarewellrepresentedbytheArrheniusexpressionk=A exp(-E/RT)inthe200-300K temperature
range.Theserateconstantsarenotpressuredependent.

Theindirectornonconcertedclassofbimolecularreactionsischaracterizedbyamorecomplexreactionpath
involvingapotentialwellbetweenreactantsandproducts,leadingtoaboundadduct(orreactioncomplex)formed
betweenthereactantsAandB:

A +B¢--_[AB]*----_C+D

Theintermediate[All]* isdifferentfromthetransitionstate[AB];_,inthatit isaboundmoleculewhichcan,
inprinciple,beisolated.(Ofcourse,transitionstatesareinvolvedinalloftheabovereactions,bothforwardand
backward,butarenotexplicitlyshown.)AnexampleofthisreactiontypeisCIO+NO,whichnormallyproduces
CI+NO2.Reactionsofthenonconcertedtypecanhaveamorecomplextemperaturedependenceandcanexhibita
pressuredependenceif thelifetimeof [AB]*iscomparabletotherateofcollisionaldeactivationof[AB]*.This
arisesbecausetherelativerateatwhichlAB]*goestoproductsC + D vs. reactants A + B is a sensitive function of
its excitation energy. Thus, in reactions of this type, the distinction between the bimolecular and termolecular
classification becomes less meaningful, and it is especially necessary to study such reactions under the temperature
and pressure conditions in which they are to be used in model calculation, or, alternatively, to develop a reliable
theoretical basis for extrapolation of data.

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

I. Reaction stoichiometry and products (if known). The pressure dependences are included, where
appropriate.

2. Arrhenius A-factor.

3. Temperature dependence and associated uncertainty ("activation temperature" _).

4. Rate constant at 298 K.

5. Uncertainty factor at 298 K.

6. Note giving basis of recommendation and any other pertinent information.

Termolecular Reactions

Rate constants for third order reactions (Table 2) of the type A + B _, [AB]* M AB are given in the form

ko(T) = k300(T/300) -n cm 6 molecule -2 s-I,

(where k300 has been adjusted for air as the third body), together with a recommended value of n. Where

pressure fall-off corrections are necessary, an additional entry gives the limiting high-pressure rate constant in a
similar form:

k_(T) = k300 (T/300) -m cm 3 molecule -I s -1 .

To obtain the effective second-order rate constant for a given condition of temperature and pressure (altitude),
the following formula is used:

{ 1 + [IOgl0(ko(T)[M]/ko,,(T))] 2 }"I
k°(T)[M! ) 0.6

k(Z) = k(M,T) = ( 1 + (ko(T)lM]/koo(T))



Thefixedvalue0.6thatappearsinthisformulafitsthedataforalllistedreactionsadequately,althoughin
principlethisquantitymaybedifferentforeachreaction,andalsotemperaturedependent.

Thus,acompilationofrateconstantsofthistyperequiresthestipulationof thefourparameters,ko(300),n,
koo(300),andm.ThesecanbefoundinTable2. Thediscussionthatfollowsoutlinesthegeneralmethodswehave
usedinestablishingthistable,andthenotestothetablediscussspecificdatasources.

Low-Pressure Limiting Rate Constant [kX(T)]

Troe [17] has described a simple method for obtaining low-pressure limiting rate constants. In essence this
method depends on the definition:

kX(T) - 13xkX,sc(T)

Here sc signifies "strong" collisions, x denotes the bath gas, and 13x is an efficiency parameter (0 <_ <l),

which provides a measure of energy transfer.

The coefficient 13x is related to the average energy transferred in a collision with gas x, <AE>x, via:

<AE> x

l-l_x 1/2 FEkT

Notice that <AE> is quite sensitive to 13. FE is the correction factor of the energy dependence of the density

of states (a quantity of the order of 1. I for most species of stratospheric interest).

For some of the reactions of possible stratospheric interest reviewed here, there exist data in the low-pressure

limit (or very close thereto), and we have chosen to evaluate and unify this data by calculating kX,sc(T ) for the

appropriate bath gas x and computing the value of 13xcorresponding to the experimental value [Troe [17]]. A

compilation (Patrick and Golden [ 14]) gives details for many of the reactions considered here.

From the 13xvalues (most of which are for N 2, i.e., I_N2), we compute <AE> x according to the above

equation. Values of <AE>N2 of approximately 0.3-1 kcal mole- I are generally expected. If multiple data exist, we

average the values of <AE>N2 and recommend a rate constant corresponding to the 13N2 computed in the equation
above.

Where no data exist we have sometimes estimated the low-pressure rate constant by taking 13N2 = 0.3 at T =
300 K, a value based on those cases where data exist.

Temperature Dependence of Low-Pressure Limiting Rate Constants: T n

The value of n recommended here comes from measurements or, in some cases, a calculation of <AE>N2

from the data at 300 K, and a computation of I_N2 (200 K) assuming that <AE>N2 is independent of temperature in

this range. This 13N2 (200 K) value is combined with the computed value of ko sc (200 K) to give the expected value

of the actual rate constant at 200 K. This latter, in combination with the value at 300 K, yields the value of n.

This procedure can be directly compared with measured values of ko (200 K) 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
temperature 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 ko(T) =

Aexp(-E/RT) or the form ko(T) = A' T -n is employed. Since neither of these extrapolation techniques is soundly

based, and since they often yield values that differ substantially, we have used the method explained earlier as the
basis of our recommendations.



High-Pressure Limit Rate Constants [koo(T)]

High-pressure rate constants can often be obtained experimentally, but those for the relatively small species of
atmospheric importance usually reach the high-pressure limit at inaccessibly high pressures. This leaves 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. Stratospheric conditions generally render reactions of interest much closer to the
low-pressure limit and thus are fairly insensitive to the high-pressure value. This means that while the extrapolation
is long, and the value of koo(T) not very accurate, a "reasonable guess" of koo(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: T m

There are very few data upon which to base a recommendation for values of m. Values in Table 2 are often
estimated, based on models for the transition state of bond association reactions and whatever data are available.

Uncertainty Estimates
For second-order rate constants in Table I, an estimate of the uncertainty at any given temperature may be

obtained from the following expression:

Note that the exponent is an absolute value. An upper or lower bound (corresponding approximately to one
standard deviation) 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 f(T). The quantities f(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 !. 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 f(T)
must be used to obtain the correct result.

The uncertainty represented by f(T) is normally symmetric; i.e., the rate constant may be greater than or less
than the central value, k(T), by the factor f(T). In a few cases in Table I asymmetric uncertainties are given in the
temperature coefficient. For these cases, the factors by which a rate constant is to be multiplied or divided to obtain,
respectively, the upper and lower limits are not equal, except at 298 K where the factor is simply f(298 K). Explicit
equations are given below for the case where the temperature dependence is (E/R +a, -b):

For T > 298 K, multiply by the factor

f(298 K)e[a( 1/298-1/T)]

and divide by the factor

f(298 K)e[_ 1/298- I/T)]

For T < 298 K, multiply by the factor

f(298 K)e[ b(I/T- I/298)]

and divide by the factor

f(298 K)e[a(I/T- 1/298)]

Examples of symmetric and asymmetric error limits are shown in Figure 1.
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Forthree-bodyreactions(Table2)asomewhatanalogousprocedureisused.Uncertaintiesexpressedas
incrementstokoandk,,oaregivenfortheserateconstantsatroomtemperature.Theadditionaluncertaintyarising
fromthetemperatureextrapolationisexpressedasanuncertaintyinthetemperaturecoefficientsnandm.

TheassigneduncertaintiesrepresentthesubjectivejudgmentofthePanel.Theyarenotdeterminedbya
rigorous,statisticalanalysisofthedatabase,whichgenerallyistoolimitedtopermitsuchananalysis.Rather,the
uncertaintiesarebasedonaknowledgeofthetechniques,thedifficultiesoftheexperiments,andthepotentialfor
systematicerrors.Thereisobviouslynowaytoquantifythese"unknown"errors.Thespreadinresultsamong
differenttechniquesforagivenreactionmayprovidesomebasisforanuncertainty,butthepossibilityofthesame,
orcompensating,systematicerrorsinallthestudiesmustberecognized.Furthermore,theprobabilitydistribution
maynotfollowthenormalGaussianform.Formeasurementssubjecttolargesystematicerrors,thetruerate
constantmaybemuchfurtherfromtherecommendedvaluethanwouldbeexpectedbasedonaGaussiandistribution
withthestateduncertainty.Asanexample,therecommendedrateconstantsforthereactionsHO2+NOandCi+
CIONO2havechangedbyfactorsof30-50.Thesechangescouldnothavebeenallowedforwithanyreasonable
valuesof t_ in a Gaussian distribution.

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- 1, cm 3 molecule- 1 s- I, and cm 6

molecule -2 s-1, respectively. Cross sections are expressed as cm 2 molecule -I, base e.
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Table 1. Rate Constants for Second Order Reactions

Reaction
A_Factor a E/R_E/R k(298 K) a f(298)b Notes

Ox Reactions

o+02 o3

O + 03 _ 02 + 02

O(ID) + 02 _ O +O 2

O(1D) + 0 3 _ 02 + 02

02+0+0

O(ID) + H 2 _ OH + H

O(ID) + H20 --_ OH + OH

O(ID) + N 2 _ O + N2

O(ID) + N2 M N20

O(ID) + N20 _ N2 + 02

NO+NO

O(ID) + NH3 --_ OH + NH2

O(ID) + CO2 _ O + CO2

O(ID) + CH4 --_ products

O(ID) + HCI _ products

O(ID) + HF --_ OH + F

O( 1D) + HBr --_ products

O(ID) + CI2 --_ products

O(1D) + CCI20 _ products

O(ID) + CCIFO _ products

O(ID) + CF20 --_ products

(See Table 2)

8.0x10 -12 20605:250 8.0x 10-15

3.2x 10-11 -(70-2_100) 4.0x 10-11

1.2x10-10 05:i00 1.2xi0-10

1.2x10-10 0J:100 1.2x10-10

1.8x10-11 -(!105:100) 2.6xi0-11

(See Table 2)

4.9x10-11 0-Z-_100 4.9x10-11

6.7x 10-1 I 0-Z-_100 6.7x10-11

2.5x10-10 0-Z-_100 2.5xl0-10

7.4x 10-11 -(I 20J:100) l.lxl0-10

1.5x10 -10 0-Z-_100 1.5x10-10

1.5x10-10 0-!-_100 1.5x10-10

1.4x10-10 0-Z-_100 1.4x10-10

1.5x10-10 0-d:100 1.5x10-10

2.8x10-10 0-Z-_100 2.8x10-10

3.6x10-10 0-Z-_100 3.6x10-10

1.9x 10-10 0-&100 1.9x 10-10

7.4x10-1 i 0-Z-_100 7.4x10-11

1.15 A1

!.2

1.3

1.3

1.2

1.3

1.3

1.3

1.2

1.2

1.2

2.0

2.0

2.0

2.0

2.0

2.0

A2,A3

A2, A4

A2, A4

A2

A2

A2, A8

A2

A2

A10

All

Al2

A13

g2, AI4

A2, AI4

A2, AI4
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Table1.(Continuedt
Reaction A_Factora E/R.t.(AE/R)k(298K)a f(298)b Notes

O(1D)+CCI4_ products
(CFC-10)

O(ID)+CH3Br_ products

O(1D)+CH2Br2_ products

O(1D)+CHBr3--_products

O(1D)+CH3F_ products
(HFC-41)

O(1D)+CH2F2--+products
(HFC-32)

O(1D)+CHF3_ products
(HFC-23)

O(1D)+CHCI2F _ products
(HCFC-21)

O(ID)+CHCIF2_ products
(HCFC-22)

O(1D)+CCI3F_ products
(CFC-11)

O(ID)+CCI2F2_ products
(CFC-12)

O(ID)+CCIF3--_products
(CFC-13)

O(1D)+CC1BrF2_ products
(Halon-1211)

O(ID)+CBr2F2_ products
(Halon-1202)

O(!D)+CBrF3_ products
(Halon-1301)

O(1D)+ CF4_ CF4+O
(CFC-14)

O(ID)+CH3CH2F_ products
(HFC-161)

O(1D)+CH3CHF2--+products
(HFC-152a)

3.3x10-10 0"&-_100 3.3x!0-10 1.2 A2,

1.8x10-10 0-&100 1.8x10-10 1.3 AI5,A16

2.7x10-10 O'&-_100 2.7x10-10 i.3 AI5,AI7

6.6x10-10 0-3:100 6.6x10-10 1.5 AI5,AI8

1.5x10-10 0-Z-_100 1.5x10-10 1.2 AI5 A|9

5.1x10-11 0-Z-_lO0 5.1x10-11 1.3 AI5,A20

9.1x10-12 0-Z-_100 9.1x10-12 1.2 A15,A21

1.9x10-10 0-Z-_100 1.9x10-10

1.0xl0-10 O-Z-_100 1.0xl0-10

2.3x10-10 0-Z-_100 2.3x10-10

1.4x10-10 0-Z-_100 1.4x10-10

8.7x10-11 0-Z'_100 8.7x10-11

1.5x10-10 0-Z-_100 1.5xlO-10

2.2x10-10 0-Z-_!00 2.2x10-10

l.OxlO-lO O!-lO0 1.0xl0-10 1.3

2.0xl0-14 1.5

2.6x10-10 0!-_100 2.6xl0-10 1.3

2.0x10-10 0-&100 2.0x10-10 1.3

•3 A 15

.2 AI5,A23

.2 A2 :AI5

.3 A2

.3 AI5

.3 AI5,A25

.3 A15,A26

A15 A27

AI5,A28

A 15,A29

AI5,A30
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Table !. (Continued)

Reaction A_Factor a E/R_-t(AE/R) k(298 K) a f(298)b Notes

O(ID) + CH3CCI2F --_ products 2.6x10-10 O-Z-_100 2.6x10-10 1.3 AI5,A31

(HCFC- 141 b)

O(ID) + CH3CCIF2 _ products 2.2x10-10 0-__100 2.2x10-10 i.3 AI5,A32

(HCFC- 142b)

O(ID) + CH3CF 3 --_ products l.OxlO- I0 0-2:100 l.Ox i0-10 3.0 AI5,A33

(HFC- ! 43a)

O(ID) + CH2CICCIF 2 _ products 1.6xlO-IO 05:100 1.6xlO-10 2.0 AI5,A34

(HCFC- 132b)

O(ID) + CH2CICF 3 _ products 1.2xlO-IO 0-2_100 1.2xlO-IO 1.3 AI5,A35

(HCFC- 133a)

O(ID) + CH2FCF 3 _ products 4.9x 10-11 05:100 4.9x 10-11 1.3 A 15,A36

(HFC- 134a)

O(ID) + CHCi2CF3 _ products 2.0xlO-IO O-Z-_100 2.0x10-10 1.3 AI5,A37

(HCFC- 123)

O(ID) + CHCIFCF3 _ products 8.6x 10-11 0-2_100 8.6x10-1 ! 1.3 AI5,A38

(HCFC- 124)

O(ID) + CHF2CF 3 --_ products 1.2xlO-IO O-Z-_100 1.2xlO-10 2.0 Ai5,A39

(HFC- 125)

O(ID) + CCI3CF3 _ products 2xlO-lO O-Z-_100 2xlO-IO 2.0 AI5,A40

(CFC- I 13a)

O( 1D) + CCI2FCCIF2 --_ products 2x !0- I0 O-L-_1O0 2x !O- !0

(CFC- l 13)

2.0 AI5,A41

O(ID) + CCI2FCF 3 _ products lxlO-lO O-Z-_lO0 lxlO-IO 2.0 AI5,A42

(CFC- 114a)

O(ID) + CCIF2CCIF 2 _ products 1.3xlO-10 O-&100 1.3x10-10 1.3 AI5,A43

(CFC- 1 ! 4)

O(ID) + CCIF2CF 3 --_ products 5xlO-! I O-&100 5xiO-I I 1.3 AI5,A44

(CFC- 115)

O(ID) + CBrF2CBrF2 --_ products 1.6xlO-10 O-Z-_lO0 1.6xlO-lO 1.3 AI5 A45

(Halon-2402)

O(ID) + CF3CF3 _ O + CF3CF3 1.5x10-13 !.5 A15,A46

(CFC- I ! 6)

O(ID) + CHF2CF2CF2CHF 2 --_ products 1.8xlO-! I O-Z-_lO0 1.8xlO-I I 1.5 AI5,A47

(HFC-338pcc)

8x10-13 1.3 AI5,A48O(ID) + c-C4F8 --_ products
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Table1. (Continued)
Reaction A_Factora E/R:t:(AE/R)k(298 K) a f(298)b Notes

O(! D) + CF3CHFCHFCF2CF 3 --_

products (HFC-43- lOmee)

O(ID) + C5F12 --_ products

(CFC-41-12)

O(ID) + C6F14 _ products

(CFC-51-14)

O(1D) + 1,2-(CF3)2c-C4F 6 _ products -

O(ID) + SF6 _ products

Singlet 02 Reactions

O2(IA) + O --_ products

O2(IA) + 02 _ products

O2(1A) + 0 3 _ O + 202

O2(IA) + H20 _ products

O2(IA) + N --_ NO + O

O2(IA) + N2 _ products

O2(1A) + CO2 --4 products

02 (1 _) + O _ products

O2(1 _) + 02 --4 products

O2(13-') + 03 _ products

O2(1_) + H20 --_ products

O2(1_) + N _ products

O2(1 _) + N2 _ products

O2(1Y_) + CO2 _ products

HO__ Reactions

O + OH ---_ O 2 +H

O + HO2 _ OH + 02

O + H202 _ OH + HO2

2.1x10-10 0-Z-_100 2.1xlO-IO 4 A15,A49

3.9x I 0-13 2 A 15,A50

lxlO-12 2 A15,A51

2.8xl0-13 2 A15,A52

1.8x10-14 1.5 A53

<2x 1O- 16 A54

3.6x10-18 220-Z-_100 1.7xl0-18 1.2 A55

5.2x10-11 2840-&500 3.8x!0-15 1.2 A56

4.8xl0-18 !.5 A57

<9x 10-17 A58

< 10-20 A59

<2x 10-20 A60

8x10-14 5.0 A61

3.9xl0-17 1.5 A62

2.2x10-11 0-2_200 2.2x 10-11 !.2 A63

5.4x!0-12 !.3 A64

<10-13 A65

2.1xl0-15 0-2_200 2.1x10-15 1.2 A66

4.2xl0-13 O-Z-_200 4.2x10-13 1.2 A67

2.2x10-1 ! -(120!:100) 3.3x10-11 1.2 B 1

3.0xlO-I I -(200-&_100) 5.9x10-11 1.2 B 2

1.4x10-12 2000-2_1000 !.7x10-15 2.0 B 3
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TableI. (Continued)

Reaction A_Factor a E/R__(AE/R) k(298 K) a f_298)b Notes

H + 0 2 M HO 2 (See Table 2)

H +03 ---) OH +02 1.4x10 -10

H + HO2 _ products 8.1x10-11

OH + 0 3 --) HO 2 +0 2 1.6xl0-12

OH + H2 _ H20+ H 5.5x10-12

OH + HD --_ products 5.0xi0-12

OH + OH -_ H20 + O 4.2x I 0-12

M H202 (See Table 2)

OH + HO2 --_ H20 + 02 4.8xl0-1 l

OH + H202 _ H20+ HO2 2.9x!0 -12

HO2 + 03 --_ OH + 202 I.lxl0 °14

HO2 + HO2 --_ H202 + 02 2.3x ! 0-13

M H202 + 02 I-7xl0-33[ M]

NO× Reactions

O + NO M NO 2 (See Table 2)

O + NO 2 _ NO + 0 2 6.5x10-12

O + NO 2 M NO 3 (See Table 2)

O + NO3---_ 0 2 + NO 2 1.0xl0-11

O + N20 5 ---) products

O + HNO 3 ---) OH + NO 3

O + HO2NO 2 ---) products 7.8xl0-11

H + NO 2 --_ OH + NO 4.0x 10-10

OH + NO M HONO (See Table 2)

OH + NO 2 M HNO3 (See Table 2)

OH + NO 3 --_ products

470-2_200 2.9x 10-11 1.25 B 4

0d:100 8.1x10-11 1.3 B5

940+300 6.8x!0-14 1.3 B 6

2_!_ 6.7x10-15 1.1 B 7

2130"A200 4.0x10-15 1.2 B8

240-2-_240 1.9xl0-12 1.4 B 9

-(250+...200) i.lxl0-10 1.3 BI0

160+_100 1.7xi0-12 !.2 BI I

500 2.0x10-15 1.3 BI2
500-_ 100

-(600+__200) 1.7x10-12 1.3 BI3

-(1000-3:400) 4.9x 10-32[M ] 1.3 BI3

-( 120-Z-_120) 9.7xl0-12 I.I C 1

0-Z-_150 1.0xl0-11 1.5 C 2

<3.0xl0-16 C 3

<3.0xl0-17 C 4

3400-2-_750 8.6xl0-16 3.0 C 5

3405:300 1.3x10-10 1.3 C 6

2.2x10-11 1.5 C 7
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Table1.(Continued)
Reaction A_Factora E/R:t:(AE/R)k(298K)a f(298)b Notes

OH+ HONO---)H20+NO2

OH+ HNO3_ H20+NO3

OH+HO2NO2_ products

OH+ NH3--_H20+ NH2

HO2+ NO_ NO2+OH

HO2+ NO2M HO2NO2

HO2+NO3_ products

HO2+NH2_ products

N+ O2---)NO+O

N +03---)NO+ 02

N+ NO---)N2+ O

N+ NO2_ N20+ O

NO+O3---)NO2+O2

NO+NO3---)2NO2

NO2+ 03_ NO3+ 02

NO2+NO3---)NO+ NO2+02

NO2+NO3M N205

NO3+NO3---)2NO2+ 02

NH2+ 02_ products

NH2+ 03--_products

NH2+NO_ products

NH2+ NO2_ products

NH+ NO--_products

NH+ NO2_ products

1.8x10-11 200
390-Z--500

(SeeNote)

1.3x10-12 270
-(38 5 

1.7x10-12 7 i 0-Z-_200

3i5xl0-12-(25_0)

(See Table 2)

1.5x I0-11 3600-2_400

2.1xi0-11 -(100-Z-_100)

5.8x10-12 -(220-Z-_100)

2.0x 10-12 1400__200

1.5x10-11 -( ! 70-Z-_!00)

1.2x 10-13 2450-Z-_150

(See Note)

(See Table 2)

8.5x 10-13 2450+500

4.3x 10- !2 930+500

4.0x 10-12 .... (4504_-150)

2. I x 10- !2 -(650-Z-_250)

4.9x 10-1 ! 0-&_300

3.5x10-13 -(I 140-L-_500)

4.5xl0-12 1.5 C 8

1.3 C9

4.6x10-12 1.5 CI0

1.6x10-13 1.2 Cll

8, lxl o"12 1.15 C12

C13
i _iii/_i _ii:iiii:ii_iii!_i>

3.5x10-12 1.5 C14

3.4x10-11 2.0 C15

8.5x10-17 1.25 C16

<2.0x10-16 C17

3.0x10-11 1.3 C18

1.2x10-11 1.5 CI9

1.8x10 -14 1.1 C20

2.6xl0-11 1.3 C21

3.2x10-17 1.15 C22

C23

2.3xl0-16 1.5 C24

<6.0x 10 -21 C25

1.9x I 0-13 3.0 C26

li8x10-11 1.3 C27

1.9x10-11 3.0 C28

4.9x 10-1 i 1.5 C29

1.6x I 0-11 2.0 C30
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TableI. (Continued)

Reaction A_Factor a E/R&(AE/R) k_298 K) a f(298)b Notes

0 3 + HNO 2 _ 0 2 + HNO 3

N20 5 + H20 --_ 2HNO 3

N2(A,v) + 0 2 _ products

N2(A,v) + 0 3 _ products

Reactions Qf Organic Compounds

O + CH 3 --_ products

O + HCN --_ products

O + C2H 2 --_ products

O + H2CO _ products

O + CH3CHO _ CH3CO + OH

03 + C2H 2 --_ products

03 + C2H4 --_ products

03 + C3H6 --_ products

OH + CO -+ Products

OH + CH4 --_ CH3 + H20

OH + 13CH4--_ 13CH3 + H20

OH + CH3D _ products

OH + H2CO --_ H20 + HCO

OH + CH3OH _ products

OH + CH3OOH _ Products

OH + HC(O)OH _ products

OH + HCN _ products

OH + C2H 2 M products

OH + C2H4 M products

OH + C2H6 _ H20 + C2H5

OH + C3H 8 --_ H20 + C3H7

OH + CH3CHO --_ CH3CO + H20

l.lxl0 -10

1.0x 10"11

3.0x 10 ! 1

3.4x 10 -I 1

1.8x10 -11

1.0xl0 -14

1.2x10 -14

6.5xl0 -15

1.5x10 -13 x

( 1+0.6Patm)

2,45xi0 "I2

(See Note)

3.5xl0 -12

1.0xl0 -11

6.7xi0 -12

3.8x10 -12

4.0x10 -13

1.2x10 -13

(See Table 2)

(See Table 2)

8.7 x 10 -12

i.0 x 10"11

5.6x 10" ! 2

<5.0x 10-19 C31

<2.0x10-21 C32

2.5x10 -12, v=0 1.5 C33

4.1x10-11, v=0 2.0 C34

0-&-_250 I.lxl0-10

40005:1000 1.5x10 -17

1600&_250 1.4x I 0-13

1600+-250 1.6x10 -13

11005:200 4.5x10 -13

4100-Z-_500 1.0xl0 -20

2630-2_100 1.7x10 -18

1900-2_200 I.Ixl0 -17

0-Z-_300 1.5x10 -13 x

(1 +0.6Patm)

17755:100 6.3x10 -15

1950 + 200 5.0x10 -15

0-!-_200 1.0x 1011

600-2_300 8.9x 10-13

-(200-Z-_200) 7.4x10-12

0-&200 4.0x 10-13

400-Z-_150 3.1x10 -14

1070-Z-_100 2.4xl0 -13

660-&100 I.lx10-12

,(27_) 1.4x 10 -II

1.3 DI

10 D2

1.3 D3

2.25 D4

1.25 D5

3 D6

1.25 D7

1.2 D8

1.3 D9

_ i 910

DI!

1.15 D12

1.25 DI3

1.2 DI4

1.5 DI5

!.3 DI6

3 DI7

1.1 DI8

1.2 DI9

1.2 D20
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Table1. (Continued)
Reaction A_Factora E/R:I:(AE/R) k(298 K) a f(298)b Notes

OH + C2H5OH _ products

OH + CH3C(O)OH _ products

7.0x10 -12 235+100 3.2xl0 -12

4.0x 10" 13 -200-&400 8.0x I0" 13

OH + CH3CN _ products 7.8x10 -13 1050+...200 2.3x!0 -14

OH eH3ON 5:0x10, 3 2i4xto: 4

OH + CH3C(O)O2NO2 (PAN)---_ products <4 x 10-14

HO 2 + CH20 _ adduct

HO 2 + CH30 2 _ CH3OOH + 02

HO 2 + C2H50 2 --_ C2H5OOH + 02

HO2 + CH3C(O)O2 _ products

NO 3 + CO _ products

NO3 + CH20 _ products

NO3 + CH3CHO _ products

CH3 + 02 _ products

CH3+02M CH30 2

CH 3 + 03 _ products

HCO + 0 2 _ CO + HO 2

CH2OH + 02 _ CH20 + HO 2

CH30 + 02 --_ CH20 + HO 2

CH30+NO_ CH20+HNO

CH30+ NO M CH3ONO

8:2x10' 13 : 45_ : i:8x10,!3

6.7x10 -15 -(600-Z-_600) 5.0x10 -14

3.8x10 -13 -(800-2_400) 5.6x10 -12

7.5x10 -13 -(700-Z-_250) 8.0x10 -12

4.5x10 -13 -(10(O_600) 1.3x10 -II

<4.0x10 -19

5.8x10 -16

1.4x10 -12 1900-2_300 2.4x10 -15

<3.0x10 -16

(See Table 2)

5.4xl0 -12

3.5x10 -12

9.1x10 -12

3.9xl0 -14

(See No_)

(See Table 2)

220-Z-_150 2.6xi0 -12

-(140"£-_140) 5.5x10 -12

0-£-_200 9.1x10 -12

900-2_300 i.9x10 -15

CH30+ NO2 M CH3ONO2

CH302 + 03 _ products

CH30 2 + CH30 2 _ products

CH302 + NO _ CH30 + NO2

CH302 + NO2 M CH302NO2

lilxl0!ll 12_00 ZOx lO'J3 :

(See Table 2)

<3.0x10 -17

4.7x10 -13

7.7x!0 -12

2.5x10 -13 -(I 90-&_190)

3.0x 10-12 -(280-Z-_60)

(See Table 2)

1.3 D21

1.3 D22

1.15 D23

1.5 D24

3 1)25

D26

3

5 D28

2 D29

! .5 D30

2 D31

D32

1.3 D33

1.3 D34

D35

2 D36

1.3 D37

1.3 D38

1.5 D39

i

1.5 D43

1.15 D44
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TableI. (Continued)
Reaction A_Factora E/R_(AE/R)k(298K)a f(298)b Notes

CH302+CH3C(O)O2--_products

C2H5+ 02_ C2H4+ HO2

C2H5+ 02M C2H502

C2H50+ 02_ CH3CHO+ HO2

C2H50+NOM products

C2H50 + NO2 M products

C2H502 + C2H502--_ products

C2H502 + NO _ products

CH3C(O)O 2 + CH3C(O)O 2 _ products

CH3C(O)O 2 + NO --_ products

CH3C(O)O 2 + NO2 M products

t .3x10_ 12 -(640"_00) I;lxl0 ql 1,5 I)45

<2.0x I0" 14 D46

(See Table 2)

6.3 x 10 -14 550-!:200 I.Oxl0 -14 1.5 D47

(See Table 2)

(See Table 2)

6.8xl0 -14 0-2300 6.8xl0 -14 2

Z6xlO -12 1.2

219X10 1 

5.3x 10" 12 1.4

(See Table 2)

D48

I_9

i

D50

D51

FOx Reactions

O + FO ---_ F + O 2

O + FO 2 _ FO + 02

OH + CH3F --_ CH2 F + H20

(HFC-41 )

OH + CH2F2 _ CHF2 + H20

(HFC-32)

OH + CHF3 _ CF3 + H20

(HFC-23)

OH + CH3CH2F _ products

(HFC-161)

OH + CH3CHF2 _ products
(HFC- 152a)

OH + CH2FCH2 F _ CHFCH2F
(HFC- 152) + H20

OH + CH3CF3 _ CH2CF3 + H20

(HFC- 143a)

OH + CH2FCHF2 _ products

(HFC- 143)

2.7x10-1 i

5.0xlO-I !

3.0xiO -12

1.9x10 -12

I.Oxi0 -12

7.0x10 -12

2.4x10 -12

1.7xlO-I 1

1.8x10 -12

4.0x10 -12

O-&250 2.7x 10-11 3.0

O-Z-_250 5.0x I 0-11 5.0

1500__300 2.0xl0-14 1.1

1550-!--200 1.0x10-14 1.2

2440-Z-_200 2.8x10-16 1.3

<2x10.17

1100!-_300 1.7x10-13

1260-&-_200 3.5x10-14

1500-&500 1. i x 10-13

2170"2:150 1.2xi0,15

1650!-_300 1.6x I 0-14

1.4

1.2

2.0

1.1

1.5

E1

E2

E3

E4

E5

E6

E7

E8

E9

E 10

Ell
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Table1. (Continued)
Reaction A_Factora E/RS:(AE/R)k_298K)a f(298)b Notes

OH+ CH2FCF 3 --_ CHFCF3 + H20
(HFC- 134a)

1.5xlO -12 1750-&200 4.2x10-15 1.1

i!
i ii

1680i-_300 5.7x10-15 2.0 El3OH + CHF2CHF2 --) CF2CHF2

(HFC-134) + H20

1.6xlO -12

OH + CHF2CF3 _ CF2CF3 + H20
(HFC- 125)

5.6x10-13 1700+_300 1.9x10-15 1.3 El4

6.0xlO -12 1530_I50 3.5X10"14
ffIFOC_i52a)

OI'l :_ _3_H3 _ CF3OCH2 ÷..........................................................................................................................H20 1,5x l _ 12 145_150 1 2xi0,14

OH + CF2HOCF2H --_ CF2OCFzH 1.9x1_12 ;2_150 2:3XI0"15

(HFOC-134) + H20 .......

OH + CF3OCHF 2 ---) CF3OCF 2 + H20 4.7x10-13 2100-&-_300 4.1xl0-16

(HFOC-125)

OH ÷ CF3CH2CH3 _: products

OH + CH2FCF2CHF 2 --oproducts

(HFC-245ca)

2.4x10 -12

i _i iiiil

• CF3eaFCa: p oducts -

: (m c- sfa)
! i!!iiili!_Iiiliii!!!ii!i!iii!i!!i!!iiii!!i!!i!!iii!i!ii!iI_.......

OH + CF3CF2CH2F _ CF3CF2CHF

(HFC-236cb) +H20

1 6x10,14

r l.SxlO, 14

6.1x10-13 7.0x10-15

1.5x10-12 ! 750-&500 4.2x10-15

OH + CF3CHFCHF2 _ products
(HFC-236ea)

OH + CF3CH2CF 3 _ CF3CHCF3
(HFC-236fa) +H20

I.lx10-12 : 1590-2:150 5.3x10-15

OH + CF3CHFCF3 --_ CF3CFCF3+H20 5.0xi0-13

(HFC-227ea)

1:3x10,!2 2480_150 3,2x I0-16

1700-&300 1.7x10-15

OH _ CHF2OCH2CF3 _ p_ucts Z6x10"12 161_150 1,2x10-14

1,2 ElSi_i_!ii!i!iiiiiiiiii!

!,1

ii ii!,i__iii,!,

1.2 Et7iiii_!i!!iliiii!iiiiii

1.2 El8

1.5 El9 :

1.3 E20

2.0 E21

i

2.0 E22:

! .2 E23

2.0 E24

1. I E25: ::

1. I E26

I. ! E27

2.0 E28

ii _ i!i ii i_iiiill=!!iiii: iiiiii:iii_

1:3 E29 1
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TableI. (Continued)

Reaction A_Factora E/R_t(AE/R) k(298 K) a f(298)b Notes

OH + CF3CH2CH2CF 3 --_ products 3;0xi_12 18_ 7 txl_15 1.3 E30

(HFC-356mfO

OH+CF 3 2_2F _ p_uets _ 1:7xt0-12 l 11_00 4_2x1_I4 2,0 E31

OH + CHF2CF2CF2CF2H --_ products

(HFC-338pcc)

7.8x10-13 1530-&-_200 4.6xi0-15 1.5 E32

OH*_C H2CF. 3 _ products i i2X i0..12 1830-&200 26x1_15 2.0 E33

OH + CF3CHFCHFCF2CF3 --_ products 5.2x10-13 1500-__300 3.4x10-15 1.3 E34

(HFC-43-10mee)

OH + CF3CF2CH2CH2CE2CF3 _ -

(HFC-55-i_ff) products
_ !_i!!i_!!iii!?_i_ii!i_iiii!_//iil//iii_i_''__i'_

F + 02 M FO2 (See Table 2)

- 8.3x10-15 1.5 E35

F + 03 _ FO + 02 2.2x!0-11 230!-_200 1.0xl0-I I 1.5 E36

F + H2 _ HF + H 1.4x10-10 500-2-_200 2.6xi0-11 1.2 E37

F + H20 _ HF + OH 1.4x10-11 0-2_200 1.4x10-11 1.3 E38

F + NO M FNO (See Table 2)

F + NO2 M FNO2 (See Table 2)

F + HNO 3 --4 HF + NO3 6.0x10-12 -(4005:200) 2.3x10-11 1.3 E39

F+CH 4_ HF+CH 3

FO + 0 3 _ products

FO+NO_NO 2 +F

1.6X10 ,10

8.2x10 -12

26_00 6_7xl0rl I 1.4 E40

<1 xl0 "14 E41

-(300+...200) 2.2x 10- I I 1.5 E42

FO + NO2 M FONO2 (See Table 2)

FO + FO _ 2 F + 02 1.0xlO-I I 0-2_250 l.OxlO-ll 1.5 E43

FO2 + 03 _ products <3.4x IO- 16 E44

FO2 + NO _ FNO + 02

FO2 + NO2 _ products

FO2 + CO --_ products

7,5x10-12 690-2400 Z5xl0-t3 2.0 E45

3,8x10_11 2.0 _t6

<5.1xl0-16 E47

FO 2 + CH 4 --_ products

CF3 + 02 M CF302 (See Table 2)

<2x10d6 F_,48
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Table1. (Continued)

Reaction A_Factor a E/R2:(AE/R) k(298 K) a f(298)b Notes

CF30+M_F+CF20+M

CF30 + 02 _ FO2 + CF20

CF30 + 03 ---) CF302 + 02

CF30 + H20 _ OH + CF3OH

CF30 + NO _ CF20 + FNO

CF30 + NO2 _ products

M CF3ONO 2

CF30 + CO _ products

M CF3OCO

CF30 + CH4 _ CH3 + CF3OH

CF30 + C2H6 _ C2H5 + CF3OH

CF302 + 03 _ CF30 + 202

CF302 + CO _ CF30 + CO2

CF302 + NO --) CF30 + NO2

CF302 + NO2 M CF302NO2

(See Table 2)

<3 x 10 -! !

2 x 10 -12

3 x 10 -12

3.7 x 10 -11

(See Note)

(See Table 2)

(See Table 2)

4i9 x 10i 12

5.4 x 10 -12

(See Table 2)

5000 <1.5 x 10 -18 E49

14_ liSxlO-14 1,3 ESO

!!iiii!!i_ill_i'i_i_:i,!!i_i!!_!ii'!!'!_ii!_,!i?_i_!i_iiiiiiii_i,i,!il_,_i_ii,!' '__ ,__il_''_i!__i_i,_!i_i!!!i_!_!i_ii!ii_ii_ii:!_:i_!ii_i_ii_!iiiii!i_
>3600 <2 x 10-17 E51

(- 110-&70) 5.4x 10 -I! 1.2

E53

<2 x 10-15

1420"&200 2:2x:10-14

400-k100 1.3 x 10"12

<3 x 10-15

<5 x 10-16

(-320-2_150) 1.6 x 10 -11

lil E55

1.2 E56
ii iiiiii!iiii

E57

E58

l, 1 E59

CIO x Reactions

O + CIO _ CI + 02

O + OCIO --_ CIO + 02

O + OCIO M CIO3

O + Ci20 --_ CIO + CIO

O + HCI _ OH + CI

O + HOCI _ OH + CIO

O + CIONO2 --_ products

03 + OCIO _ products

03 + Ci202 _ products

OH+C12_HOCI+CI

3.0x10-11

2.4xl0 -12

(See Table 2)

2.7xl0 -11

1.0xl0-11

1,7x10 q3

2.9x!0 -12

2.1x10 -12

1.4x10 -12

-(70-&70) 3.8x10-11

960-3:300 1.0x10-13

530+150 4.5xl0-12

3300-&350 1.5xl0-16

_ : l:7x10 -13

800+200 2.0x I0-13

4700-2-_1000 3.0x 10-19

<l.0xl0 -19

900+400 6.7x I0-14

1.2 F 1

2.0 F 2

!.3

2.0

3.0

1.5

2.5

1.2

F3

F4

F5
ilii

i :iili ii i!iiili!

F6

F7

F8

F9
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Reaction
Table!. (Continued)

A_Factor a E/R_-t:(AE/R) k(298 K) a f(298)b Notes

OH + C10 --_ products

OH + OCIO --4 HOCI + 02

OH + HCI _ H20 + CI

OH + HOCi --->H20 + CIO

OH + CINO2 _ HOCI + NO2

OH + CIONO2 _ products

OH + CH3C1 _ CH2CI + H20

OH + CH2CI2 --_ CHC12 + H20

OH + CHCI 3 _ CCI 3 + H20

OH + CC14 _ products

OH + CFC13 --4 products
(CFC- l l)

OH + CF2CI2 _ products
(CFC- 12)

OH + CH2CIF --_ CHCIF + H20
(HCFC-31)

OH + CHFCi2 -_ CFCI2 + H20

(HCFC-2 l)

OH + CHF2Ci --_ CF2CI + H20

(HCFC-22)

OH +CH30CI_ _uets

OH + CH3CCI3 --_ CH2CCI3 + H20

(HCC-140)

OH + C2HCI 3 --->products

OH + C2CI4 _ products

OH + CCI3CHO _ H20 + CCI3CO

OH + CH3CFCI 2 --->CH2CFCl2 + H20
(HCFC-|41b)

OH + CH3CF2CI --_ CH2CF2CI + H20
(HCFC- 142b)

OH + CH2CICF2CI _ CHCICF2CI
(HCFC- 132b) + H20

l.lxl0-11 -(120-&_150) 1.7x 10-11

4.5x10-13 -(800+__200) 6.8x!0-12

2.6x10-12 350-&-_!O0 8.0x10-13

3.0x 10-12 500-£-_500 5.0x 10-13

2.4x10-12 1250±300 3.6x10-14

1.2x10-12 330±200 3.9xl0-13

4.0x10-12 1400±250 3.6x10-14

3.8x10-12 1050±150 l.lxl0-13

2.0x10-12 900±150 1.0xlO-13

_l.0x10-12 >2300 <5.0x10-16

_l.0x10-12 >3700 <5.0x10-18

_l.0x10-12 >3600 <6.0xl0-18

2.8x10-12 1270"2.200 3;9x10-14 1.2

1.7xl0-12 12505:150 2.6X10-14 1.2

1.5 FIO

2.0 FII

1.2 FI2

3.0 FI3

2.0 FI4

1.5 FI5

1.2 FI6

1.4 FI7

1.2 FI8

FI9

F20

F21

F22

F23

1.0xlO-12 16005:150 4.7xi0-15 1.1 F24

2AxI0-12 3_00 7.2x10-13 3.0

!.8x!0-12 15505:150 1.0x10-14 1.1

4.9xl0-13 -(450+_..200) 2.2x10-12 1.25

9.4x!0-12 1200±200 1.7x10-13 1.25

8.2x10-12 600±300 I.lx10-12 1.5

1.7x10-12 1700±150 5.7x10-15 1.2

1.3x10-12 1800±!50 3.1x10-15 1.2

3.6x10-12 1600±400 1.7x10-14 2.0

F25

F26

F27

F28

F29

F30

F31

F32
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TableI. (Continued)

Reaction A_Factor a E/R.±(AE/R) k(298 K) a f(298)b Notes

OI-I_ CF2_ _ CCl2CF2CI : l::0xl_|2 _|50 4i9x10-14
:_CFC,:I22) ÷H20 :: : :

:OH _ CHFCIC_i_ _ :_!CFCI2 1 0xl0" 12 i25_150:1 5xlO: 14

OH + CH2CICF3 --->CHCICF3 + H20 5.2x10-13 1100±300 1.3x10-14
(HCFC- 133a)

OH + CHC12CF3 --->CCI2CF 3 + H20

(HCFC- 123)

7.0x10-13 900-2-_150 3.4x10-14

OH ÷ CHFCICE2CI _ CFCICF2CI 9.2x10-13 1280"2:150 1 3xl0 "14
+ H2o '

OH + CHFCICF 3 --_ CFCICF 3 + H20 8.0x!0'13 1350±150 8.6x10-15

(HCFC- 124)

OH + CH3CF2CFCI 2 _ products 7.7x10-13 1700-2_300 2.6xi0-15
(HCFC-243cc)

OH + CF3CF2CHCI 2 ---> products l.Ox10-12 11005:200 2.5x10-14

(HCFC-225ca)

OH + CF2CICF2CHFC1 ---> products 5.5x10-13 1250+200 8.3x10-15
(HCFC-225cb)

HO 2 + CI --_ HCI + 0 2 1.8xlO-I 1 -(170±200) 3.2x10-11

---> OH + CIO 4.1x10-11 450±200 9.1x10-12

4.8x10 -13 250 5.0x IO- 12-(7oo  

<2.0x 10 -21

HO2 + CIO --->HOCI + 0 2

H20 + CIONO2 --->products

2.5x10-12 600±300 3.4x10-13NO + OCIO --_ NO2 + CIO

<2.0x10 -14NO + C!20 2 _ products

(See Table 2)NO3 + OC10 M O2CIONO2

<5.0xlO -17

<l.0xl0 -21

NO3 + HCi _ HNO3 + CI

HO2NO 2 + HCI --->products

(See Table 2)CI + 02 M CIOO

2.9x10-11 260±100 1.2xlO-llCI + 03 _ CIO + 02

3.7x10-11 2300±200 1.6x10-14CI + H2 --->HCi + H

1.1xlO-ll 980-2-_500 4.1x10-13CI + H202 _ HCI + HO2

1,2 :F33 ::

i !il!iiii
i: 1 _4

1.3 F35

1.2 F36

1.2 F38

2.0 F39

1.3 F40

1.3 F41

1.5 F42

2.0 F42

1.4 F43 :
'ii i_ ilili_

F44

2.0 F45

F46

F47

F48

i.15 F49:

1.25 FS0

1.5 F51
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Table 1. (Continued)

Reaction A_Factor a E/R&(AE/R) k(298 K) a f(298)b Notes

C1 + NO M NOCI

CI + NO 2 M__CIONO (CINO2)

CI + NO3 --_ CIO + NO2

CI + N20 --_ CIO + N 2

CI + HNO3 ---) products

CI+coMcIco

CI + CH4 ---) HCI + CH3

(See Table 2)

(See Table 2)

2.4xi0-11

(See Note)

(See Table 2)

I.Ixl0 -11

O-&400 2.4x 10-11 ! .5

<2.0xl0-16

1400-J:150 1.0x10-13 I.!

F52

F53

F54

F55

CI + H2CO --_ HC! + HCO 8. I x 10-11

CI + CH30 2 ---) products

CI + CH3OH --->CH2OH + HCI

CI + C2H2 M CIC2H2

CI + C2H 4 M CIC2H4

CI + C2H6 ---) HCI + C2H5

CI + C2H502 ---) CIO + C2H50

---> HCI + C2H40 2

CI + CH3CN --->products

CI + CH3CO3NO 2 --->products

CI + C3H8 --->HC1 + C3H 7

CI + OCIO ---) CIO + CIO

CI + CIOO ---) CI 2 + 02

---> CIO + CIO

C! + CI20 ---> CI2 + CIO

CI + CI202 ---) products

CI + HOCI --) products

CI + CINO ---> NO + CI 2

CI + CIONO2 --> products

5.4x10-11

(See Table 2)

(See Table 2)

7.7x10-1 i

30-1_-100 7.3x10-11

0-&_250

li6x!_ I0

5.4x 10-1 !

90-&90 5.7x 10-11

7.4x10-11

7.7x 10-11

1,6xl_ 1I 2140+,,300 I i2xl0f 14

<lxl0 -14

li2xl_10 -(40+_.250)

3.4xl0-11

2.3x10 -10

1.2x10-11

6.2xi0 -II

-(160+_.200) 5.8xi0-11

04_-250 2.3x I 0-10

0-&-_250 1.2x 10- I I

-(1305:130) 9.6x10-11

1.0xl0 -10

130-£-_250 1.6x!0-12

-(100+_.200) 8.1x10-1 !

2.5x10 -12

5.8xl0-11

6isx10-12

1.15 F57

! ,5 F58

1.5 F59

I.!

2.0 F6 I

2.0 F6 !

2,0 F62

F63

1.3 F64

1.25 F65

3.0 F66

3.0 F66

1.2 F67

2.0 F68

1.5 F69

1.5 F70

_(135:L50) liOxl0-11 1,2: _1:
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Table1. (Continued)
Reaction A_Factor a E/R2:(AF_/R) k(298 K) a f(298)b Notes

CI + CH3CI _ CH2C1 + HCI

CI + CH2CI 2 _ HCI + CHCI 2

CI + CHCI3 _ HCI + CC13

CI + CH3F _ HCI + CH2F

(HFC-41 )

CI + CH2F2 ---) HCI + CHF2

(HFC-32)

CI + CF3H ---) HCI + CF 3

(HFC-23)

C1 + CH2FCI _ HC! + CHFCI
(HCFC-31 )

C! + CHFCI2 _ HCI + CFCI2

(HCFC-21 )

C1 + CHF2CI _ HCI + CF2CI

(HCFC-22)

CI + CH3CCI 3 _ CH2CCI 3 + HCI

Ci + CH3CH2F --> HCI + CH3CHF
(HFC-161)

--q, HCI + CH2CH2F

CI + CH3CHF 2 _ HCI + CH3CF 2

(HFC- 152a)
---) HCI + CH2CHF 2

CI + CH2FCH2F _ HCI + CHFCH2F

(HFC- ! 52)

CI + CH3CFCi 2 --_ HC1 + CH2CFC12

(HCFC- 141 b)

CI + CH3CF2Ci _ HCI + CH2CF2CI
(HCFC- 142b)

Ci + CH3CF 3 --->HCI + CH2CF 3

(HFC- 143a)

CI + CH2FCHF2 --->HC! + CH2FCF2

(HFC- !43)

---> HCI + CHFCHF2

CI + CH2CICF3 ---* HCI + CHCICF3

(HCFC- 133a)

CI + CH2FCF3 --_ HCI + CHFCF3
(HFC- 134a)

3.2x10_11:1250_+200 418X10_I3

3.1x10-11 1350-,5_500 3.3x10-13

2.0xlO-I 1 12004_-500 3.5x!0-13

1,2x10-11 1630"_00 5i0x10.14

i

3.0x I0 -18

1.2x10-11 1390"L-_500 l.lxlO-13

5 5X 10 '12 16754-200 : 2i0x 10" 14

i i

1.8xlO-11 290+500 6.8x10-12

1.4x !0-11 880+500 7.3x10-13

6.4x10-12 950+_500 2.6x10-13

7.2xi0-12 23905:500 2.4x10-15

2.6x10-11 1060-£-_500 7.5x10-13

1.8x10-12 20005:300 2!2X10-15

1.2x10-11 3880-'L-_500 2.6xl0-17

5.5x!0-12 1610-&_500 2.5x10-14

7.7x10-12 1720-__500 2.4x10-14

1.8x10-12 17105:500 5.9xl0-15

1.5xlO -15

1.2 _2!i'i!!i!ii!ii_!i!_!iiiii!i

1.5 i_3ii_i_i_iiiiiiiiii:iiiiiiii!i!
_!_iiii_i_!iiii!ii!!i!iiii!iiiii_!i

%i _̧!ii_?i_i!ii!i!ili_!!!
1.3 F75

i !i,ii!!,iiii!!_!iiiiiii!,i_

5.0 F77

2.0 F78

1.3 _9

ii ii!i!
! ;3 FS0

2,0

3.0 F82

3.0 F82

1.3 F83

3.0 F83

3.0 F84

t.2 F85
iiiiii_ii_iii!ii!,ii_ii,i!i!iii!i!!I

i ii̧ i ii_i!_i_i_ii_

ii _i_,i_i_i'_i_i_ii_i'_'_il_

1:2 F86

510 F87

3.0 F88

3.0 F88

3.0 F89

1.2 F90
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Table1. (Continued)

Reaction A_Factor a E/R_(AE/R) k(298 K) a f(298)b Notes

CI +

CI +

C! +

CI +

CHF2CHF 2 --->HCI + CF2CHF 2

(HCF-134)

CHCI2CF3 _ HC1 + CCI2CF3

(HCFC-123)

CHFCICF 3 ---> HC! + CFCICF 3

(HCFC- 124)

CHF2CF3 -+ HCI + CF2CF 3

(HFC- 125)

7.5x10-12 24305:500 2.2x10-15 i.5 F91

4.4xi0-12 ! 750-_-_500 !.2x10-14 1.3 F92

l.lxlO-12 18005:500 2.7x10-15 1.3 F93

2.4x10-16 1.3 F94

CIO + 0 3 --->CIOO + 02

---> OC10 + 0 2

CIO + H2 --->products

CIO + NO --_ NO2 + CI

CIO + NO2 M CIONO2

CIO + NO3 _ CIOO + NO2

CIO + N20 ---->products

CIO + CO --->products

CIO + CH 4 --->products

CIO + H2CO --->products

CIO + CH302 --> products

CIO + CIO _ CI 2 + 02

CIOO + CI

OCIO + CI

CIO + CIO M CI202

CIO + OCIO M C120 3

HCI + CIONO2 --->products

CH2CI + 02 M CH2CIO2

CHCI 2 + 02 M CHC120 2

CCI3 + 02 M CCI302

1.0xl0 -12

~l.0xl0 -12

6.4xl0 -12

(See Table 2)

4.7xl0 -13

-l.0xl0 -12

-l.0x10-12

-l.0xl0 -12

-l.0xl0 -12

3,3x10-12

1.0xl0 -12

3.0x 10- I l

3.5xl0 -13

(See Table 2)

(See Table 2)

(See Table 2)

(See Table 2)

(See Table 2)

<1.4x10-17 - F95

>4000 <l.OxlO-18 - F95

>4800 <l.OxlO-19 - F96

-(290-&100) 1.7xlO-ll 1.15 F97

0-3-_400 4.7x10-13

>4300 <6.0x10-19

>3700 <4.0x10-18

>3700 <4.0x10-18

>2100 <l.OxlO-15

! 15+115 2.2x10"12

1590-3-_300 4.8x10-15

2450!'_500 8.0x10-15

1370-3-_300 3.5x10-15

<i.Oxl0 -20

1.5 F98

F99

FIO0

FIOI

FI02

1.5 17103

1.5 Film

1.5 F104

1.5 FI04

FI05
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Table1.(Continued)
Reaction A_Factora E/R__(AE/R)k(298K)a f(298)b Notes

CFCI2 + 02 M CFCI20 2

CF2CI + 02 M CF2C102

CC1302 + NO2 M CC!302NO2

CFC1202 + NO2 M CFCI202NO2

CF2C102 + NO2 M CF2CIO2NO2

CH2CIO + 02 _ CHCIO + HO 2

CH2CIO2 + HO2 _ CH2CIO2H + 02

CH2C102 + NO _ CH2CIO + NO2

CCI302 + NO _ CCI20 + NO 2 + CI

CC!2FO2 + NO _ CCIFO + NO2 + C1

CCIF202 + NO _ CF20 + NO2 + CI

(See Table 2)

(See Table 2)

(See Table 2)

(See Table 2)

(See Table 2)

3.3 x 10 -13

7 x 10 -12

7.3 x 10-12

4.5 x 10-12

3.8 x 10-12

6 x 10 -14 5 FI06

-(820-2-_200) 5.2 x 10 -12 1.5 FI07

-(300-2_200) 1.9 x 10 -I 1 1.5 FI08

-(270-L-_200) 1.8 x 10 -I 1 1.3 F109

-(350+_200) 1.5 x 10-11 1.3 F110

-(400+__.200) !.5 x 10- I 1 1.2 F11 !

BrO x Reactions

O + BrO---_ Br + O 2

O + HBr _ OH + Br

O + HOBr _ OH + BrO

OH + Br 2 _ HOBr + Br

OH + BrO --4 products

OH + HBr _ H20 + Br

OH + CH3Br _ CH2Br + H20

OH + CH2Br2 _ CHBr2 + H20

OH ÷ C_r 3 _CB_ 4-H20

OH + CHF2Br -_ CF2Br + H20

OH + CF2CIBr --_ products

OH + CF2Br2 --_ products

OH + CF3Br --_ products

1.9x10-11

5.8x10 -12

1.2x10 -10

4.2x10-11

l.lxl0 -11

4.0x10 -12

2,4xI0 -12

1,6x10-12

l.lxl0 -i2

2.3x10 -12

-(2305:150) 4,1x10-11

1500-Z-_200 3.8xl0-14

430+_300 2.8x10-11

0-2_600 4.2x10-11

- 7,5x10-11

0-Z-_250 l.lxl0-11

1470-&_150 2.9x10-14

900"2300 1.2x10-13

710-_00 1,5x10-13

1400+200 1.0x 10-14

930_150 1.0x10-13

<l.5x10 -16

<5.0x10 -16

<l.2x10 -16

1.5 G 1

1.3 G2

3:0 G3::

1.3 G4

3.0 G5

!.2 G 6

I.I G7

1,1 G 8

I.I GI0

1.2 GI I

G12

G13

GI4
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TableI. (Continued)
Reaction A_Factora E/R_(AE/R) k(298K)a f(298)bNotes

OH+ CH2BrCF3 _ _F 3 _+H20

OH + CF2BrCF2Br --¢ products

HO2 + Br -_ HBr + 02

HO2 + BrO -o products

NO 3 + HBr --_ HNO 3 + Br

Cl + CH2CIBr --¢ HCI ÷ CHCIBr

CI + CH3Br --¢ HC! + CH2Br

Cl + CH2Br 2 --¢ HCI + CHBr 2

Br + 03 --* BrO + 02

Br + H202 -_ HBr + HO 2

Br + NO 2 M BrNO2

Br + NO3 --_ BrO + NO2

Br + H2CO --> HBr + HCO

Br + OCIO --> BrO + CIO

Br + Cl20 --> BrCl + CIO

Br + CI202 -_ products

BrO + 03 --> products

BrO + NO --¢ NO2 + Br

BrO + NO2 M BrONO2

BrO + NO3 --_ products

BrO + CIO --* Br + OCIO

---> Br + CIOO

-_ BrCI + 02

BrO + BrO --_ products

1.4x 10" 12 i344)'t:200 1.6xlO "14

7.2x10"13 11105:1:50 1.8xI0_14

1.5x10-1 !

3,4x10,12

4.3x10-11

1.5x10-11

6.4x10 -12

1.7x10-11

1.0xl0-11

(See Table 2)

1.7x10-11

2.6x10-11

2.1x10 -!1

-I.0xl0 -12

8.8x10 -12

(See Table 2)

1.6x10 -12

2.9x10 -12

5.8xl0 -13

li5x10-12

<l.5x10 -16

600-2_600 2.0x 10-12

_(5_00) 2AxiO-ll

<l.OxlO -16

1370!-_500 4.3x10-13

1_100:43x10 "13

810"3:100 4.2x10-13

800!-_200 1.2xl0-12

>3000 <5.0x10-16

1.6x10 -II

800±200 i.ix10-12

1300-Z-_300 3.4x!0-13

470±150 4.3x10-12

3.0x10 -12

>3200 _,OxlO_17

-(260-±130) 2.1xlO-II

- 1.0x10-12

-(430-Z-_200) 6.8x10-12

-(220-&200) 6.1x10-12

-(170+__200) 1.0x10-12

,(2305:150) 3i2xlO -12

1.3 GI5

1.5 GI6

1.5 GI7

1.5 GI8

2.0

!,5

3.0

1.2

1.2

1.2

2.0

1.3

2.0

1.3

2.0

1.15

3.0

1.25

1.25

1.25

!.15

GI9

G20

G21
i

G22

G23

G24

G25

G26

G27

G28

G29

G30

G31

G32

G33

G34

G35

G36

G36

G36

G37
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TableI. (Continued)
Reaction A_Factora E/R__(AE/R)k(298K)a f(298)b Notes

CH2BrO 2 + NO _ CH20 + NO2 + Br 4xl0-12 -(300-&200) 1.1 x 10 -II 1.5

_i_i_i!_!!!_!iii_iiii_!i_iiiiiii_i_ii!ii_iiiiiiiiii!ii

IO x Reactions

O + 12 _ IO + I 1.4x 10-10 05:250 1.4x 10-10 IA H!

0 + IO -o 02 + I li2xlOYlO 2i0 tt2

OH + 12 --_ HOI + I 1.8x10-10 2.0 H 3

OH + HI-_ H20 + I 3.0xl0-11 2.0 H4

OH + CH3I --_ H20 + CH2I 3.1x10-12 1120+...500 7.2xi0-14 3.0 H 5

OH + CF3I --->HOI + CF 3 3.1x10-14 5.0 H 6

HO 2 + I --->HI + 02 1.5x 10- i 1 1090-£-500 3.8x 10-13 2.0 H 7

HO 2 + IO --->HOI + 02 8.4x10-11 1.5 H 8

NO 3 + HI --->HNO 3 + I (See Note) H 9

I+O3 -->IO+O2

I + NO M INO

Z3xl0 -11 87_ 1 :xl_l 2 1:2 H1O:
...... _ iY_ _ _ iii_!i_ii!_iiiii_ii_iii!_,

(See Table 2)

I + NO2 M INO2 See Table 2)

_i_iiiiili_ii_ii_!_ii_iiiii_i_i_ii!ii_i_i_!i!i_ii_i!i_i_ii_ii_!i_ii_i!!_!:ii_ii!_i_i!i_!_i!i!i_!!i_!ii!!i_ii_!_i_ii_i!i!_!i_ii_i, i !: i̧ _̧i¸¸¸¸i_i!i_ii/_i_!:!_i_!_-i_,_i_ i_ii_il!ii2xl0_l_l,_ 2.o_ i_H_,_,_i_i_:_,_ii_i_i__i_ _ _!_!i_ii_!ii_ii!__,'_ _ i! (ii!ii!iiii_ii!iiiii!iiii_ii_iiii!iliiii!i!i!ii!__
IO + NO -_ I + NO2 1.2 HI2 :

IO + NO2 M IONO2 (See Table 2)

_iii_i_i_!_iiii_!ii_!!i_ii_i_!i_!ii_i!!i!_!_i_iiii_ii!i_i_i_i!i!_!i_!ii!_!i!i_!i!ii_i_i!_!i!_iii_!!_i_i_iii_!i_!!_iii_ii!i_ili!_iii_i_i_!_ _
IO + IO --->products

INO + INO --->I2 + 2NO

lx10'12 (28_00)-tl 2.0 HI3 15, - i t_3xI0

. 6,9X1_11 Hi4

1:5x1_11 115 HIS

8.4x10-11 2620-&_600 !.3x10-14 2.5 HI6

INO 2 + INO 2 --->12 + 2NO 2 2.9x10-1 ! 2600-L-_1000 4.7x10-15 3.0 Hi7

Reactions

O + SH --->SO + H

O + CS--4 CO + S

O + H2S --->OH + SH

- 1.6x10-10 5.0 II

2.7x 10 -10 760+250 2. Ixl0 -I I I. I I2

9.2x10-12 1800-__550 2.2x10-14 !.7 I3
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Table1. (Continued)

Reaction A_Factor a E/R&(AE/R) k(298 K) a f(298)b Notes

O + OCS ---) CO + SO 2.1x10-11

O + CS 2 --> CS + SO 3.2x10-11

o so2

O + CH3SCH3 --->CH3SO + CH3 1.3x10-11

O + CH3SSCH 3 --4 CH3SO + CH3S 5.5xl0-11

03 + H2S --_ products

03 + CH3SCH3 --->products

0 3 +SO 2_ SO 3 +O2 3.0x10 -12

OH + H2S --_ SH + H20 6.0x10 -12

OH + OCS --_ products 1. I x 10-13

OH + CS 2 _ products (See Note)

OH+ CH3SH _ _3S _ H20 i 9.9x 10-12

OH + CH3SCH3 --_ H20 + CH2SCH3 1.2xi0-11

OH + CH3SSCH3 ---) products 6.0x10-11

OH + S ---) H + SO

OH + SO ---) H + SO 2

OH + SO2 M HOSO2 (See Table 2)

HO2 + H2S --->products

HO2 + CH3SH --_ products

HO2 + CH3SCH3 _ products

HO2 + SO2 ---) products

NO2 + SO2 ---) products

NO3+ H2S --* products

NO3 + OCS --->products

NO3 + CS2 --* products

NO3 + CH3SH --_ products 4.4x 10-13

NO3 + CH3SCH3--_ CH3SCH2 + HNO3 1.9x10-13

2200-2150 1.3x10-14 1.2 I4

650-2_150 3.6x10-12 1.2 I5

-(4105:100) 5.0x 10-11 1.1 I6

-(250-!-_!00) 1.3x10-10 1.3 I7

- <2.0x 10-20 I8

<l.0x10-18 I9

>7000 <2.0x 10 -22 110

75+75 4.7x10-12 1.2 I11

1200-&500 1.9x10-15 2.0 Ii2

I13

-(360-!:100) 3.3xl0-11 1.2 I14

260-& 100 5.0x 10-12 1.15 115

-(400-Z-_200) 2.3x!0-10 1.2 116

6.6xl0-11 3.0 II7

8.6xi0-11 2.0 118

-(210+.._2!O)

-(500+__200)

<3.0x10-15 - II9

<4.0x10-15 - II9

<5.0x10-15 - II9

< 1.0x 10- ! 8 I20

<2.0x 10 -26 I2 I

<8.0x I 0-16 I22

< 1.0x I 0-16 I23

<4.0xl0-16 I24

8.9x10-13 1.25 125

1.0x10-12 1.2 I26
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TableI. (Continued)
Reaction A_Factora E/R_(AE/R) k(298K)a f(298)b Notes

NO3+ CH3SSCH3 --> products

NO 3 + SO 2 --_ products

N205 + CH3SCH3 --->products

CH30 2 + SO 2 --> products

F • CH3SeH3 _:produets

CI + H2S -_ HCI + SH

CI + OCS _ products

CI + CS 2 --_ products

CI + CH3SH --_ CH3S + HCI

CI + CH3SCH 3 --_ products

CIO + OCS --_ products

CIO + CH3SCH 3 --_ products

CIO + SO --4 C! +SO2

C10 + SO2 ---) CI + SO3

Br + H2S ---) HBr + SH

Br +CH3SH _ CH3S + HBr

ea3seH3 p odu t 

BrO + CH3SCH 3 ----)products

BrO+SO _Br+SO2

IO + CH3SH -_ products

IO + CH3SCH3 _ products

S + O2 ---_ SO + O

S+O 3--->SO+O2

SO + 02 _ SO2 + O

SO + 03 --->SO2 + 02

SO + NO2 ---) SO2 + NO

SO + OCIO --->SO2 + CIO

SO3 + H20 --4 products

1.3x10-12 270+270 5.3xi0-13

<7.0x 10 -21

<l.0xl0 -17

<5.0x I0-17

- 2A,xI0,10

3.7x10-11 -(21_100) 7.4x10-11

- <l.0x10-16

- <4.0x10-15

1.2xi0-10 ,(150+_50) 2.0x10,10

(See Note)

- <2.0x I0-16

9.5x10 -15

2.8x10-11 0+50 2.8x10-11

<4.0x 10-18

1.4x10-11 2750__300 1.4x10-15

9.2xl0 -12 390!-_100 2.5x10-12

(SeeNote)

1.5xl0'14 -(850+_200) 2.6x10"I3

2.3x I 0-12 0-k200

2.6x10-13 2400-k500

3.6x10-12 l100-Z-_200

1.4x10-11 0-k50

(See Note)

5.7x10 -II

6.6xl0 -16

1.2x10 -14

2.3x10 -12

1.2x10 -II

8.4x10 -17

9.0x10 -14

1.4x10 -II

1.9xl0 -12

35

1.4 I27

128

I29

130

2.0 BI

1,25 132

I33

I34

1.25 B5

i36
i

I37

2.0 I38

1.3 I39

I37

2.0 I40

2.0 I40

1.3 m

1.4 143

2.0 I44

1.5 I45

1.2 I46

2.0 I47

2.0 I48

1.2 I49

1.2 I50

3.0 I5 I
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Table 1. (Continued)

Reaction A_Factora E/RS:(AE/R) k/298 K)a f_298)b Notes

SO3 + NH3 --_ products

SO3 + NO2 _ products

SH + 02 _ OH + SO

SH + 0 3 _ HSO + 02

SH + H202 _ products

SH + NO M HSNO

SH + NO2 _ HSO + NO

SH+CI 2_ CISH+CI

SH + BrCI _ products

SH + Br2 _ BrSH + Br

SH+F2_ FSH+F

HSO + 02 _ products

HSO + 0 3 _ products

HSO + NO --_ products

HSO + NO2 _ HSO2 + NO

HSO2 + 02 --4 HO2 + SO2

HOSO2 + 02 _ HO2 + SO3

CS+O2_OCS+O

CS + 0 3 _ OCS + 02

CS + NO2 --_ OCS + NO

CH3S + 02 _ products

CH3S + 03 _ products

CH3S + NO _ products

CH3S + NO M products

CH3S + NO2 _ CH3SO + NO

CH2SH + 0 2 _ products

CH2SH + 03 --_ products

(See Table 2)

9.0x 10-12 280-1-_200

(See Table 2)

2.9x10-11

1.7x10-11

2.3x10- l 1

6.0x10-1 i

4.3x10-11

1.3x10 -12

2.0x10 -12

(See Table 2)

2.1x10 -I1

1.0xl0-19 10.0 153

<4.0x 10- i 9 I54

3.5x10-12 1.3 I55

<5.0x 10-15 I56

-(24t)-250) 6.5x10-1 !

690!-_200 1.7x10-12

-(350-l_200) 7.4x 10- I I

-(160-!-_160) 1.0xl0-10

1390-!-200 4.0x 10-13

<2.0x10 -17

1.0xl0 -13

<l.0xl0 -15

9.6xl0 -12

3.0x10 -13

330-1-_200 4.4x10-13

2.9x10 -19

3.0x10 -16

7.6xl0 -17

<3.0x10 -18

-(290-__100) 5.3xl0-12

<l.Oxl0 -13

-(320-2_100) 6.1x10 -11

6.5x10 -12

3.5xl0 -II

1.2

2.0

2.0

2.0

2.0

1.3

2.0

3.0

1.2

2.0

3.0

3.0

1.15

1.15

2.0

2.0

I57

I58

I58

I58

I58

159

I60

I61

I61

I62

I63

I64

I65

I65

I66

I67

I68

I69

I70

I71
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Table1.(Continued)
Reaction A_Factora E/R_t.(AE/R)k(298K)a f_298)bNotes

CH2SH+NO--_products

CH2SH+NO2_ products

CH3SO+03 -4products

CH3SO+NO2-4 CH3SO2+NO

CH3SOO+03 --_products

CH3SOO+NO_ products

CH3SCH2+02M CH3SCH202

CH3SCH2+NO3-4products

CH3SCH202+ NO-4
CH3SCH20+ NO2

CH3SS+03_ products

CH3SS+NO2_ products

CH3SSO+NO2-4products

Metal ReaCtion_

Na + 02 M NaO2

Na + 03 -4 NaO + 02

-4 NaO2 + O

Na + N20 _ NaO + N 2

Na + C12 -4 NaCI + CI

NaO+O -4Na+O2

NaO + 02 M NaO3

NaO + 03 --+ NaO 2 + 02

Na + 202

NaO + H 2 -4 NaOH + H

NaO + H20 -4 NaOH + OH

NaO + NO -4 Na + NO 2

I.ixl0-11 0-&100

(See Table 2)

(See Table 2)

1.0x 10 -9 95+50

2.8x I 0-10 1600+400

7.3x!0-10 0-2_200

3.7xi0-10 0-2_400

(See Table 2)

1. I x 10 -9 570+300

6.0x 10-11 0-&800

2.6x I 0- I I 0-2_600

2.2x I 0- I 0 0-Z-_400

1.5xl0-10 0-2_400

1.9x10 -II 2.0 I72

5.2x10 -I1 2.0 I73

6.0x10-13 1.5 I74

1.2x10-11 1.4 I75

<8.0x 10-13 176

l.lxl0-11 2.0 176

2.0 t77

3.0 x 10- 10 2.0 I78

1.9 x I 0" 1I 2.0 I79

4.6xi0-13 2.0 I80

1.8x10-11 2.0 I81

4.5x10-12 2.0 I81

7.3xl0-10 1.2 J 1

<4.0x10-11 J I

1.3xl0-12 1.2 J 2

7.3x 10-10 1.3 J 3

3.7xl0-10 3.0 J 4

1.6x10-10 1.5 J 5

6.0x10-11 3.0 J 5

2.6xl0-11 2.0 J 6

2.2x10-10 2.0 J 7

1.5x10-10 4.0 J 8
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Reaction
Table1.(Continued)

A_Factora E/R_(AE/R) k(298K)a f(298)b Notes

NaO+ CO 2 M NaCO3

NaO + HCI ---¢products

NaO2 + O---> NaO + 02

NaO2 + NO---¢ NaO + NO 2

NaO2 + HCI---> products

NaOH + HCI --->NaCI + H20

NaOH + CO 2 M NaHCO3

(See Table 2)

2.8x10 -10

2.2x10-1 !

2.3x!0 -10

2.8xl0 -10

(See Table 2)

0£-_400 2.8x10-10 3.0 J 9

0-&_600 2.2x10-11 5.0 Jl0

- <10-14 Jll

0-&_400 2.3x10-10 3.0 J12

0-&400 2.8x10-10 3.0 J13

Shaded areas indicate changes or additions since JPL 94-26.

Units are cm3/molecule-s.

f(298) is the uncertainty factor at 298 K. To calculate the uncertainty at other temperatures, use the
expression:

f'T'=f(z98'exPI _ ( _---T -_ ')1

Note that the exponent is absolute value.
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AI.

A2.

A3.

A4.

A5.

A6.

A7.

Notes to Table 1

O + 0 3. The recommended rate expression is from Wine et al. [1260] and is a linear least squares fit of all
data (unweighted) from Davis et al. [313], McCrumb and Kaufman [772], West et al. [ 12391, Arnold and
Comes [29], and Wine et al. [1260].

O(ID) Reactions. The rate constants are for the disappearance of O(ID), which includes physical quenching or
deactivation. Where information is available, product yields are given. The rate constant recommendations are
based on averages of the absolute rate constant measurements reported by Streit et al. [1088], Davidson et al.

[306] and Davidson et al. [305] for N20, H20, CH4, H2, N2, 02, 03, CCI4, CFCI3, CF2CI2, NH3, and
CO2; by Amimoto et al. [17], Amimoto et al. [16], and Force and Wiesenfeld [392, 393] for N20, H20,

CH4, N2, H2, 02, 03, CO2, CCI4, CFCI3, CF2CI2, and CF4; by Wine and Ravishankara [1261-1263] for

N20, H20, N2, H2, 03, CO2 and CF20; by Brock and Watson (private communication, 1980) for N2, 02

and CO2; by Lee and Slanger [677, 678] for H20 and 02; by Gericke and Comes [414] for H20; and by Shi

and Barker [1020] for N2 and CO2, and Talukdar and Ravishankara [1120] for H2. The weight of the evidence
from these studies indicates that the results of Heidner and Husain [475], Heidner et al. [476] and Fletcher and

Husain [386, 387] contain a systematic error. For the critical atmospheric reactants, such as N20, H20, and
CH4, the recommended absolute rate constants are in good agreement with the previous relative measurements

when compared with N 2 as the reference reactant. A similar comparison with 02 as the reference reactant

gives somewhat poorer agreement.

O(ID) + 02. The deactivation of O(ID) by 0 2 leads to the production of o2(lY_) with an efficiency of

80+_20%: Noxon [873], Biedenkapp and Bair [I 12], Snelling [1061], and Lee and Slanger [677]. The O2(1 y_)

is produced in the v=0, !, and 2 vibrational levels in the amounts 60%, 40%, and <3%, Gauthier and Snelling
[411] and Lee and Slanger [677].

O(1D) + 03. The branching result for reaction of O(ID) with 03 to give 02 + 02 or 02 + O + O is from

Davenport et al. [300]. This is supported by measurements of Amimoto et al. [ 17] who reported that on

average one ground state O is produced per O(ID) reaction with 03. It seems unlikely that this could result

from 100% quenching of the O(ID) by 03.

O(1D) + H 2. Wine and Ravishankara [1262] have determined the yield of O(3p) is <4.9%. The major

products are H + OH. Koppe et al. [628] report a 2.7 times larger rate coefficient at a kinetic energy of
0.12eV. This does not agree with the observations of Davidson et al. [306], who reported that k is independent

of temperature (200-350K) and Matsumi et al. [767] who report no change in k when hot O( I D) is moderated
with Ar.

O(ID) + H20. Measurements of the O2 + H2 product yield weremadebyZellneretal. [1301] (1 +0.5or

-1)% and by Glinski and Birks [428] (0.6 +0.7 or -0.6)%. That the yield of O(3p) from O(ID) + H20 is

reported to be <(4.9-!:3.2)% by Wine and Ravishankara [I 722] and (2+1)% by Takahashi et al. [I 109].

O(1D) + N20. The branching ratio for the reaction of O(1D) with N20 to give N 2 + 0 2 or NO + NO is an

average of the values reported by Davidson et al. [303]; Volltrauer et al. [1185]; Marx et al. [765] and Lain et
al. [654], with a spread in R=k(NO + NO)/k(Total) = 0.52 - 0.62. Cantrell et al. [185] reported a measurement
of R=0.57 and an analysis of all measurements from 1957-1994 leads them to recommend a value of
R=0.6 li-0.06, where the uncertainty indicates their 95% confidence interval. The recommended branching ratio
agrees well with earlier measurements of the quantum yield from N20 photolysis (Calvert and Pitts [177]).

The O(ID) translational energy and temperature dependence effects are not clearly resolved. Wine and

Ravishankara [ 1262] have determined that the yield of O(3p) from O( 1D) + N20 is <4.0%. The uncertainty

for this reaction includes factors for both the overall rate coefficient and the branching ratio. A direct

measurement by Greenblatt and Ravishankara [437] of the NO yield from the O(! D) + N20 reaction in the

presence of airlike mixtures agrees very well with the value predicted using the recommended O(ID) rate

constants for N2, 02, and N20 and the O(1D) + N20 product branching ratio. These authors suggest that

their results support the recommendations and reduce the uncertainty in the collected rate parameters by over a
factor of two.

39



A8.

A9.

AIO.

All.

AI2.

AI3.

A14.

A15.

AI6.

O(ID) + NH 3. Sanders et al. [991] have detected the products NH(alA) and OH formed in the reaction. They

report that the yield of NH(a IA) is in the range 3-15% of the amount of OH detected.

O(ID) + CH4. The reaction products are (a) CH3 + OH, (b) CH30 or CH2OH + H and (c) CH20 + H2. Lin

and DeMore [718] analyzed the final products of N20/CH4 photolysis mixtures and concluded that (a)

accounted for about 90% and that CH20 and H2 (c) accounted for about 9%. Addison et al. [8] reported an OH

yield of 80%. Casavecchia et al. [ 189] used a molecular beam experiment to observe H and CH30 (or

CH2OH) products. They reported that the yield of H2 was <25% of the yield of H from (b). Satyapal et al.

[996] observed the production of H atoms in a pulsed laser experiment and reported a yield of H of (25+8)%.

Matsumi et al. [767] measured the yields of H and O(3p) in low pressure gas mixtures and reported the yield

of H was (15_-!:3)% and the yield of O(3p) was <5%. Wine and Ravishankara [1262] reported that the yield of

O(3p) was <4.3%. Takahashi et al. [1109] reported that the O(3p) yield is <1%. We recommend the

following branching ratios: (a) (75+15)%, (b) (20-2_7)%, (c) (5+_5)%.

O(ID) + HCI. The recommendation is the average of measurements by Davidson et al. [306] and Wine et al.

[1270]. Product studies by the latter indicate: O(3p) + HCI (9-1-5)%; H + CIO (24+5)%; and OH + C!

(67+10)%. Takahashi et al. [1109] report the O(3p) yield is (15+4)%.

O(ID) + HF. Rate coefficient and product yield measured by Wine et al. (1984, private communication). The

O(3p) yield is less than 4%.

O(ID) + HBr. Rate coefficient and products measured by Wine et al. [12701. Product yields: HBr + O(3p)

(205:7)%, H + BrO <4.5%, and OH + Br (80-2_12)%.

O(ID) + CI2. Rate coefficient and O(3p) product were measured by Wine et al. [1258], who reported C12 +

O(3p) (25+10)%. Takahashi et al. [1109] reported that the CIO yield is (74+15)%, in excellent agreement.

An indirect study by Freudenstein and Biedenkapp [396] is in reasonable agreement on the yield of CIO.

O(ID) + COCI 2, COCIF and COF 2. For the reactions of O(ID) with COC! 2 and COCIF the recommended

rate constants are derived from data of Fletcher and Husain [388]. For consistency, the recommended values
for these rate constants were derived using a scaling factor (0.5) which corrects for the difference between rate

constants from the Husain laboratory and the recommendations for other O( 1D) rate constants in this table.

The recommendation for COF2 is from the data of Wine and Ravishankara [1263]. Their result is preferred

over the value of Fletcher and Husain [388] because it appears to follow the pattern of decreased reactivity
with increased fluorine substitution observed for other halocarbons. These reactions have been studied only at

298 K. Based on consideration of similar O(ID) reactions, it is assumed that E/R equals zero, and therefore

the value shown for the A-factor has been set equal to k(298 K).

O( I D) + halocarbons. The halocarbon rate constants are for the total disappearance of O(! D) and probably
include physical quenching. Products of the reactive channels may include CX30 + X, CX20 + X2 (or 2X),

and CX 3 + XO, where X = H, F, CI, or Br in various combinations. Bromine, chlorine and hydrogen are

more easily displaced than fluorine from halocarbons. Some values have been reported for the fractions of the

total rate of disappearance of O(1 D) proceeding througfi physical quenching and reactive channels. For CCI4:

quenching -- (14:L-6)% and reaction = (86_+6)% (Force and Wiesenfeld [393]), CIO yield = (90-2_19)% (Takahashi
et al. [ 1109 ]; for CFC13: quenching = (25+ 10)%, CIO formation = (60-&_15)% (Donovan, private

communication, 1980), CIO yield = (88+18)% (Takahashi et al.); for CF2CI2: quenching = (14+7)% and

reaction -- (86-&14)% (Force and Wiesenfeld [393]), quenching = (20-!: 10)%, CIO formation = (55+ 15)%
(Donovan), quenching =(19+._5)% and CIO formation =(87+18%) (Takahashi et al.)

O(ID) + CH3Br. The recommendation is based on data from Thompson and Ravishankara [I 127]. They

report that the yield of O(3p) from physical quenching is 0-2:7%.
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A17.

AI8.

AI9.

A20.

A21.

A22.

A23.

A24.

A25.

A26.

A27.

O(1 D) + CH2Br2. The recommendation is based on data from Thompson and Ravishankara [1127]. They

report that the yield of O(3p) from physical quenching is (5+7)%.

O(ID) + CHBr 3. The recommendation is based on data from Thompson and Ravishankara [I 127]. The rate

coefficient is somewhat large compared to analogous compounds. They report that the yield of O(3p) from
physical quenching is (32.-!:8)%.

O(ID) + CH3F (HFC-41). The recommendation is the average of measurements of Force and Wiesenfeld

[393] and Schmoltner et al. [1005]. The O(3p) product yield was reported to be (25+3)% by Force and
Wiesenfeld, (11+5)% by Schmoltner et al., and (19+5)% by Takahashi et al. [1109]. Burks and Lin [163]
reported observing vibrationally excited HF as a product. Park and Wiesenfeld [895] observed OH.

O(1D) + CH2F 2 (HFC-32). The recommendation is based upon the measurement of Schmoltner et al.

[1005], who reported that the yield of O(3p) is (70-&_l1)%. Green and Wayne [435] measured the loss of

CH2F2 relative to the loss of N20. Their value when combined with our recommendation for O(ID) + N20

yields a rate coefficient for reactive loss of CH2F 2 that is about three times the result of Schmoltner et al.

Burks and Lin [163] reported observing vibrationally excited HF as a product.

O( 1D) + CHF 3 (HFC-23). The recommendation is the average of measurements of Force and Wiesenfeld

[393] and Schmoltner et al. [1005]. The O(3p) product yield was reported to be (77+15)% by Force and

Wiesenfeld and (102+3)% by Schmoltner et al. Although physical quenching is the dominant process,
detectable yields of vibrationally excited HF have been reported by Burks and Lin [163] and Aker et al. [ 14],
which indicate the formation of HF + CF20 products.

O(ID) + CHC12F (HCFC-21). The recommendation is based upon the measurement by Davidson et al.

[305] of the total rate coefficient (physical quenching and reaction). Takahashi et al. [I 109] report the yield of
CIO is (74+15)%.

O(1D) + CHC1F 2 (HCFC-22). The recommendation is based upon the measurements by Davidson et al.

[305] and Warren et al. [1222] of the total rate coefficient. A measurement of the rate of reaction (halocarbon
removal) relative to the rate of reaction with N20 by Green and Wayne [435] agrees very well with this value

when the O(ID) + N20 recommendation is used to obtain an absolute value. A relative measurement by

Atkinson et al. [39] gives a rate coefficient about a factor of two higher. Addison et al. [8] reported the
following product yields: CIO (55+10)%, CF2 (45+10)%, O(3p) (28 +10 or -15)%, and OH 5%, where the

O(3p) comes from a branch yielding CF2 and HCI. Warren et al. [1222] also report a yield of O(3p) of

(28_+6)%, which they interpret as the product of physical quenching.

O(ID) + CCIF 3 (CFC-13). The recommendation is based on the measurement by Ravishankara et a1.[951]

who report (31+!0)% physical quenching. Takahashi et al. [I 109] report the yields of O(3p) (16+5)% and
CIO (85+18)%.

O(1D) + CCIBrF2 (Halon 1211). The recommendation is based on data from Thompson and Ravishankara

[I 127]. They report that the yield of O(3p) from physical quenching is (36+4)%.

O(ID) + CBr2F 2 (Halon 1202). The recommendation is based on data from Thompson and Ravishankara

[1127]. They report that the yield of O(3p) from physical quenching is (54+6)%.

O(ID) + CBrF3 (Halon 1301). The recommendation is based on data from Thompson and Ravishankara

[1127]. They report that the yield of O(3p) from physical quenching is (59-2-_8)%. Lorenzen-Schmidt et al.
[728] measured the Halon removal rate relative to the N20 removal rate and report that the rate coefficient for

the Halon destruction path is (4.0-Z-0.4)x 10-I I which is in excellent agreement with Thompson and
Ravishankara.
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A28.

A29.

A30.

A31.

A32.

A33.

A34.

A35.

A36.

A37.

A38.

A39.

A40.

A4i.

O(ID) +CF4(CFC-14).TherecommendationisbaseduponthemeasurementbyRavishankaraetal.[951],
whoreport(99+8)%physicalquenching.ForceandWiesenfeld[393]measuredaquenchingratecoefficient
about10timeslarger.ShiandBarker[1020]reportanupperlimitthatisconsistentwiththe
recommendation.Thesmallratecoefficientforthisreactionmakesit vulnerabletointerferencefromreactant
impurities.Forthisreasontherecommendationshouldprobablybeconsideredanupperlimit.

O(ID)+CH3CH2F(HFC161).TherecommendationisbasedondatafromSchmoltneretal.[1005].They
reportthattheyieldofO(3p)fromphysicalquenchingis(18+5)%.

O(1D)+CH3CHF2 (HFC-i52a).TherecommendationisbasedonthemeasurementsofWarrenetal.
112221,whoreport(54+7)%physicalquenching.

O(iD)+CH3CCI2F(HCFC-14lb). TherecommendationisbaseduponthemeasurementofWarrenetal.
[ 12221,whoreport(31+5)%physicalquenching.

O(ID)+CH3CCIF2 (HCFC-142b).TherecommendationisbaseduponthemeasurementofWarrenetal.
[1222],whoreport(26+_5)%physicalquenching.ThisagreesverywellwithGreenandWayne[4351,who
measuredthelossofCH3CF2C!relativetothelossofN20,whentherecommendationforN20isused.

O(ID)+CH3CF3(HFC-143a).TherecommendationisbasedupontherelativeratemeasurementofGreen
andWayne[435],whomeasuredthelossofCH3CF3relativetothelossofN20.Therecommendationfor
N20isusedtoobtainthevaluegiven.It isassumedthatthereisnophysicalquenching,althoughthe
reportedphysicalquenchingbyCH2FCF3andCH3CHF2suggestssomequenchingispossible.

O(ID)+CH2CICCIF2(HCFC-132b).The recommendation is based upon the relative rate measurement of

Green and Wayne [435], who measured the loss of CH2CICF2CI relative to the loss of N20. The

recommendation for N20 is used to obtain the value given. It is assumed that there is no physical quenching.

O(1D) + CH2CICF3 (HCFC-133a). The recommendation is based upon the measurement of Warren et al.

[ 1222], who report (20-J:5)% physical quenching. This agrees with Green and Wayne [435] who measured the
loss of CH2CICF 3 relative to the loss of N20, when the recommendation for N20 is used.

O(1 D) + CH2FCF3 (HFC- 134a). The recommendation is based on the measurement of Warren et al. [ 1222]

who report (94+6/-I)% physical quenching. The predominance of physical quenching is surprising,

considering the presence of C-H bonds, which are usually reactive toward O(ID).

O(1D) + CHC12CF 3 (HCFC-123). The recommendation is based upon measurements by Warren et al.

[1222]. The relative rate measurement of Green and Wayne [435], who measured the loss of CHCI2CF3

relative to the loss of N20, agrees well with the recommendation when the recommendation tor N20 is used.

Warren et al. report (21+8)% physical quenching.

O(1 D) + CHCIFCF 3 (HCFC- 124). The recommendation is based upon the measurement of Warren et al.

[ 1222], who report (31+10)% physical quenching.

O(ID) + CHF2CF 3 (HFC-125). The recommendation is based upon the measurement of Warren et al.

[12221, who report (85+15/-22)% physical quenching. Green and Wayne [435] measured the loss of
CHF2CF3 relative to the loss of N20 and report a loss corresponding to about 40% of the recommended rate

coeflicient. This reaction is much faster than one would predict by analogy to similar compounds, such as
CH2FCF 3.

O(ID) + CCI3CF3 (CFC-113a). The recommendation is an estimate based on analogy to similar

compounds.

O(ID) + CCI2FCCIF 2 (CFC-113). The recommendation is an estimate based on analogy to similar

compounds.
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A42.

A43.

A44.

A45.

A46.

A47.

A48.

A49.

A50.

A51.

A52.

A53.

A54.

A55.

O(ID) + CCI2FCF 3 (CFC-114a). The recommendation is an estimate based on analogy to similar

compounds.

O(ID) + CC1F2CCIF 2 (CFC-114). The recommendation is based on the measurement by Ravishankara et

al. [951], who report (25-1-9)% physical quenching.

O(1 D) + CCIF2CF 3 (CFC-I 15). The recommendation is based on the measurement by Ravishankara et

a1.[951], who report (70i-_7)% physical quenching.

O(1D) + CBrF2CBrF 2 (Halon 2402). The recommendation is based on data from Thompson and

Ravishankara [ I 127]. They report that the yield of O(3p) from physical quenching is (25+7)%. Lorenzen-
Schmidt et al. [728] measured the Halon removal rate relative to the N20 removal rate and report that the rate

coefficient for the Halon destruction path is (8.8+1.2)x 10-I 1, in fair agreement with the result of Thompson
and Ravishankara.

O(ID) + C2F6 (CFC-116). The recommendation is based on a measurement by Ravishankara et al. [951],

who report (85-t-15)% physical quenching. The small rate coefficient for this reaction makes it vulnerable to
interference from reactant impurities. For this reason the recommendation should probably be considered an
upper limit.

O(ID) + CHF2CF2CF2CHF 2 (HFC 338 pcc). The recommendation is based on data from Schmoltner et

al. [1005]. They report that the yield of O(3p) from physical quenching is (97-1-9)%.

O(1 D) + c-C4F 8. The recommendation for perfluorocyclobutane is based upon the measurement by

Ravishankara et al. [951 ], who report (100+0/-15)% physical quenching. The small rate coefficient for this
reaction makes it vulnerable to interference from reactant impurities. For this reason the recommendation
should probably be considered an upper limit.

O(ID) + CF3CHFCHFCF2CF3 (HFC 43-10 mee). The recommendation is based on data from Schmoltner

et al. [1005]. The rate coefficients for this compound and CHF2CF 3 do not follow the reactivity trend of

other HFCs. Schmoltner et al. report that the yield of O(3p) from physical quenching is (91+4)%.

O(1D) + C5F12 (CFC 41-12). The recommendation is based on data from Ravishankara et al. [951]. They

report that the yield of O(3p) from physical quenching is (79+12)%.

O(ID) + C6FI4 (CFC 51-14). The recommendation is based on data from Ravishankara et al. [951]. They

report that the yield of O(3p) from physical quenching is (75+9)%.

O(ID) + 1,2-(CF3)2c-C4F6. The recommendation is based on data from Ravishankara et al. [951]. They

report that the yield of O(3p) from physical quenching is (84+16)%.

O(1 D) + SF6. The recommendation is based upon measurements by Ravishankara et al. [951] who report

(32+10)% physical quenching. The small rate coefficient for this reaction makes it vulnerable to interference
from reactant impurities. For this reason the recommendation should probably be considered an upper limit.

O2(IA) + O. The recommendation is based on the upper limit reported by Clark and Wayne [219].

O2(1A) + 02. The recommendation is the average of eight room temperature measurements: Steer et al.

[1073], Findlay and Snelling [379], Borrell et al. [131], Leiss et al. [682], Tachibana and Phelps [1103],
Billington and Borrell [118], Raja et al. [942], and Wildt et al. [1251]. The temperature dependence is derived
from the data of Findlay and Snelling and Billington and Borreil. Several other less direct measurements of
the rate coefficient agree with the recommendation, including Clark and Wayne [218], Findlay et al. [378], and
McLaren et al. [774]. Wildt et al. [ 1252] report observations of weak emissions in the near IR due to
collision-induced radiation. Wildt et al. [ 1253] give rate coefficients for this process.
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A56.

A57.

A58.

A59.

A60.

A61.

A62.

A63.

A64.

O2(IA) + 0 3. The recommendation is the average of the room temperature measurements of Clark et al.

[217], Findlay and Snelling [380], Becker et al. [92], and Collins et al. [256]. Several less direct
measurements agree well with the recommendation (McNeal and Cook [775], Wayne and Pitts [1235], and
Arnold and Comes [30]). The temperature dependence is from Findlay and Snelling and Becker et al., who
agree very well, although both covered a relatively small temperature range. An earlier study by Clark et al.
covered a much larger range, and found a much smaller temperature coefficient. The reason for this
discrepancy is not clear. The yield of O + 202 products appears to be close to unity, based on many studies

of the quantum yield of 0 3 destruction near the peak of the Hartley band. For example, measurements of the

number of 0 3 molecules destroyed per photon absorbed: Von Ellenrieder et al. [ 1186], Ravishankara et al.
[957], Lissi and Heicklen [722], and references cited therein and measurements of 03 loss and O atom

temporal profiles in pulsed experiments Klais et al. [614] and Arnold and Comes [30]. Anderson et al. [261

report that the rate coefficient for atom exchange between O2(IA) and 03 is < 5x10-16 at 300K.

O2(IA) + H20. The recommendation is the average of the measurements reported by Becker et al. [91] and

Findlay and Snelling [379]. An earlier study by Clark and Wayne [218] reported a value about three times

larger.

O2(IA) + N. The recommendation is an upper limit based upon the measurement reported by Westenberg et

al. [1246], who used ESR to detect O2(X3Y. and a lA), O(3p) and N(4S) with a discharge flow reactor. They

used an excess of O2(1 A) and measured the decay of N and the appearance of O at 195 and 300 K. They

observed that the reaction of N with O2(IA) is somewhat slower than its reaction with O2(3Y_). The

recommended rate constant value for the latter provides the basis for the recommendation. Clark and Wayne

[219, 220] and Schmidt and Schiff [ 1002] reported observations of an O2(IA) reaction with N that is about 30

times faster than the recommended limit. Schmidt and Schiff attribute the observed loss of 02(IA) in excess

N to a rapid energy exchange with some constituent in discharged nitrogen, other than N.

02(IA) + N2. The recommendation is based upon the measurements by Findlay et al. [378] and Becker et al.

[91]. Other studies obtained higher values for an upper limit: Clark and Wayne [218] and Steer et al. [1073].

O2(IA) + CO2. The recommendation is based on the measurements reported by Findtay and Snelling [379]

and Leiss et al. [682]. Upper limit rate coefficients reported by Becker et al. [91 ], McLaren et al. [774], and
Singh et al. [ 1039] are consistent with the recommendation.

O2(IY_) + O. The recommendation is based on the measurement reported by Slanger and Black [1053].

O2(1_) + 02. The recommendation is the average of values reported by Martin et al. [763], Lawton et al.

[664], and Lawton and Phelps [665], who are in excellent agreement. Measurements by Thomas and Thrush
[1126], Chatha et al. [202], and Knickelbein et al. [620] are in reasonable agreement with the

recommendation. Knickelbein et al. report an approximate unit yield of O2(IA) product.

o2(lY.) + 0 3. The recommendation is based upon the room temperature measurements of Gilpin et al. [422],

Slanger and Black [1053], Choo and Leu [215], and Shi and Barker [1020]. Measurements by Shelling
[1061], Amimoto and Wiesenfeld [18], Ogren et al. [875], and Turnipseed et al. [1163] are in very good
agreement with the recommendation. The temperature dependence is derived from the results of Choo and

Leu. The yield of O + 202 products is reported to be. (70!-_20)% by Slanger and Black and Amimoto and
Wiesenfeld.

02( 1_) + H20. The recommendation is the average of room temperature measurements reported by Stuhl and

Niki [1092], Filseth et al. [377], Wildt et al. [I 251], and Shi and Barker [10201. These data cover a range of
about a factor of two. Measurements reported by O'Brien and Myers [874], Derwent and Thrush [334], and
Thomas and Thrush [I 126] are in good agreement with the recommendation. Wildt et al. [1251] report that

the yield of O2(IA) > 90%.

A65. O2(1_) + N. The recommendation is based on the limit reported by Slanger and Black [1053].
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A66.

A67.

BI.

B2.

B3.

B4.

B5.

o2(iY_)+N2. Therecommendationistheaverageof measurements reported by Izod and Wayne [546], Stuhl

and Welge [1095], Filseth et al. [377], Martin et al. [763], Kohse-H6inghaus and Stuhl [625], Choo and Leu
[215], Wildt et al. [1251 ], and Shi and Barker [ 1020]. Less direct measurements reported by Noxon [873],
Myers and O'Brien [821], and Chatha et al. [202] are consistent with the recommendation. Kohse-HSinghaus
and Stuhl observed no significant temperature dependence over the range 203-349 K.

O2(1_) +CO2. The recommendation is the average of measurements reported by Filseth et al. [377],

Davidson et al. [304], Avil6s et al. [49], Muller and Houston [818], Choo and Leu [215], Wildt et al. [1251],
and Shi and Barker [1020] at room temperature. The temperature dependence is from the work of Choo and

Leu. Muller and Houston and Singh and Setser [1040] give evidence that O2(IA) is a product. Wildt et al.

report that the yield of O2(I A) > 90%.

O + OH. The rate constant for O + OH is a fit to three temperature dependence studies: Westenberg et al.
[1245], Lewis and Watson [703], and Howard and Smith [514]. This recommendation is consistent with
earlier work near room temperature as reviewed by Lewis and Watson [703] and with the measurements of
Brune et al. [148]. The ratio k(O + HO2)/k(O + OH) measured by Keyser [600] agrees with the rate constants
recommended here.

O + HO2. The recommendation for the O + HO2 reaction rate constant is the average of five studies at room
temperature (Keyser [599], Sridharan et al. [I 064], Ravishankara et al. [957], Brune et al. [148] and Nicovich
and Wine [848]) fitted to the temperature dependence given by Keyser [599] and Nicovich and Wine [848].

Earlier studies by Hack et al. [449] and Burrows et al. [164, 167] are not considered, because the OH + H20 2
reaction was important in these studies and the value used for its rate constant in their analyses has been

shown to be in error. Data from Lii et al. [713] are not used, because they are based on only four experiments
and involve a curve fitting procedure that appears to be insensitive to the desired rate constant. Data from
Ravishankara et al. [957] at 298 K show no dependence on pressure between 10 and 500 tort N2. The ratio

k(O + HO2)/k(O + OH) measured by Keyser [600] agrees with the rate constants recommended here.

Sridharan et al. [1062] showed that the reaction products correspond to abstraction of an oxygen atom from

HO2 by the O reactant. Keyser et al. [604] reported <1% 02 (bl_) yield.

O + H20 2. There are two direct studies of the O + H20 2 reaction: Davis et al. [314] and Wine et al. [1260].

The recommended value is a fit to the combined data. Wine et al. suggest that the earlier measurements may
be too high because of secondary chemistry. The A-factor for both data sets is quite low compared to similar
atom-molecule reactions. An indirect measurement of the E/R by Roscoe [972] is consistent with the
recommendation.

H + 03. The recommendation is an average of the results of Lee et al. [670] and Keyser [595], which are in

excellent agreement over the 200-400 K range. An earlier study by Ciyne and Monkhouse [238] is in very
good agreement on the T dependence in the range 300-560 K but lies about 60% below the recommended
values. Although we have no reason not to believe the Clyne and Monkhouse values, we prefer the two
studies that are in excellent agreement, especially since they were carried out over the T range of interest.
Results by Finlayson-Pitts and Kleindienst [384] agree well with the present recommendations. Reports of a
channel forming HO2 + O (Finlayson-Pitts and Kleindienst [384]: -25%, and Force and Wiesenfeld [392]:

-40%) have been contradicted by other studies (Howard and Finlayson-Pitts [513]: <3%; Washida et al.
[1225]: <6%; Finlayson-Pitts et al. [385]: <2%; and Dodonov et al. [348]: <0.3%). Secondary chemistry is
believed to be responsible for the observed O-atoms in this system. Washida et al. [1226] measured a low
limit (<0.1%) for the production of singlet molecular oxygen in the reaction H + 03.

H + HO 2. There are five studies of this reaction: Hack et al. [453], Hack et al. [451], Thrush and Wilkinson

[I 133], Sridharan et al. [ 1064] and Keyser [602]. Related early work and combustion studies are referenced in

the Sridharan et al. paper. All five studies used discharge flow systems. 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 HO2 reactant. The recommendation is based on the data of Sridharan et al. and

Keyser because their measurements were the most direct and required the fewest corrections. The other

measurements, (5.0-1_-1.3) x I0 -I I cm 3 molecule-I s-I by Thrush and Wilkinson [I 133] and (4.65+1)x 10 -11

by Hack et al. [451 ] are in reasonable agreement with the recommended value. Three of the studies reported
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B6.

B7.

B8.

B9.

BIO.

BII.

the product channels: (a) 2OH, (b) H20 + O, and (c) H2 + 02. Hack et al. [453] ka/k = 0.69, kb/k = 0.{}2,
and kc/k = 0.29; Sridharan et al. [1064] ka/k = 0.87_+0.04, kb/k = 0.02_+0.02, kc/k = 0.09+.045; and Keyser

[602] ka/k = 0.90-L-0.04, kb/k = 0.02_+0.02, and kc/k = 0.08_+0.04. Hislop and Wayne [491], Keyser et al.

[604], and Michelangeli et al. [801] reported on the yield of 02 (bl_) formed in channel (c) as (2.8+1.3) x

10 -4, <8 x 10 -3, and <2.1 x 10 -2 respectively of the total reactions. Keyser found the rate coefficient and

product yields to be independent of temperature for 245 < T < 300 K.

OH + 03. The recommendation for the OH + 0 3 rate constant is based on the room temperature

measurements of Kurylo [636] and Zahniser and Howard [1292] and the temperature dependence studies of
Anderson and Kaufman [23], Ravishankara et al. [955] and Smith et al. [ 1056]. Kurylo's value was adjusted
by -8% to correct for an error in the ozone concentration measurement (Hampson and Garvin 1460]). The
Anderson and Kaufman rate constants were normalized to k = 6.2 x 10-14 cm 3 molecule -1 s-I at 295 K as

suggested by Chang and Kaufman [1981.

OH + H2. The OH + H2 reaction has been the subject of numerous studies (see Ravishankara et al. 1949] tbr

a review of experimental and theoretical work). The recommendation is fixed to the average of nine studies at
298 K: Greiner [439], Stuhl and Niki [ 1094], Westenberg and de Haas [ 1242], Smith and Zellner [ 1058],
Atkinson et al. [41], Overend et al. [890], Tully and Ravishankara [I 153], Zellner and Steinert [ 1300], and
Ravishankara et al. [949]. Results reported by Talukdar et al. [1116] are in excellect agreement.

OH + HD. The recommendation is based on direct measurements made by Talukdar et al. [ 11161 using pulsed
photolysis-laser induced fluorescence over the temperature range 248-418K. The recommendation is in
excellent agreement with the ratio k(OH + H2)/k(OH + HD) = 1.65_+0.05 at 298K reported by Ehhalt et al.
[363] when combined with the recommended k(OH + H2).

OH + OH. The recommendation for the OH + OH reaction is the average of six measurements near 298 K:
Westenberg and de Haas [1243], McKenzie et al. [773], Clyne and Down [227], Trainor and von Rosenberg
[ 1140], Farquharson and Smith [371 l, and Wagner and Zellner [ I 188}. The rate constants for these studies all

fall between (1.4 and 2.3) x 10-12 cm 3 molecule- 1 s- I. The temperature dependence is from Wagner and

Zeliner, who reported rate constants for the range T = 250-580 K.

OH + HO2. A study by Keyser [603] appears to resolve a discrepancy between low-pressure discharge flow

experiments that all gave rate coefficients near 7 x 10-I 1 cm 3 molecule-I s-1 : Keyser [598], Thrush and

Wilkinson [1132], Sridharan et al. [1063, 1065], Temps and Wagner [1123], and Rozenshtein et al. [976], and

atmospheric pressure studies that gave rate coefficients near 11 x I0" 11 : Lii et al. [712], Hochanadel et al.
[4981, DeMore [323], Cox et al. [2681, Burrows et al. [1661, and Kurylo et al. [6441. Laboratory

measurements using a discharge flow experiment and a chemical model analysis of the results by Keyser [603]
demonstrate that the previous discharge flow measurements were probably subject to interference from small
amounts of O and H. In the presence of excess HO2 these atoms generate OH and result in a rate coefficient
measurement that falls below the true value. The temperature dependence is from Keyser [603], who covered

the range 254 to 382 K. A flow tube study by Schwab et al. [1009] reported k = (8.0 +3/-4) x 10-I I, in
agreement with the recommendation. These workers measured the concentrations of HO2, OH, O, and H and

used a computer model of the relevant reactions to test for interference. A flow tube study by Dransfeld and

Wagner [355] employing an isotope labelled 18OH reactant obtained k = (I 1+2) x 10-I I in good agreement

with the recommendation. They attributed about half of the reactive events to isotope scrambling because

control experiments with 16 OH gave k = 6 x 10-I I It should be noted that their control experiments were

subject to the errors described by Keyser [603] due to the presence of small amounts of H and O, whereas their

18OH measurements were not. Kurylo et al. [644] found no evidence of significant scrambling in isotope
studies of the OH and HO2 reaction. An additional careful study of the reaction temperature dependence would

be useful. Hippler and Troe [489] have analysed data for this reaction at temperatures up to 1250K.

OH + H202. The recommendation is a fit to the temperature dependence studies of Keyser [596], Sridharan et

al. [1066], Wine et al. [12651, Kurylo et al. [648], and Vaghjiani et al. [I 174]. The data from these studies
have been revised to account for the H20 2 UV absorption cross section recommendations in this evaluation.

The first two references contain a discussion of some possible reasons for the discrepancies with earlier work
and an assessment of the impact of the new value on other kinetic studies. All of these measurements agree
quite well and overlap one another. Measurements by Lamb et al. [655] agree at room temperature but
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B12.

BI3.

indicateaquitedifferenttemperaturedependencewithkincreasingslightlywithdecreasingtemperature.Their
datawerenotincorporatedinthefit. A measurementatroomtemperaturebyMarinelliandJohnston[757]
agreeswellwiththerecommendation.HipplerandTroe[489]haveanalyseddatator this reaction at
temperatures up to 1250K.

HO2 + 03. There are four studies of this reaction using flow tube reactors: Zahniser and Howard [ 1292] at

245 to 365 K, Manzanares et al. [747] at 298 K, Sinha et al. [1049] at 243 to 413 K, and Wang et al. [1220]
at 233 to 400 K. The data of Sinha et al. were given somewhat greater weight in the evaluation because this
study did not employ an OH radical scavenger. The other studies fall close to the recommendation. All of the

temperature dependence studies show some curvature in the Arrhenius plot with the E/R decreasing at lower
temperature. The recommendation incorporates only data at temperatures less than 300 K; it is not valid for T
> 300 K and is uncertain at T < 230 K, where there are no data. Zahniser and Nelson (private
communication, 1991) observe curvature in the Arrhenius plot at low temperatures. High-quality low
temperature data are needed for this reaction. Early studies using the HO2 + HO2 reaction as a reference

(Simonaitis and Heicklen [1033]; DeMore and Tschuikow-Roux [332]) give results that fall below the
recommendation by factors of about 2 and 1.5, respectively. The more recent study by DeMore [32 !] agrees

with the recommendation. The mechanism of the reaction has been studied using 180 labelled HO 2 by Sinha

et al. [1049], who reported that the reaction occurs 75+10% via H atom transfer at 297K and by Nelson and
Zahniser [828], who reported branching ratios lor H transfer vs O transfer over the range 226-355K. They
report that the H atom transfer decreases from 94+5% at 226+1 I K to 88+5% at 355+8K.

HO2 + HO2. Two separate expressions are given for the rate constant for the HO 2 + HO2 reaction. The
effective rate constant is given by the sum of these two equations. This reaction has been shown to have a

pressure-independent bimolecular component and a pressure-dependent termolecular component. Both
components have negative temperature coefficients. The bimolecular expression is obtained from data of Cox
and Burrows [267], Thrush and Tyndall [ 1129, 1130], Kircher and Sander [607], Takacs and Howard [ 1107,
1108], Sander [982] and Kurylo et al. [650]. Data of Rozenshtein et al. [976] are consistent with the low
pressure recommendation, but they report no change in k with pressure up to I atm. Results of Thrush and
Wilkinson [I 1311 and Dobis and Benson [346] are inconsistent with the recommendation. The termolecular

expression is obtained from data of Sander et al. [9861, Simonaitis and Heicklen [ 1037], and Kurylo et al.
[650] at room temperature and Kircher and Sander [607] for the temperature dependence. This equation applies
to M = air. On this reaction system there is general agreement among investigators on the following aspects
of the reaction at high pressure (P ~1 atm): (a) the HO 2 UV absorption cross section: Paukert and Johnston

[902], Cox and Burrows [267], Hochanadel et al. [498], Sander et al. [986], Kurylo et al. [652], and Crowley
et al. [288]; (b) the rate constant at 300K: Paukert and Johnston [902], Hamilton and Lii [458], Cox and
Burrows [267], Lii et al. [711], Tsuchiya and Nakamura [1145], Sander et al. [986], Simonaitis and Heicklen

[1037], Kurylo et al. [650], Andersson et al. [27], and Crowley et al. [288] (all values fall in the range (2.5 to

4.7) x 10-12 cm 3 molecule-I s-l); (c) the rate constant temperature dependence: Cox and Burrows [267], Lii
et al. [7111, and Kircher and Sander [607]; (d) the rate constant water vapor dependence: Hamilton [457],
Hochanadel et al. [497], Hamilton and Lii [458[, Cox and Burrows [267], DeMore [321], Lii et al. [714],
Sander et al. [986], and Andersson et al. [27]; (e) the H/D isotope effect: Hamilton and Lii [458] and Sander
et al. [986]; and (f) the formation H20 2 + 02 as the major products at 300 K: Suet al. [1098], Niki et al.

[865], Sander et al. [986], and Simonaitis and Heicklen [ 1037]. Sahetchian et al. [980, 981 ] give evidence for
the formation of a small amount of H2 (- 10%) at temperatures near 500 K, but Baldwin et al. [55] and Ingold

[541] give evidence that the yield must be much less. Glinski and Birks [428] report an upper limit of !% H2

yield at a total pressure of about 50 torr and 298 K, but their experiment may have interference from wall
reactions. A smaller limit to H2 production (0.01%) was later determined in the same laboratory (Stephens et
al. [1077]). For systems containing water vapor, the multiplicative factor given by Lii et al. [714] and

Kircher and Sander [607] can be used: I + 1.4 x 10 -21 [H20] exp(2200/T). Lightfoot et al. [709] reported

atmospheric pressure measurements over the temperature range 298-777 K that are in agreement with the
recommended value at room temperature but indicate an upward curvature in the Arrhenius plot at elevated
temperature. A high temperature study by Hippler et al. [490] confirms the strong curvature.

Ci. O + NO 2. k(298 K) is based on the results of Davis et al. [309], Slanger et al. [1054], Bemand et al. [105],

Ongstad and Birks [880] and Geers-Muller and Stuhl [412]. 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)
value.
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C2.

C3.

C4.

C5.

C6.

C7.

C8.

C9.

O+NO3. BasedonthestudyofGrahamandJohnston[433]at298K and329K. Whilelimitedin
temperaturerange,thedataindicatenotemperaturedependence.Furthermore,byanalogywiththereactionof
OwithNO2,it isassumedthatthisrateconstantisindependentoftemperature.Clearly,temperature-
dependencestudiesareneeded.

O+N205. BasedonKaiserandJapar[582].

O+HNO3. TheupperlimitreportedbyChapmanandWayne[200]isaccepted.

O+HO2NO2. TherecommendedvalueisbasedonthestudyofChangetal.[199].Thelargeuncertaintyin
E/Randk at298K areduetothefactthattherecommendationisbasedonasinglestudy.

H+NO2. Therecommendedvalueofk298isderivedfromthestudiesofWagneretal.[I 190],Bemandand
Clyne[1031,ClyneandMonkhouse[2381,Michaeletal.[796]andKoandFontijn[624].Thetemperature
dependenceisfromthestudiesofWagneretal.andKoandFontijn.ThedatafromWategaonkarandSetser
[1229]andAgrawallaetal.[13]werenotconsidered.

OH+NO3. TherecommendationisderivedfromanaverageoftheresultsofBoodaghiansetal.1128],
Melloukietal.[782],Beckeretal.[88]andMelloukietal.[785].Therearenotemperaturedependencedata.
ThereactionproductsareprobablyHO2+NO2.

OH+HONO.TherecommendedrateexpressionisderivedfromtheworkofJenkinandCox[557],which
supersedestheearlierroomtemperaturestudyofCoxetal.[275].RecentresultsfromtheRavishankara
group[161]suggestthatthereactionmayhaveasmallnegativetemperaturedependence.

OH+ HNO3. Theintensivestudyofthisreactionoverthepastfewyearshassignificantlyreducedmanyof
theapparentdiscrepanciesamong(a)theearlystudiesyieldingalow,temperature-independentrateconstant
(SmithandZellner[1059]andMargitanetal.[751]);(b)morerecentwork(mostlyflashphotolysis)witha
k(298)approximately40%larger,andastrongnegativeTdependencebelowroomtemperature(Wineetal.
[1264];Kuryloetal.[642];MargitanandWatson[752];MarinelliandJohnston[757];Ravishankaraetal.
[9461;Jourdainetal.[579];C.A.Smithetal.[1056];Jollyetal.[573](298K);Stachniketal.[1068]);and
(c)recentdischargelowstudiesyieldingthelowervaluefork(298K)butshowingsubstantialnegativeT
dependence(Devolderetal.[335];ConnetlandHoward[260]).Majorfeaturesofthedataare(1)astrong
negativeTdependencebelowroomtemperature,(2)amuchweakertemperaturedependenceaboveroom
temperature,possiblylevelingoffaround500K,and(3)small,measurablepressuredependencewhich
becomesgreateratlowtemperature.ThepressuredependencehasbeendeterminedbyMargitanandWatson
[7521overtheranges20-100torrand225-298K andbyStachniketal.[1068]atpressuresof 10,60,and730
torrat298K. Thetwostudiesareinexcellentagreement.Their"lowpressurelimit"agreeswellwiththe
averagek(298K)= 1.0x 10-13cm3molec-1s-I derivedfromthefourlowpressuredischargeflow studies.

The value measured for pressures typical of the other flash photolysis studies (20-50 torr) also agrees well.
The two pressure-dependence studies indicate that the high pressure limit is approximately 50% greater than
the low pressure limit at 298 K, and about a factor of 2 greater at 240 K. Thus, over the narrow pressure
ranges explored in most flash photolysis studies, the P dependence can be represented by combining a low

pressure (bimolecular) limit, ko, with a Lindemann-Hinshelwood expression for the P dependence:

'k = 7.2x10 -15 exp(785/T)
k3 [M] with k,_= 4.1x10 -16 exp(144(]/T)

k(M'T)=k° "_ k3[M] k3= 1.9x10 -33 exp(725/T)
1+_

k2

The coefficients k3 and k2 are the termolecular and high pressure limits for the "association" channel. The

value of k at high pressures is the sum ko + k2. The weak pressure dependence and weak T dependence above

300 K explain many of the apparent discrepancies for all the data (including the 1975 studies), except tbr a few
minor features which are probably due to the normally encountered experimental scatter. The Smith and
Zellner flash photolysis values are low compared to other flash systems (closer to the flow studies), although
the difference is not unusual (-30%). Conversely, the Jourdain et al. flow study is high relative to the other

ones. The Connell and Howard T dependence (below 300 K) is significantly weaker than the other studies.
The failure of Smith et al. to observe a pressure effect between 50 and 760 torr, even at 240 K, is in sharp
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CIO.

Cil.

C!2.

C13.

CI4.

C15.

conflictwiththeeffectseenbyStachniketal.overthesamerangeinamuchmoredetailedstudy.Jollyetal.
alsocouldnotdetectapressuredependencebetweenI torr(M= HNO3)and600torr(M= SF6)at298K.
Nelsonetal.[833],Jourdainetal.andRavishankaraetal.haveallshownthatwithinexperimentalerrorthe
yieldofNO3(perOHremoved)isunityat298K,withsimilarresultsat250K (Ravishankaraetal.).

OH+HO2NO2. Therecommendationforbothk at298K andtheArrheniusexpressionisbaseduponthe
dataofTrevoretal.[1141],Barnesetal.[61],C.A.Smithetal.[1056]andBarnesetal. [63].Trevoretal.
studiedthisreactionoverthetemperaturerange246-324Kandreportedatemperatureinvariantvalueof4.0x
10-12cm3molecule-1s-I althoughaweightedleastsquaresfit totheirdatayieldsanArrheniusexpression
withanE/Rvalueof(193+193)K. Incontrast,Smithetal.studiedthereactionoverthetemperaturerange
240-300K andobservedanegativetemperaturedependencewithanE/Rvalueof-(650-L-_30)K. Theearly
Barnesetal.study[61]wascarriedoutonlyatroomtemperatureand1torrtotalpressurewhiletheirmost
recentstudywasperformedinthepressurerange1-300torrN2andtemperaturerange268-295K withnorate
constantvariationbeingobserved.Inaddition,k298derivedinBarnesetal.[61]wasrevisedupwardinthe
laterstudyfrom4.1x 10-12to5.0x 10-12duetoachangeintherateconstantforthereferencereaction.The
valuesof kat298Kfromthefourstudiesareinexcellentagreement.Anunweightedleastsquaresfit tothe
datafromtheabove-mentionedstudiesyieldstherecommendedArrheniusexpression.Thelessprecisevalue
fork at298K reportedbyLittlejohnandJohnston[723]isinfairagreementwiththerecommendedvalue.
TheerrorlimitsontherecommendedE/RaresufficienttoencompasstheresultsofbothTrew_retal.and
Smithetal. It shouldbenotedthatthevaluesofkat220K deducedfromthetwostudiesdifferbyafactorof
2. Clearly,additionalstudiesofk asafunctionoftemperatureandtheidentificationofthereactionproducts
areneeded.

OH+NH3. Therecommendedvalueat298K istheaverageofthevaluesreportedbyStuhl[1090],Smith
andZellner[1059],Perryetal.[909],SilverandKolb[1024],Stephens[1076]andDiauetal.I338].The
valuesreportedbyPagsbergetal.[891]andCoxetal.[274]werenotconsideredbecausethesestudies
involvedtheanalysisofacomplexmechanismandtheresultsarewelloutsidetheerrorlimitsimpliedbythe
abovesixdirectstudies.TheresultsofKurylo[636]andHacketal.[447]werenotconsideredbecauseof
theirlargediscrepancieswiththeotherdirectstudies(factorsof3.9and1.6atroomtemperature,respectively).
BecausetheArrheniusplotdisplaysconsiderablecurvature,thetemperaturedependenceisbasedonlyonthe
databelow300K, i.e.,thestudiesofSmithandZellner[1059]andDiauetal.[338],andtheA-factorhas
beenselectedtofit therecommendedroomtemperaturevalue.

HO2+NO.TherecommendationforHO2+NOisbasedontheaverageofeightmeasurementsoftherate
constantatroomtemperatureandbelow:HowardandEvenson[512],Leu[689],Howard[509],Glaschick-
Schimpfetal.[423],Hacketal.[450],ThrushandWilkinson[1132]andJemi-AladeThrush[554],and
Seeleyetai.[1012].All oftheseareinquitegoodagreement.TheresultsofImamuraandWashida[540]
werenotconsideredduetotherelativelylargeuncertaintylimitsreportedinthisstudy.Anearlierstudy,
Burrowsetal.[164]hasbeendisregardedbecauseofanerrorinthereferencerateconstant,k(OH+H202).
TheroomtemperaturestudyofRozenshteinetal.[976]hasalsobeendisregardedduetoaninadequate
treatmentofpossiblesecondaryreactions.TherecommendedArrheniusparametersareobtainedfromafit to
allthedata.Therecommendedvalueofk(298)isobtainedfromtheArrheniusline.

HO2+ NO2. Tyndalletal.[I 165]obtainedanupperlimittotheratecoefficientof 5x10-16cm3
molecule-1s-I basedonstaticphotolysisexperimentswithFTIRanalysisat296K and760TorrofN2.

HO2+NO3. Therecommendationfork298isbasedonaweightedaverageofthedataofHalletal.[455],
Melloukietal.[782],Beckeretal.[88]andMelloukietal.[785].There are insufficient data on which to base

the temperature dependence of the rate coefficient. The measured branching ratios tbr the OH + NO 2 + 0 2

channel range from 0.57 to 1.0. The most direct measurement is derived from the study of Mellouki et al.

[785], which obtained a value of 1.0 +0-0/_0. 3 at 298 K.

HO 2 + NH 2. There is a fairly good agreement on the value of k at 298 K between the direct study of

Kurasawa and Lesclaux [634] and the relative studies of Cheskis and Sarkisov [212] and Pagsberg et al. [891].
The recommended value is the average of the values reported in these three studies. The identity of the
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C17.

CI8.

CI9.

C20.

C21.

C22.

C23.

productsisnotknown;however,KurasawaandLesclauxsuggestthatthemostprobablereactionchannels
giveeitherNH3+02orHNO+H20asproducts.

N+02. Therecommendedexpressionisderivedfromaleastsquaresfit tothedataofKistiakowskyand
Volpi[6101,Wilson[1254],Beckeretal.[90],Westenbergetal.[1246],ClarkandWayne[220],Winkleret
al.[1273]andBarnettetal.[71]. k(298K)isderivedfromtheArrheniusexpressionandisinexcellent
agreementwiththeaverageofalloftheroomtemperaturedeterminations.

N+ 03. TherecommendationisbasedontheresultsofBarnettetal.[71]. Thevalueof(1.0_+0.2)x I0-16
cm3molecule-I s-1reportedbyBarnettetal.shouldprobablybeconsideredanupperlimitratherthana
determination.ThelowvaluesreportedbyBarnettetal.,Stiefetal.[1086]andGarvinandBroida14101cast
doubtonthemuchfasterratesreportedbyPhillipsandSchiff[914],andChenandTaylor[2081.

N+NO.Therecommendedtemperaturedependenceisbasedonthedischargeflow-resonancefluorescence
studiesofWennbergandAnderson[1238],andthedischargeflow-resonancefluorescenceandflashphotolysis-
resonancefluorescencestudiesofLeeetal.[671].Thereisrelativelypooragreementbetweenthesestudiesand
theresultsofClyneandMcDermid[235],KistiakowskyandVolpi[61I], Herron[482],PhillipsandSchiff
[914],Linetal.[716],Ishikawaetal.[543],Sugawaraetal.[1099],CheahandClyne12031,Husainand
Slater[530],ClyneandOno[242],BrunningandClyne[149]andJeoungetal.[568].

N+ NO2. Therecommendationfork298isfromthedischargeflow-resonancefluorescencestudyof
WennbergandAnderson[1238].ThelatterstudyhadsignificantlybettersensitivityforN(4S)thanthe
dischargeflow-resonancefluorescencestudyofClyneandOno[242],whichobtainedavalueaboutfourtimes
smaller.TheresultsofHusainandSlater[530]andClyneandMcDermid[235]arenotconsidered.The
temperaturedependenceisobtainedfromthestudyofWennbergandAnderson.Inthelatterstudy,atomic
oxygenwasshowntobetheprincipalreactionproduct,inagreementwithClyne and McDermid. A recent

study by Iwata et al. [544] suggested an upper limit of 3.3 x 10-13 cm 3 molecule -1 s-I for the corresponding

reaction involving N(2D) and N(2p) atoms (sum of all reaction channels).

NO + 0 3. The recommended Arrhenius expression is a least squares fit to the data reported by Birks et al.

11201, Lippmann et al. [7211, Ray and Watson [963], Michael et al. [790] and Borders and Birks 11301 at and
below room temperature, with the data at closely spaced temperatures reported in Lippmann et al. and Borders
and Birks being grouped together so that these five studies are weighted equally. This expression fits all the
data within the temperature range 195-304 K reported in these five studies to within 20%. Only the data
between 195 and 304 K were used to derive the recommended Arrhenius expression, due to the observed non-
linear Arrhenius behavior (Clyne et al. [244], Clough and Thrush [223], Birks et al., Michael et al. and
Borders and Birks). Clough and Thrush, Birks et al., Schurath et al. [1008], and Michael et al. have all
reported individual Arrhenius parameters for each of the two primary reaction channels. The range of values
for k at stratospheric temperatures is somewhat larger than would be expected for such an easy reaction to

study. The measurements of Stedman and Niki [ 1071 ] and Bemand et al. [ 105] at 298 K are in excellent
agreement with the recommended value of k at 298 K.

NO + NO 3. The recommendation is based on the studies of Hammer et al. 14591, Sander and Kircher [985]

and Tyndall et al. [1166], which are in excellent agreement.

NO 2 + 0 3. The recommended expression is derived from a least squares fit to the data of Davis et al. [312],
Graham and Johnston [432], Huie and Herron [524], and Cox and Coker [269]. The data of Verhees and
Adema [I 177] and Stedman and Niki [I 071] were not considered because of systematic discrepancies with the
other studies.

NO 2 + NO 3. The existence of the reaction channel forming NO + NO 2 + 0 2 has not been firmly

established. However, studies of N20 5 thermal decomposition that monitor NO 2 (Daniels and Johnston

[298]; Johnston and Tao [571]; Cantrell et al. [183]) and NO (Hjorth et al. [492], and Cantrell et al. [ 1861_

require reaction(s) that decompose NO 3 into NO = 0 2. The rate constant from the first three studies is

obtained from the product kKeq, where Keq is the equilibrium constant for NO 2 + NO 3 = N20 5, while for the
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C24.

C25.

C26.

C27.

C28.

lattertwostudiestherateconstantisobtainedfromtheratiok/k(NO+ NO3),wherek(NO+NO3)istherate
constantforthereactionNO+NO3---)2NO2. UsingKeqandk(NO+NO3)fromthisevaluation,therate
expressionthatbestfitsthedatafromallfivestudiesis4.5x 10-14exp(-1260/T)cm3molecule-1s-I with
anoveralluncertaintyfactorof2.

NO3+NO3. . Therecommendationtork(298)isfromthestudiesof Graham and Johnston [433] and Biggs

et al. [ 116]. The temperature dependence is from Graham and Johnston.

NH 2 + 0 2. This reaction has several product channels which are energetically possible, including NO + H20

and HNO + OH. With the exception of the studies of Hack et al. [446] and Jayanty et al. [552] and several

studies at high temperature, there is no evidence tbr a reaction. The following upper limits have been

measured (cm 3 molecule -1 s-I): 3 x 10-18 (Lesclaux and Demissy [684]), 8 x 10-15 (Pagsberg et al. [891]),

!.5 x 10 -17 (Cheskis and Sarkisov [2121), 3 x 10 -18 (Lozovsky et al. [735]), 1 x 10 -17 (Patrick and Golden

[901]) and 7.7 x 10 -18 (Michael et al. [792]) and 6 x 10 -21 (Tyndall et al. [i 167]). The recommendation is

based on the study of Tyndall et al., which was sensitive to reaction paths leading to the products NO, NO 2

and N20. The reaction forming NH20 2 cannot be ruled out, but is apparently not important in the

atmosphere.

NH 2 + 0 3. There is poor agreement among the recent studies of Cheskis et al. [211], k(298) = 1.5 x 10 -13

cm 3 s-1, Patrick and Golden [901], k(298) = 3.25 x 10 -13 cm 3 s--l, Hack et al. [445], 1.84 x 10 -13 cm 3

s-l, Bulatov et al. [154], 1.2 x 10-13 cm 3 s-I, and Kurasawa and Lesclaux [635], 0.63 x 10-13 cm 3 s-1. The

very low value of Kurasawa and Lesclaux may be due to regeneration of NH 2 from secondary reactions (see

Patrick and Golden), and it is disregarded here. The discharge flow value of Hack et al. is nearly a factor of
two less than the recent Patrick and Golden flash photolysis value. The large discrepancy between Bulatov et
al. and Patrick and Golden eludes explanation. The recommendation is the k(298) average of these four
studies, and E/R is an average of Patrick and Golden (I 151 K) with Hack et al. (710 K).

NH 2 + NO. The recommended value for k at 298 K is the average of the values reported by Lesclaux et al.

[686], Hancock et al. [461], Sarkisov et al. [995], Stief et al. [1084], Andresen et al. [281 Whyte and Phillips
[1247], Dreier and Wolfrum [357], Atakan et al. 1331, Wolf et al. [12741, Diau et al. [336] and Imamura and
Washida [540]. The results of Gordon et al. [429], Gehring et al. [413], Hack et al. [4521 and Silver and Kolb
[1025] were not considered because they lie at least 2 standard deviations from the average of the previous

group. The results tend to separate into two groups. The flash photolysis results average 1.8 x 10 -11 cm 3

molecule -1 s-1 (except for the pulse radiolysis study of Gordon et al.), while those obtained using the

discharge flow technique average 0.9 x 10-11 cm 3 molecule-1 s-I. The apparent discrepancy cannot be due

simply 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 1or k. Whyte and Phillips have suggested that the
difference may be due to decomposition of the adduct NH2NO, which occurs on the timescale of the flow

experiments, but not the flash experiments. There have been many studies of the temperature dependence but
most have investigated the regime of interest to combustion and only two have gone below room temperature
(Hack et al. from 209-505 K and Stief et al. from 216-480 K. Each study reported k to decrease with
increasing temperature The recommended temperature dependence is taken from a fit of to the Stief et al. data
at room temperature and below. The reaction proceeds along a complex potential energy surface, which
results in product branching ratios that are strongly dependent on temperature. Ab initio calculations by
Walch [1193] show the existence of four saddle points in the potential surface leading to N 2 + H20 without a
reaction barrier. Elimination to tbrm OH + HN 2 can occur at any point along the surface. While results from

early studies on the branching ratio for OH formation different significantly, the most recent studies (Hall et
al., Dolson [350], Silver and Kolb [1028], Atakan et al., Stephens et al. [1075], Park and Lin [8961) agree on
a value around 0.1 at 300 K, with N2+H20 making up the balance.

NH 2 + NO 2. There have been four studies of this reaction (Hack et al. [452]; Kurasawa and Lesclaux [633];

Whyte and Phillips [1247]; and Xiang et al. [1282]). There is very poor agreement among these studies both

for k at 298 K (factor of 2.3) and for the temperature dependence of k (T -3"0 and T- 1.3). The recommended

values of k at 298 K and the temperature dependence of k are averages of the results reported in these lour
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C29.

C30.

C31.

C32.

C33.

C34.

DI.

D2.

D3.

studies.Hacketal.haveshownthatthepredominantreactionchannel(>95%)producesN20+ H20.Justas
fortheNH2+NOreaction,thedataforthisreactionseemtoindicateafactoroftwodiscrepancybetween
flowandflashtechniques,althoughthedatabaseismuchsmaller.

NH+NO.TherecommendationisderivedfromtheroomtemperatureresultsofHansenetal.[464],Coxet
al.[264]andHarrisonetal.[466].ThetemperaturedependenceisfromHarrisonetal.

NH+NO2. Therecommendationisderivedfromthetemperature-dependencestudyofHarrisonetal.[466].

03+ HNO2. BasedonKaiserandJapar[581]andStreitetal.[1089].

N205+H20.Therecommendedvalueat298KisbasedonthestudiesofTuazonetal.[I 148],Atkinsonet
al.[471andHjorthetal.[4931.Sverdrupetal.[1101]obtainedanupperlimitthatisafactoroffoursmaller
thanthatobtainedintheotherstudies,butthehigherupperlimitisrecommendedbecauseofthedifficultyof
distinguishingbetweenhomogeneousandheterogeneousprocessesintheexperiment.SeeTable59for
heterogeneousratedataforthisreaction.

N2(A,v)+02. . Rateconstantsfortheoverallreactionforthev=0,I and2vibrationallevelsofN2(A)have
beenmadebyDreyeretal.[358],Zipf[1312],Piperetal.[915],IannuzziandKaufman[538],Thomasand
Kaufman[I 125]andDeSousaetal.[318].Theresultsofthesestudiesareinrelativelygoodagreement.The
recommendedvaluesare(2.55.-0.4),(4.0-,L-0.6)and(4.5_+0.6)(xl0-12cm3molecule-1s-l),fromtheworkof
DeSousaetal.TheonlytemperaturedependencedataarefromDeSousaetal.,whoobtained
k(T,v)=k(v,298K)(T/300)0"55forv=0,1,2.TheobservationofhighN20productioninitiallyreportedbyZipf
[13121hasnotbeenreproducedbyothergroups,andthebranchingratioforthischannelisprobablylessthan
0.02(Iannuzzietal.[537],Blacketal.[I23],DeSousaetal.[318],FraserandPiper[3941).Thebranching
ratios|ortheotherchannelsarepoorlyestablished,althoughthereisstrongevidencefortheformationofboth
O(3p)andO2(B3_u-).

N2(A,v)+ 03. . TheonlystudyisthatofBohmerandHack[127],whoobtained298Krateconstantsof
4.1+1.0,4.1+!.2,8.02:2.3,and10-1_-3.0(xl0-11cm3molecule-Is-I) forthev=0-3vibrationallevelsof
N2(A),respectively.ThisstudydeterminedthattheNOchannelaccountsforabout20%ofthereaction
products.

O+CH3.Therecommendedk(298K)istheweightedaverageofthreemeasurementsbyWashidaandBayes
[1227],Washida[1224],andPlumbandRyan[9201.TheE/RvalueisbasedontheresultsofWashidaand
Bayes[1227],whofoundktobeindependentoftemperaturebetween259and341K.

O+ HCN. Becauseit isaveryslowreaction,therearenostudiesofthisreactionbelow450K. Daviesand
Thrush[3071studiedthisreactionbetween469and574KwhilePerryandMelius[9111studiedit between
540and900K. ResultsofPerryandMeliusareinagreementwiththoseofDaviesandThrush.Our
recommendationisbasedonthesetwostudies.Thehigher-temperature(T>I000K) combustion-related
studies[Rothetal.[973],Szekelyetal.[1102],andLougeandHanson[729]]havenotbeenconsidered.
Thisreactionhastworeactionpathways:O+HCN--_H+NCO,AH=-2kcal/mol(ka);andO+ HCN
CO+ NH(kb),AH=-36kcal/mol.Thebranchingratioka/kbforthesetwochannelshasbeenmeasuredto
be-2 at T = 860 K. The branching ratio at lower temperatures, which is likely to vary significantly with

temperature, is unknown.

O + C2H2. The value at 298 K is an average of ten measurements [Arrington et al. [31], Sullivan and

Warneck [ 1100], Brown and Thrush [ 146], Hoyermann et al. [515, 516], Westenberg and deHaas [ 1240],
James and Glass [549], Stuhl and Niki [1093], Westenberg and deHaas [I 244], and Aleksandrov et al. [I 5]].
There is reasonably good agreement among these studies. Arrington et al. [31 ] did not observe a temperature
dependence, an observation that was later shown to be erroneous by Westenberg and deHaas [ 1240].
Westenberg and deHaas [1240], Hoyermann et al. [516] and Aleksandrov et al. [15] are the only authors, who
have measured the temperature dependence below 500 K. Westenberg and deHaas observed a curved Arrhenius
plot at temperatures higher than 450 K. In the range 194-450 K, Arrhenius behavior provides an adequate
description and the E/R obtained by a fit of the data from these three groups in this temperature range is
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recommended.TheA-factorwascalculatedtoreproducek(298K).Thisreactioncanhavetwosetsof
products,i.e.,C2HO+HorCH2+ CO.UndermolecularbeamconditionsC2HOhasbeenshowntobethe
majorproduct.ThestudybyAleksandrovetal.usingadischargeflow-resonancefluorescencemethod(under
undefinedpressureconditions)indicatesthattheC2HO+Hchannelcontributesnomorethan7%tothenet
reactionat298K,whileasimilarstudybyVinckieretal.[1183]suggeststhatbothCH2andC2HOare
formed.

O+H2CO.TherecommendedvaluesforA,E/Randk(298K)aretheaveragesofthosedeterminedby
Klemm[616](250to498K) usingflashphotolysis-resonancefluorescence,byKlemmetal.[617](298to
748K)usingdischargeflow-resonancefluorescence,andChangandBarker[ 195](296to436K)using
dischargeflow-massspectrometrytechniques.All threestudiesareingoodagreement.Thek(298K)valueis
alsoconsistentwiththeresultsofNikietal.[861],HerronandPenzhorn[484],andMackandThrush[737].
AlthoughthemechanismforO+H2COhasbeenconsideredtobetheabstractionreactionyieldingOH+
HCO,Chang and Barker suggest that an additional channel yielding H + HCO2 may be occurring to the

extent of 30% of the total reaction. This conclusion is based on an observation of CO2 as a product of the
reaction under conditions where reactions such as O + HCO _ H + CO2 and O + HCO _ OH + CO

apparently do not occur. This interesting suggestion needs independent confirmation.

O + CH3CHO. The recommended k(298 K) is the average of three measurements by Cadle and Powers

[173], Mack and Thrush [738], and Singleton et al. [1043], which are in good agreement. Cadle and Powers
and Singleton et al. studied this reaction as a function of temperature between 298 and 475 K and obtained
very similar Arrhenius parameters. The recommended E/R value was obtained by considering both sets of
data. This reaction is known to proceed via H-atom abstraction [Mack and Thrush [738], Avery and
Cvetanovic [48], and Singleton et al. [1043]].

03 + C2H2. The database for this reaction is not well established. Room temperature measurements (Cadle

and Schadt [174]; DeMote [319]; DeMote [320]; Stedman and Niki [I 070]; Pate et al. [899]; and Atkinson and
Aschmann [34]) disagree by as much as an order of magnitude. It is probable that secondary reactions
involving destruction of ozone by radical products resulted in erroneously high values for the rate constants in
several of the previous measurements. The present recommendation for k(298 K) is based on the room

temperature value of Atkinson and Aschmann [34], which is the lowest value obtained and therefore perhaps

the most accurate. The temperature dependence is estimated, based on an assumed A-factor of 1.0 x 10-14

cm 3 s-1 similar to that for the 03 + C2H4 reaction and corresponding to the expected 5-membered ring

structure for the transition state (DeMore [319, 320]). Further studies, particularly of the temperature
dependence, are needed. Major products in the gas phase reaction are CO, CO2, and HCOOH, and chemically-

activated formic anhydride has been proposed as an intermediate of the reaction (DeMore [320], and DeMore
and Lin [330]). The anhydride intermediates in several alkyne ozonations have been isolated in low
temperature solvent experiments (DeMore and Lin [330]).

03 + C2H4. The rate constant of this reaction is well established over a large temperature range, 178 to
360 K. Our recommendation is based on the data of DeMore ]319], Stedman et al. [1072], Herron and Huie

[483], Japar et al. [550, 551], Toby et al. [I 135], Suet al. [1097], Adeniji et al. [9], Kan et al. [587],
Atkinson et al. [36], and Bahta et al. [52].

03 + C3H6. The rate constant of this reaction is well established over the temperature range 185 to 360 K.

The present recommendation is based largely on the data of Herron and Huie [483], in the temperature range
235-362 K. (Note that a typographical error in Table 2 of that paper improperly lists the lowest temperature
as 250 K, rather than the correct value, 235 K.) The recommended Arrhenius expression agrees within 25%
with the low temperature (185-195 K) data of DeMore [319], and is consistent with, but slightly lower (about
40%) than the data of Adeniji et al. [9] in the temperature range 260-294 K. Room temperature measurements
of Cox and Penkett [281], Stedman et al. [1072], Japar et al. [550, 551], and Atkinson et al. [36] are in good
agreement (10% or better) with the recommendation.

OH + CO. The recommendation allows for an increase in k with pressure. The zero pressure value was
derived by averaging direct low pressure determinations [those listed in Baulch et al. [86] and the values
reported by Dreier and Wolfrum [356], Husain et al. [528], Ravishankara and Thompson [952],
Paraskevopoulos and Irwin [893], Hofzumahaus and Stuhl [499]. The results of Jonah et al. [574] are too
high and were not included. An increase in k with pressure has been observed by a large number of
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DII.

DI2.

investigators[OverendandParaskevopoulos [8891, Perry et al. [910], Chan et al. [ 194], Biermann et al. [I 141,
Cox et al. [275], Butler et al. [172], Paraskevopoulos and Irwin [892, 893], DeMore [324], Hofzumahaus and
Stuhl [499], Hynes et al. [535]. In addition, Niki et al. [869] have measured k relative to OH + C2H4 in one

atmosphere of air by following CO2 production using FFIR. The recommended 298 K value was obtained by

using a weighted nonlinear least squares analysis of all pressure-dependent data in N 2 [Paraskevopoulos and

Irwin [893], DeMore [324], Hofzumahaus and Stuhl [499], and Hynes et al. [5351] as well as those in air
[Niki et al. [870], Hynes et al. [535], to the form k = (A+BP)/(C+DP), where P is pressure in atmospheres.
The data were best fit with D = 0 and therefore a linear form is recommended. Previous controversy regarding

the effect of small amounts of 0 2 (Biermann et al. [114]) has been resolved and is attributed to secondary

reactions [DeMote [324], Hofzumahaus and Stuhl [499]]. The results of Butler et al. [ 172] have to be re-
evaluated in the light of refinements in the rate coefficient for the OH + H202 reaction. The corrected rate

coefficient is in approximate agreement with the recommended value. Currently, there are no indications to
suggest that the presence of 02 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 298 K by
Hynes et al. [535]. Further substantiation of the temperature independence of k at I atm. may be worthwhile.
Beno et al. [106] observe an enhancement of k with water vapor, which is in conflict with the flash

photolysis studies; e.g., Ravishankara and Thompson [952], Paraskevopoulos and Irwin ]893], and Hynes et
al. [535]. The uncertainty factor is for 1 atm. of air.

The bimolecular channel yields H + CO2 while the addition leads to HOCO. In the presence of 02, the

HOCO intermediate is convened to HO2 + CO2 (DeMore [324], Miyoshi et al. [803]). Miyoshi et al. report

a rate constant for the reaction of HOCO with 02 of -1.5 x 10 -12 cm 3 molecule "1 s-1 at 298 K). Therefore,

lor atmospheric purposes, the products can be taken to be HO2 and CO2.

OH + CH4. This reaction has been extensively studied. The most recent data are from Vaghjiani and
Ravishankara [! 173], Saunders et al. [9971, Finlayson-Pitts et al. [383], Dunlop and Tully [3601,
Mellouki et al. [788], and Gierczak et al. [419], who measured the absolute rate coefficients for this reaction

using discharge flow and pulsed photolysis techniques. Sharkey and Smith [1019] have reported a high
value (7.7 x 10-15 cm 3 molecule -I s -l) for k(298 K), and this value has not been considered here. The

current recommendation for k(298) was derived from the results of Vaghjiani and Ravishankara, Dunlop and
Tully, Saunders et al., Mellouki et al., Finlayson-Pitts et al., and Gierczak et al. The temperature dependence
of this rate coefficient has been measured by Vaghjiani and Ravishankara (223-420 K), Dunlop and Tully

(above 298 K), Finlayson-Pitts et al. (278-378 K), and Mellouki et al. (233-343 K). Gierczak et al have
extended the measurements of k to 195 K, and it appears that the rate coefficient does not strictly tollow an

Arrhenius expression. The recommended E/R was obtained from these results using data below 300 K. A
more accurate representation of the rate constant as a function of temperature is obtained by using the three-

parameter expression: k = 2.80x10-14 T0.667 exp(-1575/T). This three-parameter fit may be prefer,ed for

lower stratosphere and upper troposphere calculations.

OH + 13CH 4 . This reaction has been studied relative to the OH + CH4 reaction, since the ratio of the rate

coefficients is the quantity needed for quantifying methane sources. Rust and Stevens [977], Davidson et al.
[302], and Cantrell et al. [187] have measured k12/k13 at 298 K to be 1.003, 1.010, and 1.0055,

respectively. Cantrell et al.'s data supersede the results of Davidson et al. The recommended value of 1.005 +
0.002 is based on the results of Rust and Stevens and Cantrell et al. Cantrell et al. find k12/k13 to be

independent of temperature between 273 and 353 K.

OH + CH3 D. The rate coefficient for this reaction has been measured between 249 and 422 K using a pulsed

laser photolysis-laser induced fluorescence system by Gierczak et al. [418]. The recommended values of k
(298) and E/R are from this study. The recommendation agrees within about 10% at 298 K with the rate
constant measured by DeMore [328] in a relative rate study over the temperature range 298 - 360 K. The
difference, while small in an absolute sense, is nevertheless significant for the isotopic fractionation of
atmospheric CH3 D and CH4 by OH. An earlier result of Gordon and Mulac at 416 K [430] is in good

agreement with the extrapolated data of both of these determinations. However, that measurement has not been
explicitly included in this recommendation because the experiments were carried out at higher temperatures and
theretbre are less applicable to the atmosphere. The rate coefficients for the reactions of OH with other
deuterated methanes have also been measured. (Dunlop and Tully [360], Gierczak et al. [I i 16], Gordon and
Mulac [4301).
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OH+H2CO.Thevaluefork(298K) istheaverageofthosedeterminedbyAtkinsonandPitts[44],Stiefet
al.[1085],TempsandWagner[I 124],andZabarnicketal.[1286].ThevaluereportedbyMorrisandNiki
[814]agreeswithinthestateduncertainty.Therearetworelativevaluesthatarenotinagreementwiththe
recommendations.ThevalueofNikietal.[863]relativetoOH+C2H4ishigher,whilethevalueofSmith
[1060]relativetoOH+OHislower.Thelatterdataarealsoatvariancewiththenegligibletemperature
dependenceobservedin thetwoflashphotolysisstudies.ThecombineddatasetsuggestsE/R=0. The
abstractionreactionshowninthetableisthemajorchannel[TempsandWagner[I 124],Nikietal.[869]];
otherchannelsmaycontributetoasmallextent(Horowitzetal.[507]).

OH+CH3OH.Therecommendedvaluefork(298K)istheaverageofsevendirectstudies[Overendand
Paraskevopoulos[888],RavishankaraandDavis[944],Hageleetal.[454],Meieretal.[776],Greenhilland
O'Grady[438],WallingtonandKurylo[121I], andHessandTully[486]].Indirectmeasurementsby
Campbelletal.[178],Barnesetal.[62],Tuazonetal.[I 149]andKlopfferetal.[619]areingoodagreement
withtherecommendedvalue.Thetemperaturedependenceofk hasbeenmeasuredbyHageleetal.,Meieret
al.,GreenhillandO'Grady,WallingtonandKurylo,andHessandTully.TherecommendedvalueofE/Rwas
calculatedusingtheresultsobtainedinthetemperaturerangeof240to400KbyGreenhillandO'Grady[438]
andWallingtonandKurylo[1211], theonlyinvestigatorswhohavemeasuredk below298K. Hessand
TullyreportacurvedArrheniusplotoverthetemperaturerange298- 1000K,whileMeieretal.donot
observesuchacurvature.Thisreactionhastwopathways:abstractionoftheH-atomfromthemethylgroup
orfromtheOHgroup.TheresultsofHageleetal.,Meieretal.,andHessandTullysuggestthatH
abstractionfromthemethylgroupisthedominantchannelbelowroomtemperature.

OH+CH3OOH.Therecommendedvaluefork(298K)istheaverageoftheratecoefficientsmeasuredby
Nikietal.[868]andVaghjianiandRavishankara[ ! 172],whichdifferbynearlyafactoroftwo.Nikietal.
measuredtheratecoefficientrelativetothatforOHwithC2H4(=8.0x 10-12cm3molecule-Is-l)by
monitoringCH3OOHdisappearanceusinganFTIR system. Vaghjiani and Ravishankara monitored the

disappearance of OH, OD, and 18OH in excess CH3OOH in a pulsed photolysis-LIF system. They measured

k between 203 and 423 K and report a negative activation energy with E/R = -190 K; the recommended E/R is

based on their results. The reaction of OH with CH3OOH occurs via abstraction of H from the oxygen end to

produce the CH3OO radical and from the CH 3 group to produce the CH2OOH radical, as originally proposed

by Niki et al. and confirmed by Vaghjiani and Ravishankara. CH2OOH is unstable and falls apart to CH20

and OH within a few microseconds. The possible reaction of CH2OOH with 02 is unimportant under
atmospheric conditions (Vaghjiani and Ravishankara). The recommended branching ratios are,

OH+CH3OOH_CH30 2+H20 (a) 70%

OH + CH3OOH ---) CH2OOH + H20 (b) 30%,

(from Vaghjiani and Ravishankara) and are nearly independent of temperature.

OH + HC(O)OH. The recommended value of k(298 K) is the average of those measured by Zetzsch and Stuhl
[1303], Wine et al. [1255], Jolly et al. [572], Dagaut et al. [297], and Singleton et al. [1048]. The
temperature dependence of k has been studied by Wine et al., who observed a very small negative activation
energy and by Singleton et al., who observed k to be essentially independent of T. The recommended
temperature dependence is based on these two studies.

Wine et al. found the rate coefficient for the OH + HC(O)OH reaction to be the same as that for OH +
DC(O)OH reaction. Jolly et al. found the formic acid dimer to be unreactive toward OH, i.e., abstraction of

the H atom attached to C was not the major pathway for the reaction. A comprehensive study of Singleton
et al. showed that reactivity of HC(O)OH is essentially the same as that of DC(O)OH, but DC(O)OD reacts

much slower than HC(O)OH and DC(O)OH. These observations show that the reaction proceeds via
abstraction of the acidic H atom. Wine et al. and Jolly et al. also found that H atoms are produced in the
reaction, which is consistent with the formation of HC(O)O, which would rapidly fall apart to CO 2 and H.

End product studies are also consistent with the formation of CO 2 and H20 in this reaction (Singleton et al.

[1048]). The products of this reaction would be mostly HC(O)O and H20. The fate of HC(O)O in the

atmosphere will be to give HO2 either directly via reaction with 0 2 or via thermal decomposition to H atom,
which adds to 02.
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Wineetal.havesuggestedthat,intheatmosphere,theformicacidcouldbehydrogenbondedtoawater
moleculeanditsreactivitywithOHcouldbeloweredbecausethehydrogenbondedwaterwouldobstructthe
abstractionof theHatom.Thissuggestionneedstobechecked.

OH+HCN. Thisreactionispressuredependent.Therecommendedvalueis thehighpressurelimit
measuredbyFritzetal.[401]usingalaserphotolysis-resonancefluorescenceapparatus.Phillips[913]
studiedthisreactionusingadischargeflowapparatusatlowpressuresandfoundtheratecoefficienttohave
reachedthehighpressurelimitat-10torrat298K. Fritzetal.'sresultscontradictthisfinding.Theyagree
withPhillip'smeasuredvalue,withinafactoroftwo,at7torr,buttheyfindk toincreasefurtherwith
pressure.Theproductsofthereactionareunknown.

OH+C2H6. Therearenineteenstudiesof thisreactionat298K [Greiner[440],HowardandEvenson
[510],Overendetal.[890],LeeandTang[673],Leu[689],Tullyetai.[i 1541,Jeongetal.[565],Tullyetal.
[I 152],Nielsenetal.[856],Zabarnicketal.[1286],Wallingtonetal.[1213],Smithetal.[1056],Baulchet
al.[85],Bourmadaetal.[135],Abbattetal.[I],Schiffmanetal.[999],Talukdaretal.[1118],Sharkeyand
Smith[1019]andAndersonandStephens[24]]. Therecommendedvalueisobtainedbyaveragingtheresults
oftherecentinvestigationsbyTullyetal.,Wallingtonetal.,Abbattetal.,Schiffmanetal.,Talukdaretal.
andAndersonandStephens.TheresultsofSharkeyandSmithareapproximately20%higherthanthose
recommendedhere.Whenthemeasurementswerenotcarriedoutatexactly298K,wehaverecalculatedk
usinganE/Rof 1070K. Thetemperaturedependenceoftheratecoefficientbelow298Khasbeenmeasured
onlybyJeongetal.,Wallingtonetal.,Talukdaretal.andAndersonandStephens.Thelastthreestudiesare
ingoodagreement.TherecommendedE/Risobtainedfromananalysisofthedataofthesethreestudies.
TheratiooftheratecoefficientsforOHreactionswithC2H6andC3H8hasbeenmeasuredbyFinlayson-Pitts
[383].Ourrecommendationsareinreasonableagreementwiththisratio.Crowleyetal.[287]havemeasured
kat247,294,and303K,andtheresultsareinagreementwiththerecommendations.

OH+C3H8. There are many measurements of the rate coefficients at 298 K. In this evaluation we have

considered only the direct measurements [Greiner [440], Tully et al. ]1154], Droege and Tully I359], Schmidt
et al. [1003], Baulch et al. [85], Bradley et al. [138], Abbatt et al. [11, Schiffman et al. [999], Talukdar et al.
[ I I 18], Anderson and Stephens [24] and Mellouki et al. [788]]. The 298 K value is the average of these ten
studies. Greiner, Tully et al. [ I 151 ], Droege and Tully, Talukdar et al. and Mellouki et al. have measured the

temperature dependence of this reaction. The recommended E/R was obtained from a linear least squares
analysis of the data of Droege and Tully below 400 K and the data of Talukdar et al., Anderson and Stephens,
and Mellouki et al. The A-factor was adjusted to reproduce k(298 K). This reaction has two possible
channels, i.e., abstraction of the primary and the secondary H-atom. Therefore, non-Arrhenius behavior is
exhibited over a wide temperature range, as shown by Tully et al. and Droege and Tully. The branching ratios
were estimated from the latter study:

kprimary = 6.3 x 10-12 exp(-1050FF) cm 3 molecule -I s -1

ksecondary = 6.3 x 10-12 exp(-580/T) cm 3 molecule- I s- 1

These numbers are in reasonable agreement with the older data of Greiner. The ratio of the rate coefficients tbr
OH reactions with C2H6 and C3H8 has been measured by Finlayson-Pitts et al. [383]. Our recommendations

are in reasonable agreement with this ratio.

OH + CH3CHO. There are six measurements of this rate coefficient at 298 K [Morris et al. [816], Niki et

al. [863], Atkinson and Pitts [44], Kerr and Sheppard [.592], Semmes et al. [1018], and Michael et al. [791 ]].
The recommended value of k(298 K) is the average of these measurements. Atkinson and Pitts, Semmes et
al., and Michael et al. measured the temperature dependence of this rate coefficient and found it to exhibit a

negative temperature dependence. The recommended E/R is the average value of these studies. The A-factor
has been adjusted to yield the recommended value of k(298 K).

OH + C2H5OH. The recommended value for k(298 K) is the average of those reported by Campbell et al.
[I 781, Overend and Paraskevopoulos [888], Ravishankara and Davis [944], Cox and Goldstone [279], Kerr and
Stocker [593], Wallington and Kurylo [1211], and Hess and Tully [485]. The value reported by Meier et ai.
is nearly a factor of two lower than that recommended here. The recommended value of E/R was obtained by
using the data of Wallington and Kurylo, and Hess and Tully. The A-factor has been adjusted to yield the
recommended value of k(298 K). At atmospheric temperatures, H-atom abstraction from the CH2 group is

the dominant channel [Meier et al. [777], Hess and Tully [485]], leading to CH3CHO and HO2.
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OH+ CH3C(O)OH.Therecommendedk(298K)istheaverageofthevaluesobtainedbyDagautetal.[297]
andSingletonetal.[1047].TheearlierresultsofZetzschandStuhl[1303]arelowerthanthesevalues,but
withintheuncertaintyoftherecommendedvalue.ThetemperaturedependencehasbeenstudiedbyDagautet
al.,whoobserveaveryslightincreaseink withtemperaturebetween298and440K andbySingletonetal.,
whoobserveasignificantdecreasewithincreaseintemperaturebetween298and446K. Further,Singletonet
al.observethattheArrheniusplotiscurved.WhileDagautetal.observedthattheaceticaciddimerreacts
twiceasfastasthemonomer,Singletonetal.foundthedimertobeessentiallyunreactivetowardOH!The
latterobservationsareconsistentwiththemechanismfortheOH+HC(O)OHreaction,whichisdiscussedin
thenoteforthatreaction.It isalsoconsistentwiththedecreaseinreactivityuponDsubstitutiononthe
carboxylicsiteandnochangeuponsubstitutiononthemethylgroup(Singletonetal.[1047].Thus,thereis
someuncertaintyastotheTdependenceandthereactionmechanism.Herewerecommendaslightlynegative
Tdependence,butwithanuncertaintythatencompassesboththestudies.TheAfactorandE/Rsuggestthat
thisreactionmaynotbeasimplemetathesisreaction.BasedontheanalogywithOH+HC(O)OHreaction
andtheevidenceofSingletonetal.,theproductsareexpectedtobemostlyCH3C(O)O+H20. Inthe
atmosphere,CH3C(O)OisexpectedtogiveCH3+CO2.

OH+CH3C(O)CH3.Theratecoefficientforthisreactionhasbeenmeasuredattemperaturescloseto298K
byCoxetal.[277],Zetzsch[1302],Chiorbolietal.[214],KerrandStocker[593],WallingtonandKurylo
[1212],andBauerleeta1.[84]The298K valuewasderivedfromtheresultsofZetzsch,KerrandStocker,
WallingtonandKurylo,andBauerleetal. Coxreportedonlyanupperlimitof<5x 10-13cm3molecule-1
s-l, whichisconsistentwiththisrecommendation.Theprimaryaimof Chiorbolietal.wastoexaminethe
atmosphericdegradationofstyrene,whichproducesacetone.Theyemployedarelativeratemeasurementand
reportedavalueofk(298K)thatisalmost3timesfasterthantherecommendedvalue.Becauseofpossible
complicationsintheirsystem,wehavenotincludedtheirresultsinarrivingattherecommendedvalue.Only
WallingtonandKuryloandBauerleetal.havereportedk asafunctionoftemperature;boththesestudies
directlymeasuredtherateconstantusingthepulsedphotolysismethod.Theirresultsareingoodagreement,
andtherecommendedtemperaturedependenceisbasedonthesetwostudies.

D24.

D25.

OH+CH3CN.ThisratecoefficienthasbeenmeasuredasafunctionoftemperaturebyHarrisetal.[465]
between298and424K,KuryloandKnable[645]between250and363K,Rhasa[968]between295and520
K,andHynesandWine[533]between256and388K. Inaddition,the298K valuehasbeenmeasuredby
Pouletetal.[927].The298K resultsofHarrisetal.areindisagreementwithallothermeasurementsand
thereforehavenotbeenincluded.Therecommended298K valueisaweightedaverageofallotherstudies.
ThetemperaturedependencewascomputedusingtheresultsofKuryloandKnable,thelowertemperature
values(i.e.,295-391K)ofRhasa,andthedataofHynesandWine.Threepointsareworthnoting:(a)Rhasa
observedacurvedArrhenius plot even in the temperature range of 295 to 520 K, and therefore extrapolation of
the recommended expression could lead to large errors; (b) Hynes and Wine observed a pressure dependent
increase of k(298 K) that levels off at about I atmosphere, and this observation is contradictory to the results
of other investigations; (c) Hynes and Wine have carried out extensive pressure, temperature, 02

concentration, and isotope variations in this reaction. Hynes and Wine postulate that the reaction proceeds via
addition as well as abstraction pathways. They observe OH regeneration in the presence of 0 2 . The

recommended k(298 K) and E/R are applicable for only lower tropospheric conditions. Because of the
unresolved questions of pressure dependence and reaction mechanism, the recommended value may not be
applicable under upper tropospheric and stratospheric conditions.

OH + CH3ONO2. The rate coefficient for this reaction at 298 K has been measured by Kerr and Stocker

[593], Nielsen et al. [858], Gaffney et al. [404], and Talukdar et al. [1117]. Nielsen et al. used both a relative
rate technique and a direct method (the pulsed radiolysis-UV absorption method) to measure this rate constant,
while Kerr used only a relative rate method. The results of Kerr and Stocker and of Nielsen et al. are a factor
of ten higher than those of Gaffney et al. and Talukdar et al. Gaffney et al. carried out a flow tube
measurement while Talukdar et al. used the pulsed photolysis method. There are no obvious reasons for the
reported differences. Talukdar et al. have carried out a large number of checks to see if the difference could be
due to the regeneration of OH via secondary reactions, effects of bath gas pressure, and formation of an adduct
that could undergo further reaction in the presence of oxygen. They concluded that none of these factors
affected their measured value. The lower value of Talukdar et al. could not be due to the presence of reactive
impurities. Further, their measured temperature dependence of the rate constant, variation of the rate constant

with the length of the hydrocarbon chain (i.e., in CH3ONO 2, C2H5ONO 2, and C3H7ONO2), variation with
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isotopic substitution in the hydroxyl radical (OH, 18OH and OD) and methyl nitrate (CH3ONO 2 and

CD3ONO2) are all consistent with this reaction proceeding via an H-atom abstraction pathway. Lastly, the

values measured by Talukdar et al. and Gaffney et al. are consistent with the predictions of Atkinson and
Aschmann[ 1989], who assumed an H-atom abstraction pathway. However, it is very puzzling that the
relative rate measurements of both Kerr and Stocker and of Nielsen et al. are so different; the large uncertainty
reflects this concern. Measurements of this rate constant will be very beneficial.

The temperature dependence of the rate coefficient has been measured by Nielsen et al, and by Talukdar et ai.
While Nielsen et al. report a negative activation energy, Talukdar et al. report a positive value. Because of the
extensive tests carried out by Talukdar et al., as noted above, the temperature dependence measured by them are
recommended here, with a large uncertainty. A thorough investigation of the temperature dependence of this
reaction and the identification of the products of the reaction are needed.

OH + CH3C(O)O2NO2 (PAN). This reaction has been studied by four groups, Winer et al. [ 1271 ],
Wallington et al. [1198], Tsalkani et al. [I 142], and Talukdar et al. [1115]. Winer et al. obtained only an
upper limit for the rate coefficient. Tsalkani et al. noted that their system was very ill-behaved and obtained a
value of k(298 K) that is a factor of-2 lower than that obtained by Wallington et al. The pulsed photolysis
study of Wallington et al. yielded consistent results, but PAN was not directly measured and photodissociation
of H20 in the vacuum UV, where PAN absorbs strongly, was used as the OH source. The recent study of

Talukdar et al. [1115] yielded much lower rate coefficients. These investigators measured the PAN
concentration directly in their system, minimized secondary reactions due to the photodissociation of PAN,
and carried out extensive tests for decomposition of PAN, impurities, and secondary reactions. The

recommended upper limit is a factor two higher than the highest value measured by Talukdar et al. at 298 K
and at 272 K. The quoted upper limit is expected to be valid at all atmospheric temperatures. The products
of the reaction are not known. Further measurements of the rate coefficients and information on the reaction

pathways are needed.

OH + C2H5ONO2. The rate constant for this reaction at 298 K has been measured by Kerr and Stocker

[593], Nielsen et al. [858], and Talukdar et al. [1117]. As in the case of the reaction of OH with CH3ONO 2,

the results of Kerr and Stocker and of Nielsen et al. are larger (by a factor of 3) than those of Talukdar et al.
The reasons for the differences are not clear. Because of the exhaustive tests carried out (see the note for the

OH + CH3ONO 2 reaction), the values of Talukdar et al. are recommended, with a large uncertainty. Nielsen
et al. and Talukdar et al. have measured the rate constant as a function of temperature. While Talukdar et al.

observe a small positive activation energy, Nielsen et al. report a negative activation energy. Talukdar et al.
note that the rate coefficient for this reaction does not strictly follow Arrhenius behavior, consistent with the
abstraction of both the primary and the secondary H atoms. The recommended value was obtained by fitting
the rate coefficients measured by Talukdar et al. at T< 298 K. The large uncertainty reflects the discrepancies
between the results of Talukdar et al. and of Nielsen et al. A thorough investigation of this reaction is needed.

HO2 + CH20. There is sufficient evidence to suggest that HO2 adds to CH20 [Su et al. [1096, 1098],

Veyret et al. [1180], Zabel et al. [1288], Barnes et al. [67], and Veyret et al. [I 179]]. The recommended
k(298 K) is the average of values obtained by Suet al. [ 1096], Veyret et al. [ 1180], and Veyret et al. [ I 179].
The temperature dependence observed by Veyret et al. [1179] is recommended. The value reported by Barnes et
al. at 273 K is consistent with this recommendation. The adduct HO2.CH2 O seems to isomerize to

HOCH2OO reasonably rapidly and reversibly. There is a great deal of discrepancy between measured values of

the equilibrium constants for this reaction.

HO2 + CH302. The rate coefficient at 298 K has been measured by Cox and Tyndall [285,286], Moortgat

et al. [810], McAdam et al. [770], Kurylo et al. [643], Jenkin et al. [559], and Lightfoot et al. I710]. In all
the studies, except that of Jenkin et al., both CH302 and HO2 have been monitored via UV absorption.

Jenkin et ai. used IR absorption of HO2 and UV absorption of CH30 2 to obtain the rate constants. Because

of overlapping absorption spectra of CH302 and HO2 and the unavoidable occurrence of the CH30 2 +

CH302 and HO2 + HO2 reactions along with the CH30 2 + HO2 reaction, the extraction of the rate

coefficient requires modelling of the system and reliance on the UV cross sections of both CH30 2 and HO2.

The agreement among the values of k obtained by all these groups is not very good. Part of the difference is
definitely due to different values of the UV cross sections used in various studies. Contribution from
secondary reactions may also be partly responsible for the differences. Unfortunately, it is not feasible to
correct the reported values to a common set of cross sections. Therefore, the average of rate coefficients from
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Cox and Tyndall, Moortgat et al., McAdam et al., Kurylo and Wallington, Jenkin et al., and Lightfoot et al.
are used to obtain the recommended value. Cox and Tyndall, Dagaut et al. [296], and Lightfoot et al. have
measured the temperature dependence of this rate coefficient. The recommended E/R was obtained by plotting

In (k(T)/k298) vs I/T from these studies. This method looks for only the E/R value in each data set. The A-

factor was calculated to reproduce k(298 K). The studies by the above groups have indicated that this reaction
is not affected by pressure or nature of the buffer gas. Jenkin et al. suggest that a substantial fraction of the
reaction may yield H20 + CH20 + 02 rather than CH3OOH + 02. The lower value of k measured by
monitoring CH3OOH formation by Moortgat et al. and Kan et al. [586] is consistent with the occurrence of

the second channel and the lower value of k measured when CH3OOH product yield is monitored. However,

the recent work of Wallington [1194] indicates that CH3OOH is the dominant (>92%), if not the only,

product. Further work on measurement of k without reliance on UV absorption cross sections and branching
ratios where CH20 is monitored is needed.

HO2 + C2H502. The recommended value is the weighted average of those measured by Cattell et al. [192],

Dagaut et al. [295], Fenter et al. [376], and Maricq and Szente [754]. In all experiments the rate coefficient
was obtained by modeling the reaction system. Also, the calculated rate coefficients depended on the UV
absorption cross sections of both C2H502 and HO2. The absorption cross section of C2H50 2 is not well-

defined. The value reported by Dagaut et al. would be -30% higher if the cross sections used by Maricq and
Szente were used. The recommended E/R is that measured by Dagaut et al., Fenter et al., and Maricq and
Szente. Wallington and Japar [1210] have shown that C2H502H and 0 2 are the only products of this
reaction.

HO2 + CH3C(O)O2. The recommendation is based on Moortgat et al. [812], the only measurement of this

rate coefficient. They measured UV absorption at 210 and 260 nm as a function of time in a flash photolysis
system and fitted the observed 210 and 260 nm absorption temporal profiles to a set of reactions involving
CH3C(O)O2, CH302, and HO2. The recommended temperature dependence is also from this study. The rate

coefficient obtained in such a measurement is dependent on the UV absorption cross sections of all the
absorbers and all their reactions. Hence, any change in these parameters can change the calculated rate
coefficient. The recommended k and E/R are consistent with those for similar peroxy radical reactions.
Moortgat et al. report two possible channels for this reaction:

CH3C(O)O2 + HO2 _ CH3C(O)OOH + 0 2 (a)

CH3C(O)O2 + HO2 _ CH3C(O)OH + 0 3 (b)

At 298 K, Niki et al. [870] measured kb/k to be 0.25 which agrees reasonably with 0.33 measured by

Moortgat et al. Horie and Moortgat [504] report the temperature dependence of the branching ratio to be ka/k b
= 330 exp(-1430/T).

NO 3 + CO. The upper limit is based on the results of Hjorth et al. [494], who monitored isotopically

labeled CO loss in the presence of NO3 by FTIR. Burrows et al. [168] obtained an upper limit of 4 x 10 -16

cm 3 molecule-1 s-l, which is consistent with the Hjorth et al. study. Products are expected to be NO2 +

CO2, if the reaction occurs.

NO3 + CH20. There are three measurements of this rate coefficient at 298 K: Atkinson et al. [46], Cantreli

et al. [188], and Hjorth et al. [495]. The value reported by Atkinson et al. [46], k = (3.23 + 0.26) x 10 -16
cm 3 molecule -1 s -l, is corrected to 5.8 x 10 -16 cm 3 molecule -I s -t to account for the different value of the

equilibrium constant for the NO3 + NO2 _ N205 reaction that was measured subsequent to this study by the

same group using the same apparatus. This correction is in accordance with their suggestion [Tuazon et al.

[I 150]]. The values reported by Cantrell et al. and Hjorth et al., k = 6.3 x 10 -16 cm 3 molecule -1 s-I and

(5.4+ 1.1) x 10-16 cm 3 molecule- 1 s- 1, respectively, are in good agreement with the corrected value of

Atkinson et al. The recommended value is the average of these three studies. Cantrell et al. have good
evidence to suggest that HNO 3 and CHO are the products of this reaction. The temperature dependence of this

rate coefficient is unknown, but comparison with the analogous NO 3 + CH3CHO reaction suggests a large
E/R.
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NO3+CH3CHO.Therearefourmeasurementsofthisrateconstant:MorrisandNiki[815],Atkinsonet
al.[46],Cantrelletal.[182],andDlugokenckyandHoward[341].ThevaluereportedbyAtkinsonetal.
[46],k= (!.34:L-0.28)x 10"15cm3molecule-1s-I, iscorrectedto2.4x 10-15cm3molecule-1s-I as
discussedfortheNO3+ H2COreactionaboveandassuggestedbyTuazonetal.[I 150].Therecommended
valueis theaverageofthevaluesobtainedbyAtkinsonetal.,Cantrelletai.,andDlugokenckyandHoward.
TheresultsofMorrisandNikiagreewiththerecommendedvaluewhentheiroriginaldataisre-analyzedusing
amorerecentvaluefortheequilibriumconstantforthereactionNO2+NO3_ N205asshownby
DlugokenckyandHoward.DlugokenckyandHowardhavestudiedthetemperaturedependenceofthisreaction.
TheirmeasuredvalueofE/Risrecommended.TheA-factorhasbeencalculatedtoyieldthek(298K)
recommendedhere.MorrisandNiki,andCantrelletal.observedtheformationofHNO3andPANintheir
studies,whichstronglysuggeststhatHNO3andCH3COaretheproductsofthisreaction.

CH3+02. ThisbimolecularreactionisnotexpectedtobeimportantbasedontheresultsofBaldwinand
Golden[54],whofoundk <5x 10-17cm3molecule-1s-! fortemperaturesupto 1200K. Klaisetal.[613]
failedtodetectOH(viaCH3+ 02_ CH20+OH)at368K andplacedanupperlimitof3x 10-16cm3
molecule-i s-1forthisratecoefficient.Bhaskaranetal.[109]measuredk= lxi0-11exp(-12,900/T)cm3
molecule-! s-1for 1800<T<2200K. ThelattertwostudiesthussupporttheresultsofBaldwinand
Golden.StudiesbySelzerandBayes[1017]andPlumbandRyan[920]confirmthelowvalueforthisrate
coefficient.PreviousstudiesofWashidaandBayes[1227]aresupersededbythoseofSeizerandBayes.
PlumbandRyanhaveplacedanupperlimitof3x 10-16cm3molecule-I s-! basedontheirinabilitytofind
HCHOin theirexperiments.A studybyZellnerandEwig[1298]suggeststhatthisreactionisimportantat
combustiontemperaturebutisunimportantfortheatmosphere.

CH3+03. TherecommendedA-factorandE/RarethoseobtainedfromtheresultsofOgryzloetal.[876].
TheresultsofSimonaitisandHeicklen[1034],basedonananalysisofacomplexsystem,arenotused.
Washidaetal.[ 1226]usedO+C2H4asthesourceofCH3. StudiesonO+C2H4reaction(Schmoltneret
al.[I004],KleinermannsandLuntz[615],Hunzikeretal.[525],andInoueandAkimoto[542])haveshown
thisreactiontobeapoorsourceofCH3. Theretbre,theresultsofWashidaetal.arealsonotused.

HCO+ 02. Thevalueof k(298K)istheaverageofthedeterminationsbyWashidaetal.[ 1228],Shibuyaet
al.[1022],VeyretandLesclaux[! 1781,andLangfordandMoore[659].Therearethreemeasurementsofk
whereHCOwasmonitoredviatheintracavitydyelaserabsorptiontechnique(Reillyetal.[964],Nadtochenko
etal.[822],andGilletal.[420]).Eventhoughthereisexcellentagreementbetweenthesethreestudies,they
yieldconsistentlylowervaluesthanthoseobtainedbyothertechniques.Thereareseveralpossiblereasonsfor
thisdiscrepancy:(a)TherelationshipbetweenHCOconcentrationandlaserattenuationinanintracavity
absorptionexperimentmightnotbelinear,(b)therecouldhavebeendepletionof02 inthestaticsystems
thatwereused(assuggestedbyVeyretandLesclaux),and(c)theseexperimentsweredesignedmoreforthe
studyofphotochemistrythankinetics.Therefore,thesevaluesarenotincludedinobtainingtherecommended
value.TherecommendedtemperaturedependenceisessentiallyidenticaltothatmeasuredbyVeyretand
Lesclaux.WehaveexpressedthetemperaturedependenceinanArrhenius form even though Veyret and

Lesclaux preferred a T n form (k = 5.5 x 10- I I T-(0.4_+0.3) cm 3 molecule- I s- 1).

CH2OH + 02. The rate coefficient was first measured directly by Radford [938] by detecting the HO2 product

in a laser magnetic resonance spectrometer. The wall loss of CH2OH could have introduced a large error in
this measurement. Radford also showed that the previous measurement of Avramenko and Kolesnikova [501

was in error. Wang et al. [1218] measured a value of 1.4 x 10-12 cm 3 molecule -I s-1 by detecting the HO2

product. Recently, Dobe et al. [344], Grotheer et al. [442], Payne et al. ]9041, Grotheer et al. [4431 and
Nesbitt et al. [840] have measured k(298 K) to be close to t.0 x 10-I I cm 3 molecule-I s-I under conditions

where wall losses are small. This reaction appears to exhibit a very complex temperature dependence. Based
on the recent data of Grotheer et al. [443] and Nesbitt et al. [840], k appears to increase from 200 K to

approximately 250 K in an Arrhenius fashion, levels off at approximately 300 K, decreases from 300 to 500
K, and finally increases as temperature is increased. This complex temperature dependence is believed to be
due to the formation of a CH2(OH)'O2 adduct which can isomerize to CH20°HO2 or decompose to reactants.

The CH20.HO2 isomer can also decompose to CH20 and HO2 or reform the original adduct. At

temperatures less than 250 K, the data of Nesbitt et al. suggests an E/R value of- 1700 K. For atmospheric
purposes, the value E/R = 0 is appropriate.
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CH30+ 02. The recommended value for k(298 K) is the average of those reported by Lorenz et al. [727]

and Wantuck et al. [ 1221 ]. The recommended E/R was obtained using the results of Gutman et al. [444] (413

to 608 K), Lorenz et al. [727] (298 to 450 K), and Wantuck et al. [1221] (298 to 498 K). These investigators
have measured k directly under pseudo-first order conditions by following CH30 via laser induced

fluorescence. Wantuck et al. measured k up to 973 K and found the Arrhenius plot to be curved; only their
lower temperature data are used in the fit to obtain E/R. The A factor has been adjusted to reproduce the
recommended k(298 K). The previous high temperature measurements [Barker et al. [58] and Batt and
Robinson [82]] are in reasonable agreement with the derived expression. This value is consistent with the

298 K results of Cox et al. [276], obtained from an end product analysis study, and with the upper limit
measured by Sanders et al. [992]. The A-factor appears low for a hydrogen atom transfer reaction. The

reaction may be more complicated than a simple abstraction. At 298 K, the products of this reaction are HO2
and CH20, as shown by Niki et al. [866].

CH30 + NO. The reaction of CH30 with NO proceeds mainly via addition to form CH3ONO (Batt et al.

[81], Wiebe and Heicklen [t250], Frost and Smith [402], and Ohmori et al. [877]). However, a fraction of the
energized CH3ONO adducts decompose to CH20 + HNO, and appear to be a bimolecular channel. This

reaction has been investigated recently by direct detection of CH30 via laser-induced fluorescence [Zellner

[1296]; Frost and Smith [402]; Ohmori et al. [87711. The previous end-product studies (Batt et al. [81],
Wiebe and Heicklen [1250]) are generally consistent with this conclusion. Since the fraction of the CH3ONO

adduct that falls apart to CH20 + HNO decreases with increases in pressure and decreases in temperature, it is

not possible to derive a "bimolecular" rate coefficient. A value ofk < 8x10 -12 cm 3 molecule -I s -1 can be

deduced from the work of Frost and Smith [402] and Ohmori et a1.[877] for lower atmospheric conditions.

CH30 + NO2. The reaction of CH30 with NO 2 proceeds mainly via the formation of CH3ONO 2.

However, a fraction of the energized adducts fall apart to yield CH20 + HNO 2. The bimolecular rate

coefficient reported here is for the fraction of the reaction that yields CH20 and HNO 2. It is not meant to

represent a bimolecular metathesis reaction. The recommended value was derived from the study of
McCaulley et a1.[771] and is discussed in the section on association reactions.

CH302 + 03. There are no direct laboratory studies of this reaction. The quoted upper limit is based on the

evidence obtained by Simonaitis and Heicklen [ 1034]. A much lower upper limit has been deduced by
Monks et al. [808] by observing the decay of the peroxy radical in a remote clean troposphere at night.

CH30 2 + CH302. This reaction has been studied at 298 K by Hochanadel et al. [496], Parkes [897],

Anastasi et al. [21], Kan et al. [588], Sanhueza et al. [994], Cox and Tyndall [286], Sander and Watson [988],
Basco and Parmar [80], McAdam et al. [770], Kurylo and Wallington [651], Jenkin et al. [559], Lightfoot et
al. [708], and Simon et al. [1030]. All the above determinations used UV absorption techniques to monitor
CH30 2 and hence measured k/6, where 6 is the absorption cross section for CH302 at the monitored

wavelength. Therefore, the derived value of k critically depends on the value of o" that is used. Even though
there is good agreement among the measured values of k/o, there are large discrepancies (approximately a
factor of 2) among the values of _ measured by Hochanadel et al., Parkes, Sander and Watson, Adachi et al.
[6], McAdam et ai., Kurylo et al. [652], and Simon et al. To obtain the recommended k value at 298 K, an

average value of _ at 250 nm, 4.0 x 10-18 cm 2 (obtained by averaging the results of Sander and Watson,

Kurylo and Wallington as amended in Dagaut and Kurylo [294], Lightfoot et al., and Jenkin et al.) was
chosen. The value of k(298 K) was derived using this value of _ and the weighted average value of k/_ at
250 nm measured by Cox and Tyndall, Jenkin et al., Sander and Watson, McAdam et al., Kurylo and
Wallington, Lightfoot et al., and Simon et al. The recommended temperature dependence was calculated by
using the results of Sander and Watson, Kurylo and Wallington, Lightfoot et al. (at temperatures between 228

and 420 K), and Jenkin and Cox [558], using a value of_ independent ofT. It has been recently shown by
Lightfoot and Jemi-Alade [707] that _ is essentially invariant with temperature. It is not clear whether the
above procedure of recalculating k using an average value of c is valid. Therefore, the quoted error limits
encompass the values of k calculated by various authors. This reaction has four possible sets of products,
i.e.,

CH30 2 + CH30 2 ---) 2CH30 + 0 2

CH302 + CH302 --_ CH20 + CH3OH + 02

CH302 + CH302 ---) CH3OOCH3 + 02

CH30 2 + CH30 2 ---) CH3OOH + CH20 2

ka ; ka/k = 0.3 at 298 K

kb ; kb/k = 0.6 at 298 K
kc; kc/k=0.1 at 298K

kd ; kd/k = 0.0 at 298 K
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FrlR studies by Kan et al. 1586] and Niki et al. [866] are in reasonable agreement on the branching ratios at
298 K; ka/k - 0.35, kb/k - 0.55. The recent study by Lighttoot et al. also yields ka/k ----0.35 while Horie et

al. [503] obtain 0.30. The last two groups see a large decrease of ka/k with decreasing temperature, which

may be expressed as (ka/k) = 1/[ 1 + {exp(1130/T)ill9]. The results of Ballod et ai. [57] are in fair agreement
with this trend. Channel (d) was suggested by Nangia and Benson [824], but there are no experimental data

to suggest its occurrence [Khursan et al. [605]]. Because of the existence of multiple pathways, the
temperature dependence of k may be complex. Further work is required on both the temperature dependence
and the variation of branching ratios with temperature. It should be noted that the recommended value of k

depends on the branching ratios used for correcting for secondary reactions.

CH30 2 + NO. The value of k(298 K) was derived from the results of Sander and Watson 1987],

Ravishankara et al. [9491, Cox and Tyndall [286], Plumb et al. [923], Simonaitis and Heicklen [10361,
Zellner et al. [1299] and Villalta et al. [1181]. Values lower by more than a factor of two have been reported
by Adachi and Basco [4] and Simonaitis and Heicklen [1035]. The former direct study was probably in error
because of interference by CH3ONO formation. The results of Simonaitis and Heicklen [1035] and Plumb et

al. [922] are assumed to be superseded by their more recent values. Masaki et al. [766]report a value of

(1.12_+0.14) x 10-! I, which was measured using a flow tube equipped with a photoionization mass

spectrometer. They encountered complications due to detection of other products and deduced that the lower
limit for the rate constant was 9.8 x 10 -12- Even though this lower limit overlaps the recommended value,

it was not used in deriving the recommendation. Ravishankara et al., Simonaitis and Heicklen, and Villalta
et al. have measured the temperature dependence of k over limited temperature ranges. The recommended A-
factor and E/R were obtained by a weighted least squares analysis of the data from these three studies.
Ravishankara et al. find that the reaction channel leading to NO2 accounts for at least 80% of the reaction.

Zellner et al. have measured the yield of CH30 to be 1.0-t_-0.2. These results, in conjunction with the indirect

evidence obtained by Pate et al. [900], confirm that NO2 formation is the major reaction path, at least at low

pressures.

CH302 + CH3C(O)O2. The reaction has been investigated by Addison et al. [7], Moortgat et al. [810], and

Moortgat et al. [811] and Maricq and Szente [755] using UV absorption in conjunction with investigations of
the CH3C(O)O2 self-reaction. The rate coefficient obtained by Addison et al. is a factor of -5 lower than

those measured by Moortgat et al. [810]. It is believed that this lower value is due to the use of low UV
absorption cross sections, which were poorly known at the time of this study [Moortgat et al. [811 ]]. The
recommended value is derived from Moortgat et al. and Maricq and Szente. The temperature dependence of k
has been studied by Moortgat et al. [811 ] and more extensively by Maricq and Szente. The recommended
value is derived from these studies.

The reaction has two pathways:

CH3C(O)O 2 + CH30 2 _ CH3C(O)O + CH30 + O2 (a)

CH3C(O)OH + CH20 + 02 (b)

Horie and Moortgat [504] have measured the branching between these two channels to be ka/kb= 2.2 x 106

exp(-3820iT). This report is expected to supersede the earlier branching ratio given by Moortgat et al. [811].
Roehl et al. [971] report that ka/kb = 0.9 at 298 K. However, Maricq and Szente show evidence that only

channel b is operative below 298 K. Further work on the branching ratios for the products are needed.

D46. C2H5 + 02. This is a complex reaction that involves the formation of an C2H502 adduct, which can either
be stabilized by collisions or fall apart to HO2 and C2H4 (Wagner et al. [ 1187], Bozzelli and Dean [ 137], and

Kaiser et al. [583]). The fraction of the energized adducts that fall apart to give HO2 and C2H4 will decrease

with increasing pressure and decreasing temperature, i.e., as the C2H502 formation increases. The C2H4

formation channel cannot be separated from the addition reaction. Yet, we recommend a conservative upper
limit as a guide to the extent of this reaction. This upper limit is applicable only for lower atmospheric

pressure and temperature conditions.
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C2H50+02. TherecommendationisbasedonthepulsedlaserphotolysisstudiesofGutmanetal.[444]
andHartmannetal.[467].Inboththesestudies,removalofC2H50inanexcessof02wasdirectly
monitoredvialaserinducedfluorescence.Gutmanetal.measuredkatonlytwotemperatures,while
Hartmannetal.measuredkat5temperaturesbetween295and411K. TheE/Ris fromHartmannetal. The
298K valuededucedfromanindirectstudybyZabarnickandHeicklen[1285]isinreasonableagreementwith
therecommendedvalue.

C2H502+C2H502. k(298K)hasbeenstudiedbyAdachietal.[5],Anastasietal.[221,Munketal.[819],
Cattelletal.[192],Anastasietal.[20],Wallingtonetal.11204],Baueretal.[83],andFenteretal.[376].
All theabovedeterminationsusedonlyUVabsorptiontomonitorC2H502andhencemeasuredk/o,where
istheabsorptioncrosssectionofC2H502atthemonitoringwavelength.Theseinvestigatorsalsomeasured
the_ thatwasusedinevaluatingtheratecoefficient.Therearelargediscrepanciesinthemeasuredvaluesof
t_. For this evaluation, we have used the cross sections recommended here and recalculated the values of k

from each investigation. The recommended k is based on the results of Cattell et al., Wallington et al., Bauer
et al., and Fenter et al. In all these experiments the observed rate coefficient is higher than the true rate
coefficient because of secondary reactions involving HO2. HO2 is formed by the reaction of CH3CH20 with

0 2 and it reacts with C2H502 to enhance the observed rate coefficient (see Wallington et al. [ 1205] or

Lightfoot et al. [706] for further discussion). Based on product branching ratios discussed below, which
determine the magnitude of the necessary correction, the recommended rate coefficient is 0.6 times the average
observed rate coefficient. The recommended value of E/R was obtained from the results of Anastasi et al.,

Wallington et al., Anastasi et al., Cattell et al., Bauer et al. and Fenter et al. The observed products (Niki et
al. [867]), suggest that at 298K the channel to yield 2 C2H50 + 02 accounts for about 60% of the reaction;

the channel to yield CH3CHO + C2H5OH + 02 accounts for about 40% of the reaction; and the channel to

yield C2H502C2H 5 + 02 accounts for less than 5% of the reaction. These branching ratios were used above
to obtain the true rate coefficient from the observed rate coefficient.

C2H502 + NO. The recommended k(298) is obtained from the results of Plumb et al. [924], Sehested et al.

[1015], Daele et al. [293], Eberhard and Howard [361], and Maricq and Szente [755]. The value reported by
Adachi and Basco [4], which is a factor of three lower than the recommended value, was not used. The rate

coefficient for the CH302 + NO reaction measured by Basco and co-workers [Adachi et al. [5]], using the

same apparatus, is also much lower than the value recommended here. The recommended temperature
dependence is derived from Eberhardt and Howard and Maricq and Szente, which are in good agreement.

CH3C(O)O 2 + CH3C(O)O 2. This reaction has been studied by Addison et al. [7], Basco and Parmar [80],

Moortgat et al. [811] Maricq and Szente [755], and Roehl et al. [971], using UV absorption techniques. The
recommended value is obtained from the data of Moortgat et al., Maricq and Szente, and Roehl et al. As
pointed out by Moortgat et al., the six times lower value of k obtained by Addison et al. is likely due to the
use of incorrect UV absorption cross sections tbr the peroxyradical. The k obtained by Basco and Parmar is
-2 times lower than the recommended value. This discrepancy is possibly due to neglecting the UV
absorption of CH302 and other stable products in their data analysis [Moortgat et al., Maricq and Szente].

The recommended temperature dependence was calculated from the data of Moortgat et al. and Maricq and
Szente. Addison et al. reported the formation of 03, which was attributed to the reaction channel which

produces CH3C(O)OCH3C(O ) + 03. Moortgat et al. place an upper limit of 2% for this channel. The main

products of this reaction appear to be CH3C(O)O + 02. The CH3C(O)O radicals rapidly decompose to give
CH3 and CO2.

CH3C(O)O 2 + NO. This rate coefficient has been directly measured as a function of temperature by Villaita

etal. [1182] and Maricq and Szente [755], using flow tube-chemical ionization mass spectrometry and laser
photolysis-UV/IR absorption spectroscopy, respectively. The agreement between the two groups is
reasonable. The precision of the data of Villalta et al was excellent. The k(298) and the Arrhenius parameters
were derived from these two studies. The earlier investigations of this reaction were relative to that for the

addition reaction of CH3C(O)O 2 with NO2 [Cox et al. [270], Cox and Roffey [282], Hendry and Kenley
[480], Kirchner et al. [608], and Tuazon et al. [ 1146]]. The current recommendations for the reactions of

CH3C(O)O 2 with NO and NO 2 are consistent with the ratio of these two rate constants measured by Zabel et

al. [ 1287]. Hence, our recommendations are consistent with the rate coefficient for the thermal decomposition
of PAN as recommended here. The products of the reaction are probably CH3C(O)O and NO2.
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El.

E2.

E3.

E4.

E5.

E6.

E7.

E8.

E9.

EIO.

Ell.

El2.

O+FO.TherecommendedvalueisbasedonresultsoftheroomtemperaturestudyofBedzhanyanetal.
[101]Thetemperaturedependenceoftherateconstantisexpectedtobesmall,asit isfortheanalogousCIO
reaction.

O+FO2.Noexperimentaldata.Therateconstantforsucharadical-atomprocessisexpectedtoapproach
thegascollisionfrequency,andisnotexpectedtoexhibitastrongtemperaturedependence.

OH+ CH3F(HFC-41).RelativeratedataofDeMore[329]areingoodagreementwiththeJPL94-26
recommendation,whichisbasedonresultsofHsuandDeMore[519],Schmoltneretal.[I005],Nipetal
[872[,andHowardandEvenson[511].

OH+CH2F2(HFC-32).Thepreferredrateexpressionisderivedfromtheresultsof Schmoltneretal.[ 1005]
andHsuandDeMore[519]andfromthedataofJeongandKaufman[567],Talukdaretal.[11141below400K
andtheroomtemperaturedataofHowardandEvenson[51I] andNipetal.[872].

OH+CHF3(HFC-23).TherecommendedvalueisbasedontheabsoluteratemeasurementsbySchmoltner
etal.[1005],therelativeratemeasurementsofHsuandDeMore[519],theroomtemperaturepointsof
HowardandEvenson[511],andthe387K and410K pointsofJeongandKaufman[567].

OH+CF3OH.NewEntry.Therearenomeasurementsoftheratecoefficientofthisreaction.The
recommendationisbasedupontherecommendedlimitforthereversereactionratecoefficientandanestimated
equilibriumconstant.ThethermochemistryofCF30andCF3OHaretakenfromab initio calculations

(Montgomery et al. [8091 and Schneider and Wallington [1006]) and laboratory measurements (Huey et al.

[523]) to estimate AG°298 (OH + CF3OH 6-_ CF30 + H20 ) to be about (+2+4) kcal mo1-1 . In considering

the large uncertainty in the free energy change, the estimated rate coefficient limit is based on the
assumption that the reaction is approximately thermoneutral.

OH + CH3CH2F (HFC-161). The recommended value is based on a fit to the temperature dependent data of

Hsu and DeMore [519] and Schmoltner et al. [I 005] and the room temperature result of Nip et al. [872].
Singleton et al. [1045] determined that 85 + 3% of the abstraction by OH is from the fluorine substituted
methyl group.

OH + CH3CHF2 (HFC-152a). The relative rate data of Hsu and DeMore [519] agree with previous absolute

data at high temperatures, but at lower temperatures fall below those data. However, Zellner (private
communication, 1993) reports an absolute value for k (293 K) that is in good agreement with the relative rate
data at that temperature. The recommended temperature dependence is from Hsu and DeMore. Room
temperature value averages these new results with those of Nielsen [852], Gierczak et al. [416], Liu et al.
[724], Howard and Evenson [510], Handwerk and Zellner [463], and Nip et al. [872].

OH + CH2FCH2F (HFC-152). The preferred rate expression is derived by fitting an estimated temperature

dependence to the room temperature data of Martin and Paraskevopoulos [762].

OH + CH3CF 3 (HFC-143a). The recommended rate expression is based on temperature-dependent data from

Hsu and DeMore [519], Orkin et al. [881], and Talukdar et al. [1114], all of which are in good agreement.

OH + CH2FCHF2 (HFC-143). The preferred rate expression is based on results of the relative rate study of

Barry et al. [76] normalized to the value of the rate constant for the reference reaction (OH + CH3CCI3)
recommended in this evaluation. The room temperature value of Martin and Paraskevopoulos [762] is in good

agreement. The significantly higher values reported by Clyne and Holt [23 ! ] were not considered.

OH + CH2FCF 3 (HFC-134a). Absolute rate constant measurements by Orkin and Khamaganov [883] are in

good agreement with previous data such as that of Gierczak et al. [416] and Liu et al. [724]. Relative rate
measurements of DeMore [327], referenced to CH4, CH3CCI3, and HFC-125, yield a rate constant that is

slightly lower (10-20%) than these absolute measurements, but with approximately the same temperature
dependence. Leu and Lee [687] report absolute rate constant measurements that are in excellent agreement
with the relative rate measurements. The recommended value averages results of the new studies with those of
earlier studies of Gierczak et al. [416] above 243 K, Liu et al. [724], the 270 K data of Zhang et al. [1304] and

the room temperature data of Martin and Paraskevopoulos [762]. The data of Jeong et al. [565], Brown et al.
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El3.

El4.

El5.

El6.

El7.

El8.

El9.

E20.

E21.

E22.

E23.

E24.

E25.

E26.

E27.

[144],andClyneandHolt[231]werenotconsidered.Dataof Bednareketal.[96]at298Kareingood
agreementwiththerecommendation.

OH+ CHF2CHF2(HFC-134).Thepreferredrateexpressionisbasedonresultsoftherelativeratestudyof
DeMore[327].TheroomtemperaturevalueofClyneandHolt[231]isingoodagreement.

OH+CHF2CF3(HFC-125).Thepreferredrateexpressionisderivedfromthetemperaturedependencedataof
Talukdaretal.[1114]andtheroomtemperaturedataofMartinandParaskevopoulos[7621andDeMore[327].

OH+CH3OCHF2(HFOC-152a).BasedondataofOrkinetal.[884].

OH+CF3OCH3(HFOC-143a).BasedondataofHsuandDeMore[520]andOrkinetal.[884],whicharein
excellentagreement.

OH+CF2HOCF2H(HFOC-134).Temperature-dependentexpressionbasedontheresultsof Hsuand
DeMore[520].ThesignificantlyhighermeasurementsofGarlandetal.[407]werenotusedinderivationof
thepreferredvalue.

OH+ CF3OCF2H(HFOC-125).Recommendedvalueisbasedonresultsoftherelativeratestudyof Hsuand
DeMore[520].TheroomtemperatureresultofZhangetal.[1308]issignificantlyhigher.

OH+ CF3CH2CH3(HFC-263fb).BasedonroomtemperaturemeasurementofNelsonetal.[831].

OH+ CHF2CF2CH2F(HFC-245ca).TheabsoluterateconstantresultsofZhangetal.[ 1306]areabout
40%higherat298K thantherelativeratedata(HsuandDeMore[519])butshowasimilarT-dependence.
Therecommendedvalueaveragesresultsofthesestudies.

OH+CHF2CHFCHF2(HFC-245ea).BasedonroomtemperaturemeasurementofNelsonetal.[831].

OH+CF3CHFCH2F(HFC-245eb).BasedonroomtemperaturemeasurementofNelsonetal.[83!].

OH+CHF2CH2CF3(HFC-245fa).Therecommendedroomtemperaturevalueisthemeanofthevalues
reportedbyOrkinetal.[881]andNelsonetal.[831],whichareingoodagreement.Thetemperature
dependenceisfromOrkinetal.TheA-factorfromthatstudyhasbeenadjustedtofit therecommendedroom
temperaturevalue.

OH+CF3CF2CH2F(HFC-236cb).ThepreferredrateexpressiongivenisthatforthereactionofOHwith
CF3CH2F(HFC-134a).ThesereactionsareexpectedtohaveverysimilarArrheniusparameters.This
estimateispreferredovertheresultsreportedbyGarlandetal.]407],theonlypublishedexperimentalstudy.
TheA-factorreportedinthatstudyismuchlowerthanexpected.

OH+CF3CHFCHF2(HFC-236ea).Recommendedvalueisbasedonthetemperature-dependencedataofHsu
andDeMore[519]bytherelativeratemethodandtheabsolutestudyofNelsonetal.[831]atroom
temperature,whichareingood agreement. The significantly higher values of Garland et al. [407] and Zhang
et al. [1306] were not used.

OH + CF3CH2CF3 (HFC-236fa). Recommended value is based on results of the relative rate study of Hsu

and DeMore [519] and the absolute rate study of Gierczak et al. [417]. The significantly higher results of
Nelson et al. [831] and of Garland and Nelson [408], which superseded the earlier results of Garland et al.
[408], were not used.

OH + CF3CHFCF 3 (HFC-227ea). Data of Nelson et al. [830], Zellner et al. [I 297], and Zhang et al. [I 306]

are in good agreement for this compound. Relative rate studies of Hsu and DeMore [519] are in good
agreement with the absolute studies. Recommended value is an average.

E28. OH + CHF2OCH2CF3 (HFOC-245fa). Based on data of Orkin et al. [884].
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E29.

E30.

E31.

E32.

E33.

E34.

E35.

E36.

E37.

E38.

E39.

E40.

E41.

OH+ CF3CH2CF2CH3(HFC-365-mfc).TherearedataforthisreactionbyMelloukietal.[789]andBarry
etal.[74].TherecommendedArrheniusexpressionisfromtherelativeratestudyofBarryetal.,normalized
tothereferencerateconstant(OH+CH3CCI3)recommendedinthisevaluation.

OH+CF3CH2CH2CF3(HFC-356mff).Recommendedvalueisbasedontheroomtemperaturemeasurement
ofNelsoneta1.[831],andthetemperature-dependentdataofZhangetal.[1306].

OH+CF3CF2CH2CH2F(HFC-356mcf).BasedonNelsonetal.[831].

OH+CHF2CF2CF2CF2H(HFC-338pcc).RecommendedvalueisbasedonresultsofSchmoltneretal.
[1005]andZhangetal.[1307].

OH+CF3CH2CF2CH2CF3(HFC-458mfc|).BasedonNelsonetal.[831].

OH+CF3CHFCHFCF2CF3.(HFC-43-I0mee).DataofSchmoltneretal.[1005]andZhangetal.[1307]
areinreasonableagreementat298K andshowsimilarArrheniusparameters.Recommendedvalueaverage
resultsofthesestudies.

OH+CF3CF2CH2CH2CF2CF3(HFC-55-IOmcft).BasedonNelsonetal.[831].Asexpected,therate
constantissimilartothatforCF3CH2CH2CF3.

F+03. TherecommendedvalueisbasedonresultsoftheroomtemperaturestudyofBedzhanyanetal.[100]
andthetemperature-dependentstudyofWagneretal.[I 191].Thevalueappearstobequitereasonableinview
ofthewell-knownreactivityofatomicchlorinewith03.

F+H2. Thevalueofk at298KseemstobewellestablishedwiththeresultsreportedbyZhitnevaand
Pshezhetskii[1311],Heidneretal.[473,474],WurzbergandHouston[!281],Dodonovetal.[3471,Clyneet
al.[236],Bozzelli[136],Igoshinetal.[539],ClyneandHodgson[229]andStevensetal.[1080]beingin
excellentagreement(rangeofkbeing2.3-3.0x 10-I I cm3molecule-1s-I). Thepreferredvalueat298Kis
takentobethemeanofthevaluesreportedinthesereferences.ValuesofE/Rrangefrom433-595K(Heidner
etal.;WurzbergandHouston;Igoshinetal.;andStevensetal.).ThepreferredvalueofE/Risderivedfroma
fit tothedatainthesestudies.TheA-factor was chosen to fit the recommended room temperature value.

F + H20. The recommended temperature-independent value is based on results reported in the study by
Stevens et al. [ 1080] over the temperature range 240-373 K using a discharge flow system with chemical
conversion of fluorine atoms to deuterium atoms and detection of the latter by resonanace fluorescence. This

value is in excellent agreement with the room temperature results of Frost et al. [403] and Walther and
Wagner [I 215]. The latter authors in a limited temperature-dependent study reported an E/R value of 400 K.
Although these data have not been included in the derivation of the preferred value, with the exception of the
one low temperature data point, they are encompassed within the indicated uncertainty limits.

F + HNO3. The recommendation is based on results of the temperature-dependent study of Wine et al. [ 1269]
and the room temperature results of Mellouki et al. [781], Rahman et al. [940] and Becker et al. [87]. The
values at room temperature are in good agreement. The study of Wine et al. [1269] was over the temperature
range 260-373 K. Below 320 K the data were fitted with the Arrhenius expression recommended here, whereas
at higher temperatures a temperature-independent value was found, suggesting the occurrence of different
mechanisms in the two temperature regimes.

F + CH4. The recommended room temperature value is the mean of the results of Wagner et al. [ I 189],

Clyne et al. [236], Kompa and Wanner [627], Foon and Reid [391 l, Fasano and Nogar [3731, and Persky et al.
[912]. The temperature dependence is that reported by Persky et al. in a competitive study using the reaction
F + D 2 as the reference reaction. These results are preferred over the temperature dependences reported in 1he

earlier studies of Wagner et al. and Foon and Reid.

FO + 03. Recommended upper limit is based on the results of Li et al. [704] in a study using a discharge

flow-mass spectrometric technique. FO was produced in the reaction of F atoms with excess 03. No

appreciable decay of FO, and only a small increase in FO2, was detected, allowing an upper limit to the rate

constant of I x 10 -14 cm 3 molecule-Is -1 to be derived. A two orders of magnitude higher upper limit was
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derivedbySehestedetal.[1016].A lowervalueoftheupperlimitwasderivedbyColussiandGrela[258]
fromare-analysisofdataonthequantumyieldsforozonedestructioninF2/O3mixturesreportedbyStarrico
etai.[1069].Theresultsoftherecent,moredirect,studyofLi etal.[704]arepreferredovertheearlier
resultsofStarricoetal.Therearetwopossiblepathwayswhichareexothermic,resultingintheproductionof
F+ 202orFO2+ 02.

E42. FO+NO.Therecommendedvalueisbasedonresultsofthetemperature-dependentstudyofBedzhanyanet
al.[99]andthevaluereportedbyRayandWatson[962]fork at298Kusingthedischargeflow-mass
spectrometrictechnique.

E43. FO+FO.TherecommendedvalueisbasedontheresultsofBedzhanyanetal.[98]andClyneandWatson
[248].Wagneretai.[1191],inalessdirectstudy,reportahighervalue.Theresultsof Bedzhanyanetal.
indicatethepredominantreactionchannelisthattoproduce2F+02.

E44. FO2+03. RecommendedvalueisbasedonresultsofSehestedetal.[1016].A higherupperlimithasbeen
reportedbyLi etal.[704].

E45. FO2+NO.RecommendedvaluesarebasedonresultsofLi etal.[704],theonlytemperature-dependent
study.Theroomtemperaturevalueisnearlyafactorof2lessthanthepreviousrecommendation,whichwas
basedontheresultsofSehestedetal.[1016].

E46. FO2+NO2. RecommendedvaluesarebasedonresultsofLi etal.[704],theonlytemperature-dependent
study.Theroomtemperaturevalueisafactorof2.5lessthanthepreviousrecommendation,whichwasbased
ontheresultsofSehestedetal.[1016].ThisdiscrepancymightbeattributabletoasmallNOimpurityinthe
NO2sampleusedin theSehestedetal.study.

E47. FO2+CO.RecommendedvalueisbasedonresultsofSehestedetal.[ 1016],theonlypublishedstudyof
thisreaction.

E48. FO2+CH4.RecommendedvalueisbasedonresultsofLi etal.[704].Thisupperlimitisafactorof 20
lessthanthepreviouslyrecommendedupperlimit,whichwasbasedontheresultsof Sehestedetal.[1016].

E49.CF30+02. TherecommendationisbasedupontheresultsofTurnipseedetal.[1157]whoreported
k(373K)< 4 x 10-17. Assuming an E/R of 5000K, which is equal to the reaction endothermicity, yields the

recommended A and k(298) limits. By comparison to other reactions involving abstraction by 0 2 the A
factor is likely to be much smaller.

E50. CF30 + 0 3. The recommendation is based on the average of room temperature measurements reported by

Turnipseed et al. [1157], Wallington and Ball [1201] , and Bourbon et al. [132]. Turnipseed et al. and
Bourbon et al. made direct measurements using LIF detection of CF30 with pulsed photolysis and flow tube

reactors, respectively. Wallington and Ball used a competetive reaction scheme with IR absorption detection
and CF30 + CH 4 as the reference reaction. The recommended A factor is estimated by comparison to other

CF30 reactions, and the E/R is calculated to give the recommended k(298). Upper limits reported by Maricq

and Szente [753], Nielsen and Sehested [857], and Wallington et al. [I 208] are consistent with the k(298)
recommendation. Measurements reported by Fockenberg et al. [389] and Meller and Moortgat [778] gave rate
coefficients about an order of magnitude less than the recommended value. Although the reason for this
discrepancy is not known, both studies appear to have the possibility of significant secondary chemistry.
The reaction products have not been observed.

E51. CF30 + H20. The recommendation is based upon the measurement k(381) < 2 x 10-16 reported by

Turnipseed et al. [I 155]. The A factor is estimated and the E/R is calculated to fit k(381). The limits k =

(0.2-40) x 10-17 at 296+2K given by Wallington et al. [1209] are consistent with the recommendation.

E52. CF30 + NO. The recommendation is based upon the room temperature rate coefficients reported by Sehested

and Nielsen [1014], Turnipseed et al. [I 157], and Jensen et al. [562] which are in very good agreement. An
earlier low value given by Bevilacqua et al. [108] is superseded by Jensen et al. The temperature-dependence is
derived from measurements by Turnipseed (233-360K) and Jensen et al. (231-393K). Room temperature
results from Bourbon et al. [ 133] and Bhatnagar and Carr [ 110] and a temperature dependence study by Dibble
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etal.[339]areingoodagreementwiththerecommendation.Thereactionproductshavebeenreportedby
Chenetal.[206]Bevilacquaetal.[108],BhatnagarandCarrandDibbleetal.

E53.CF30+NO2.Therearenopublishedmeasurementsof theratecoefficientforthisreaction.Thereaction
productshavebeenreportedbyChenetal.[205]whousedphotolysisofCF3NOtoprepareCF302and
subsequentlyCF30in700torrofairat297+2K.Theyconsideredtwoproductchannels:(a)CF3ONO2
obtainedviathree-bodyrecombinationand(b)CF20+FNO2obtainedviafluorinetransfer.Productsfrom
bothchannelswereobservedandfoundtobethermallystablein theirreactor.Theyreportka/(ka+kb)>-
90%andkb/(ka+kb)-<10%,thustheformationofCF3ONO2isthedominantchannelat700torrand
297K.

E54.CF30+CO.ThekineticsofthisreactionwerestudiedbyTurnipseedetal.[I 155],whousedpulsedlaser
photolysiswithpulsedlaser-inducedfluorescencedetectionandaflowtubereactorwithchemicalionization
detectiontoobtaindataattemperaturesfrom233to332K andatpressuresfrom0.8toabout300torrinHe
andatabout300torrinSF6.Thereactionwasfoundtobepredominantlyathree-bodyrecombination,
presumablyproducingCF3OCOasdescribedinTable2. Thebimolecularreactionhasatleasttwoproduct
channels:(a)CF20+ CFOand(b)CF3+CO2.Therecommendedbimolecularratecoefficientlimitis
derivedfromthelowpressureresultsofTurnipseedetal.,wherethereactionwasinthefall-offregion.Their
lowpressuredataindicatethatkb<4x 10-16cm3molecule-I s-I at298K.ThefateoftheCF3OCOadduct
isuncertain,andit mayleadtotheregenerationofCF3orCF30radicalsintheatmosphere.Wallingtonand
Ball[1202]reportayieldof(96+8)%CO2atoneatmosphereand(296+_.2)K.

E55.CF30+CH4.TheabsoluteratecoefficientsreportedbySaathoffandZellner[979],Baroneetal.[72],Jensen
etal.[562],Bourbonetal.[!34],andBednareketal.[97]atroomtemperatureareinexcellentagreement.
Kellyetal.[590]usedarelativemethodwithFTIRdetectiontodeterminetheratiok(CF30+CH4)/k(CF30
+C2H6)=R= 0.01!'0.001at298+2K.Thisdoesnotagreewiththeratioofourrecommendedvalues,
whichis0.017.A relativeratemeasurementreportedbyChenetal.[207]usingFTIRmethodsalsogivesa
lowresultfortheratecoefficient.A relative rate measurement reported by Wallington and Ball [ 1202], R =

0.0152_+0.0023 at 296K, is in good agreement with the recommended rate coefficients. The temperature
dependence is from the data of Barone et al. (247-360K), Jensen et al. (231-385 K), and Bednarek et al. (235-
401K), who agree very well. Measurements at higher temperatures by Bourbon et al. (296-573K) gave a
higher E/R (1606K). The k(298) is the average of the three absolute studies. The CF3OH product was
observed by Jensen et al. and Bevilacqua et al. [108].

E56. CF30 + C2H6. The room temperature recommendation is based on results reported by Saathoff and Zellner

[979], Barone et al. [72], and Bourbon et al. [ 134]. These workers are in excellent agreement. Chen et al.
[207] measured the rate coefficient relative to that for the CF30 + NO reaction in 700 torr of air at 297 K.

Their ratio is in good agreement with the values recommended in this evaluation. Kelly et al. [590] used a
relative method with FTIR detection to determine the ratio k(CF30 + CH4)/k(CF30 + C2H6) = 0.01_4-0.001

at 298+2K. This does not agree with the ratio of our recommended values, which is 0.017. A relative rate
measurement reported by Wallington and Ball [1202], R = 0.0152_+0.0023 at 296k is in good agreement with
the recommended rate coefficients. The temperature dependence is from the work of Barone et al., who studied
the reaction over the temperature range from 233 to 360 K. Measurements by Bourbon et al. (295-573k) gave

a higher E/R (642K). The products are inferred by analogy to other reactions of CF30 with organic

compounds.

E57. CF302 + 03. The recommended upper limit is given by the measurements reported by Ravishankara et al.

[953] who used chemical ionization detection of CF30 2 with a flow tube reactor. No measurable reaction

was observed in their study. The less direct studies of Nielsen and Sehested [857], Maricq and Szente [7531
and Turnipseed et ai. [I 157] all report somewhat larger upper limits to the rate coefficient. An observable
reaction was reported in an indirect measurement by Meller and Moortgat [778]. Their result for the CF30 +

03 reaction is not consistent with the value recommended above. Their study may have interference from

unknown reactions. The products are assumed to be CF30 + 202.

E58. CF30 2 + CO. The recommended upper limit is reported by Turnipseed et al. [I 155] who used chemical
ionization mass spectrometric detection of CF3OO with a flow tube reactor at 296K. This result is at odds

with an earlier study by Czarnowski and Schumacher [291 ], who deduced a "fast reaction" when they observed
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E59.

FI.

F2.

F3.

F4.

F5.

F6.

thethermaldecompositionofCF3OOOCF3toaccelerateinthepresenceofCOat315-343K.It ispossible
thatthereactionofCF30withCOcouldaccountfortheirobservations.

CF302+ NO.The recommendation is an average of the room temperature rate coefficients reported by Plumb
and Ryan [921], Dognon et al. [349], Peeters et al. [906], Bevilacqua et al. [108], Sehested and Nielsen
[1014], Turnipseed et al. [I 157], Bourbon et al. [I 33], and Bhatnagar and Carr [I 10], all of whom are in
excellent agreement. The temperature dependence is derived from the results of Dognon et al. Several studies
have confirmed the identity of the products.

O + CIO. Recently there have been five studies of this rate constant over an extended temperature range using
a variety of techniques: Leu [692]; Margitan [749]; Schwab et al. [1010]; Ongstad and Birks [880]; and
Nicovich et al. [850]. The recommended value is based on a least squares fit to the data reported in these
studies and in the earlier studies of Zahniser and Kaufman [ 1293] and Ongstad and Birks [879]. Values
reported in the early studies of Bemand et al. [104] and Clyne and Nip [240] are significantly higher and were

not used in deriving the recommended value. Leu and Yung [701] were unable to detect o2(lY3 or O2(IA) and

set upper limits to the branching ratios for their production of 4.4 x 10-4 and 2.5 x 10 -2 respectively.

O + OCIO. The recommended value is based on results of the DF-RF study of Gleason et al. [426]. Over the
temperature range from 400 K down to 240 K their data are well fitted by this Arrhenius expression, but at
lower temperatures down to 200 K their data show an abrupt change to a negative temperature dependence. At
200 K the value measured is a factor of 3 higher than that calculated from the Arrhenius expression. Similar
results were obtained in a recent study (Toohey, Avallone, and Anderson, private communication). Over the

temperature range 413 - 273 K their data showed a temperature dependence very similar to that reported by
Gleason et al. over the same temperature range. Moreover, as the temperature was lowered further their rate
constant values also levelled off and then increased at the lowest temperature. Their rate constant values were
nearly 50% lower than the values of Gleason et al. from 400 K down to 273 K and 30% lower at 253 K.

Colussi [257], using a laser flash photolysis - resonance fluorescence technique over an extended pressure
range, reported a value of the bimolecular rate coefficient at room temperature 50% higher than the
recommended value. Colussi et al. [259] extended these measurements down to 248 K; in contrast to the

positive temperature dependence over this temperature range reported by Gleason et al., these authors report a
negative temperature dependence. The bimolecular rate constants reported by Colussi et al. are not directly
measured but are derived quantities which are consistent with fall-off curves fitted to the experimental data over
the pressure range 20 - 600 tort. It appears that the experiments of Bemand et al. [ 104], were complicated by
secondary chemistry. The results of Colussi and Colussi et al. over an extended pressure range demonstrate
the importance of the termolecular reaction O + OCIO + M _ CIO 3 + M (see entry for this reaction in Table

2). It should be noted that the termolecular rate constants derived by Gleason et al. on the basis of their low
temperature data are not consistent with the termolecular rate constant expression recommended in this
evaluation (factor of 3 difference). The recommended expression is based on the results of Colussi [257] and
Colussi et al. [259].

O + C120. Recommended value is based on the results of Stevens and Anderson [ 1079] and Miziolek and

Molina [804], which are in good agreement. The significantly lower values of Wecker et al. [ 1236] are not
included, nor are earlier results by Basco and Dogra [79] and Freeman and Phillips [395] due to data analysis
difficulties in both studies.

O + HC1. Fair agreement exists between the results of Brown and Smith [147], Wong and Belles [I 275],
Ravishankara et al. [950], Hack et al. [448] and Singleton and Cvetanovic [1042] at 300 K (some of the
values for k(300 K) were obtained by extrapolation of the experimentally determined Arrhenius expressions),
but these are a factor of-7 lower than that of Balakhnin et al. [53]. Unfortunately, the values reported for
E/R are in complete disagreement, ranging from 2260-3755 K. The preferred value was based on the results
reported by Brown and Smith, Wong and Belles, Ravishankara et al., Hack et al. and Singleton and
Cvetanovic, but not on those reported by Batakhnin et al.

O + HOCI. Recommended value is based on results of Schindler et al. [1001]. In this study the rate constant

was found to be practically independent of temperature in the range 213-298 K. Product analysis indicated that
C! atom abstraction is the predominant primary reaction channel.

O + C1ONO 2. The results reported by Molina et al. [806] and Kurylo [637] are in good agreement, and these

data have been used to derive the preferred Arrhenius expression. The value reported by Ravishankara et al.
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[945]at245K isafactorof2greaterthanthosefromtheotherstudies,andthismaypossiblybeattributedto
(a)secondarykineticcomplications,(b)thepresenceofNO2asareactiveimpurityintheCIONO2,or(c)
formationofreactivephotolyticproducts.Noneofthestudiesreportedidentificationofthereactionproducts.
TheroomtemperatureresultofAdler-GoldenandWiesenfeld[10]isingoodagreementwiththerecommended
value.

03+OCIO.Therecommendedvalueisbasedonresultsoverthetemperaturerange262-296Kreportedby
Wongdontri-Stuperetal.[1276].Withintheindicateduncertaintylimitsit alsoencompassesthesomewhat
lowerroomtemperatureresultof Birksetal.[119].

03+C1202.TherecommendedupperlimitisthatdeterminedbyDeMoreandTschuikow-Roux[333].It
referstoatemperatureof 195K,andwhilethereactionpossiblycouldbefasterathighertemperatures,the
valueoftherateatthehighertemperatureswouldbeofnosignificancebecauseofthethermaldecomposition
ofthedimer.

OH+C12.TherecommendedroomtemperaturevalueistheaverageoftheresultsreportedbyBoodaghianset
al.11291,LoewensteinandAnderson[725],Ravishankaraetal.[947],andLeuandLin[6971.The
temperature dependence is from Boodaghians et al. Loewenstein and Anderson determined that the exclusive
products are CI + HOCI.

OH + CIO. The recommended value is based on a fit to the 219-373 K data of Hills and Howard [488], the
243-298 K data of Burrows et al. [ 169], and the 298 K data of Poulet et al. [931 ]. Data reported in the studies
of Ravishankara et al. [947], and Leu and Lin [697] were not used in deriving the recommended value because
in these studies the concentration of CIO was not determined directly. The results of Burrows et al. are
temperature-independent, while those of Hills and Howard show a slight negative temperature dependence.
The fraction of total reaction yielding HO2 + CI as products has been determined by Leu and Lin (>0.65);

Burrows et al. (0.85_+0.2); Hills and Howard (0.86+0.14); and Poulet et al. (0.98_+0.12). The latest study
gives an upper limit of 0.14 for the branching ratio to give HCI + 0 2 as products. Even though uncertainties
in all studies allow for the HCI yield to be zero, none of the current measurements can exclude a small, but

atmospherically significant, yield of HCI. Quantification of the HCI yield, especially at temperatures close to
200 K, is needed.

OH + OCIO. The recommended value is that reported by Poulet et al. [935], the only reported study of this
rate constant, using a discharge flow system in which OH decay was measured by LIF or EPR over the

temperature range 293-473 K. Product HOCI was detected by modulated molecular beam mass spectrometry.
The branching ratio for the channel to produce HOCI + 02 was determined to be close to unity, but

experimental uncertainty would allow it to be as low as 0.80.

OH + HCI. The recommended value is based on a least squares fit to the data reported in the studies by
Molina et al. [807], Keyser [601], and Ravishankara et al. [959]. In these studies particular attention was paid
to the determination of the absolute concentration of HC1 by UV and IR spectrophotometry. Earlier studies

by Takacs and Glass [! 106], Zahniser et al. [I 294], Smith and Zellner [1058], Ravishankara et al. [950], Hack
et al. [448], Husain et al. [528], Cannon et al. I179], Husain et al. I529], and Smith and Williams [1057] had

reported somewhat lower room temperature values. Results of a low temperature study by Sharkey and Smith
[1019] are in good agreement with this recommendation down to 216 K but are significantly higher at 178 K
and 138 K.

OH + HOCI. In the only reported study of this system Ennis and Birks [367] reported the value of this rate

constant at room temperature to lie in the range (1.7 - 9.5) x 10-13 cm 3 molecule -I s -I. A temperature-

dependent expression has been estimated by choosing a pre-exponential factor by analogy with the OH +
H202 reaction and selecting the midpoint of the experimental range for the room temperature rate constanL

The large uncertainty factor is needed to encompass the entire range.

OH + CINO2. The recommended value is based on results of the direct study of Ganske et al. [405,406]

using the discharge flow-resonance fluorescence technique. Mass spectrometric studies showed HOCI to be
the major chlorine-containing product, with no evidence tbr a channel to produce HONO2 + CI.
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OH+CIONO2.TheresultsreportedbyZahniseret al. [1291] and Ravishankara et al. [945] are in good
agreement at ~245 K (within 25%), considering the difficulties associated with handling CIONO2. The

preferred value is that of Zahniser et al. Neither study reported any data on the reaction products.

OH + CH3CI. The recommended expression averages the relative rate data of Hsu and DeMore with the

absolute rate data below 400 K from the studies of Taylor et al. [1122], Jeong and Kaufman [567], Davis et
al. [311 ], Perry et al. [908] and the room temperature data of Howard and Evenson [511 ] and Paraskevopoulos
et al. [894].

OH + CH2C!2. The relative rate data of Hsu and DeMore [518] lie below the data from absolute rate studies,

although only slightly below that of Davis et al. [311 ]. The recommended expression averages this relative
rate data with the absolute rate data below 400 K from the studies of Taylor et al. [1122], Davis et ai. [311],
and Jeong and Kaufman [567], and the room temperature data of Perry et al. [908] and Howard and Evenson
[511].

OH + CHCI 3. There have been two recent studies of this reaction rate - the relative rate study of Hsu and

DeMore [518] and the absolute rate study of Taylor et al. [1122], which superseded Taylor et al. [ 1121 ].
Both studies report a lower activation energy than that reported in the earlier studies. The new data reconcile
the problem with respect to transition state theory pointed out by Cohen and Benson [254] and Cohen and
Westberg [255] for the previous data for this reaction (Davis et al. [311 ], Jeong and Kaufman [567], and
Taylor et al. [1121]). The recommended expression averages the relative rate data of Hsu and DeMore with
the absolute rate data below 400 K from the studies of Taylor et al. [ 1122], Jeong and Kaufman [567] and
Davis et ai. [311 ], and the room temperature data of Howard and Evenson [511 ].

OH + CCI 4. The recommended upper limit at room temperature is based on the upper limit reported in the

competitive study by Cox et al. [272]. The value given there has been increased by a factor of four to allow
for uncertainties in the number of NO molecules oxidized. The recommendation is compatible with the less
sensitive upper limits reported by Howard and Evenson [511 ] and Clyne and Holt [230]. None of these
investigators reported any evidence for reaction between these species. The A-factor was estimated and a
lower limit for E/R was derived.

OH + CFCI 3. The A-factor was estimated, and a lower limit was derived for E/R by using the upper limit

reported for the rate constant by Chang and Kaufman [196] at about 480 K. This expression is quite
compatible with the upper limits reported by Atkinson et al. [41], Howard and Evenson [511], Cox et al.
[272] and Clyne and Holt [230]. None of the investigators reported any evidence for reaction.

OH + CF2CI2. The A-factor was estimated, and a lower limit was derived for E/R by using the upper limit

reported for the rate constant by Chang and Kaufman [196] at about 480 K. This expression is quite
compatible with the upper limits reported by Atkinson et al. [41], Howard and Evenson [511], Cox et al.
[272] and Clyne and Holt [230]. None of the investigators reported any evidence for reaction.

OH + CH2FCI (HCFC-31). The recommended Arrhenius expression includes the data of DeMore [329]

along with the room temperature data of Howard and Evenson [511] and Paraskevopoulos et al. [894], and the
temperature dependence data of Watson et al. [1231 ], Handwerk and Zellner [463] and Jeong and Kaufman
[567] below 400 K.

OH + CHFCI2 (HCFC-21). Absolute rate coefficient data for this reaction have been reported by Howard
and Evenson [511 ], Perry et al. [908], Watson et al. [ 1231 ], Chang and Kaufman [ i 97], Clyne and Holt

[231], Paraskevopoulos et al. [894] and Jeong and Kaufman [567]. New data are now available from Fang et
al. [370] and DeMore (1997, to be published). The preferred Arrhenius expression fits the latter two sets of
data.

OH + CHF2CI (HCFC-22). Results for this compound show very good agreement among both absolute and
relative rate constant measurements. The recommended Arrhenius expression fits the results of Orkin and

Khamaganov [883], Hsu and DeMore [519], and Fang et al. [370] along with the earlier results reported by
Howard and Evenson [511], Atkinson et al. [41], Watson et al. [I 231], Chang and Kaufman [197], Handwerk
and Zellner [463], Paraskevopoulos et al. [894] and Jeong and Kaufman [567].
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OH+CH3OCI.RecommendedvalueisbasedonresultsofCrowleyetal.[287],theonlyreportedstudyof
thisreaction.

OH+CH3CC13.Thek(298K)recommendationisbasedonabsoluteratestudiesofTalukdaretal.[11191
andFinlayson-Pittsetal.[382],andarelativeratestudy(CH4asreference)ofDeMore[326].The
temperaturedependenceisthatofTalukdaretal.[1119].Thesestudiesindicatebothalowerk(298K)and
E/Rthanwasreportedinearlierstudies:Nelsonetal.[835],JeongandKaufman[566],andKuryloetal.
[640].RecentmeasurementsbyJiangetal.[569]andLancaretal.[657]yieldrateconstantsthatareslightly
higherat298Kthanthisrecommendation.

OH+C2HC!3. Thepreferredvalueat298KisameanofthevaluesreportedbyHoward[508]andChang
andKaufman[197].ThevaluederivedfromarelativeratecoefficientstudybyWineretal.[1272]isafactor
of~2greaterthantheothervaluesandisnotconsideredinderivingthepreferredvalueat298K. The
ArrheniusparametersarebasedonthosereportedbyChangandKaufman(theA-factorisreducedtoyieldthe
preferredvalueat298K). Kirchneretal.[609]reportaroomtemperaturerateconstantandArrhenius
parameters in reasonable agreement with the recommended values.

OH + C2CI 4. The preferred value at 298 K is a mean of the value reported by Howard [508] and Chang and
Kaufman [ 197]. The value reported by Winer et al. [1272], which is more than a factor of 10 greater, is

rejected. The preferred Arrhenius parameters are those of Chang and Kaufman. Kirchner et al. [609] report a
room temperature rate constant in good agreement with the recommended value and Arrhenius parameters in
reasonable agreement with the recommended values.

OH + CCI3CHO. The recommended room temperature value is that reported by Barry et al. [75] in a

comprehensive study using three independent techniques. The temperature dependence is that reported by
Dobe et al. [342].

OH + CH3CFC12 (HCFC-141b). Both absolute and relative rate measurements are in excellent agreement

for this compound, and the data are linear over a wide temperature range. The recommended value averages
results of the studies of Huder and DeMore [522] and Lancar et al. [657] with those of the earlier studies of

Zhang et al. [1304], Liu et al. [724] at 330 K and above, and Talukdar et al. [1114] above 253 K. The
temperature-dependence data of Brown et al. [144] were not considered because the relatively large rate
constants and Arrhenius curvature are suggestive of sample impurities.

OH + CH3CF2CI (HCFC-142b). The recommended rate expression is derived from a fit to the temperature-

dependence data of Gierczak et al. [416], Liu et al. [724], Watson et al. [1231], Handwerk and Zellner [463],
the 270 K data of Zhang et al. [ 1304] and the room temperature data of Howard and Evenson [510],
Paraskevopoulos et al. [894] and Mors et al. [817]. The data from Brown et al. [144] and Clyne and Holt
[231] were not included in the fit.

OH + CH2CICF2Ci (HCFC-132b). The recommended rate expression was derived from the data of Watson
et al. [ 1233], which were corrected by these authors for the presence of alkene impurities. The data of Jeong

et al. [565], indicating substantially faster rate constants, may have been affected by such impurities; hence
they were not included in deriving the recommendation.

OH + CHCI2CF2CI (HCFC-122). Based on the data of Orkin and Khamaganov [8831 and DeMote [329],

which are in good agreement.

OH + CHFCICFC12 (HCFC-122a). Fit to data of Hsu and DeMore [519] and Orkin (private

communication), which are in good agreement.

OH + CH2CICF 3 (HCFC-133a). The temperature dependence of the preferred rate expression was derived
from the data of Handwerk and Zellner [463]. The recommended value of k298 is the average of the values of

Howard and Evenson [510] and Handwerk and Zellner [463] adjusted to 298 K.

OH + CHCI2CF 3 (HCFC-123). The relative rate constant measurements of Hsu and DeMore [519], using

HFC-152a as a reference compound, are in good agreement with the Zellner (private communication, 1993)
value, but somewhat lower than most of the previous absolute data. The recommended value averages results
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ofthenewstudieswiththeearliertemperature-dependencedatabelow400KofNielsen[852],Gierczaketal.
[416],Liuetal.[724],Watsonetal.[1233],andtheroomtemperaturedataof HowardandEvenson[510].

OH+CHFCICF2CI(HCFC-123a).BasedonthedataofOrkinandKhamaganov[883].

OH+CHFCICF3 (HCFC-124). The relative rate measurements of Hsu and DeMore [519], using both
HFC-134 and CH 4 as reference compounds, are somewhat lower (about 30% at 298 K) than the absolute

measurements, with a slightly greater temperature dependence. The recommended rate expression averages
results of this new study with those of the earlier studies of Gierczak et al. [416], Watson et al. [1233], and
the room temperature data of Howard and Evenson [510].

OH + CH3CF2CFCI 2 (HCFC-243cc). The preferred rate expression is derived from the temperature-

dependence data of Nelson et al. [829]. The recommended value of k298 is obtained from the temperature
dependence expression.

OH + CF3CF2CHCI 2 (HCFC-225ca). The preferred rate expression is derived from reanalysis of the final

published temperature-dependence data of Nelson et al. [829] and Zhang et al. [ 1305].

OH + CF2CICF2CHFC1 (HCFC-225cb). The preferred rate expression is derived from the temperature-
dependence data of Nelson et al. [829] and Zhang et al. [ 1305].

HO 2 + Ch The recommendations for the two reaction channels are based upon the results by Lee and

Howard [679] using a discharge flow system with laser magnetic resonance detection of HO2, OH, and CIO.

The total rate constant is temperature independent with a value of (4.2_+0.7) x 10-I I cm 3 molecule-1 s-I over
the temperature range 250-420 K. This value for the total rate constant is in agreement with the results of
indirect studies relative to CI + H20 2 [Leu and DeMore [693], Poulet et al. [933], Burrows et al. [I 64]] or to

CI + H 2 [Cox [265]]. The contribution of the reaction channel producing OH + C10 (21% at room

temperature) is much higher than the upper limit reported by Burrows et al. (1% of total reaction). Cattell
and Cox [ 193], using a molecular modulation-UV absorption technique over the pressure range 50-760 tort,
report results in good agreement with those of Lee and Howard both for the overall rate constant and for the

relative contribution of the two reaction channels. A study by Dobis and Benson [346] reports a total rate
constant in good agreement with this recommendation but a much lower contribution (5+3%) of the channel
producing OH + CIO. The rate constant for the channel producing CIO + OH can be combined with that for
the reaction CIO + OH > C1 + HO2 to give an equilibrium constant from which a value of the heat of

formation of HO 2 at 298 K of 3.0 kcal/mol can be derived.

HO2 + CIO. There have now been five studies of this rate constant. Three were low pressure discharge flow

studies, each using a different experimental detection technique (Reimann and Kaufman, [965]; Stimpfle et al.
[1087]; Leck et ah [668]), and two were molecular modulation studies; at one atmosphere (Burrows and Cox

[I 65]), and over the pressure range 50-760 torr (Cattell and Cox [193]). The 298 K values reported, in units

of 10 -12 cm 3 molecule -1 s-I, are: 3.8_+0.5 (Reimann and Kaufman), 6.3+1.3 (Stimpfle et al.), 4.5i-0.9
(Leck et ah), 5.4 (Burrows and Cox), and 6.2+! .5 (Cattell and Cox). The recommended value is the mean of

these values. The study of Cattell and Cox over an extended pressure range, when combined with results of
the low pressure discharge flow studies, seems to indicate that this reaction exhibits no pressure dependence
at room temperature. The only temperature-dependence study (Stimpfle et ah) resulted in a nonlinear

Arrhenius behavior. The data were best described by a four parameter equation of the form k = Ae -B/T +

CT n, possibly suggesting that two different mechanisms may be occurring. The expression forwarded by

Stimpfle et ah was 3.3 x 10 -11 exp(-850/T) + 4.5 x 10 -12 (T/300) -3.7. Two possible preferred values can

be suggested for the temperature dependence of k: (a) an expression of the tbrm suggested by Stimpfle et ah,

but where the values of A and C are adjusted to yield a value of 5.0 x 10 -12 at 298 K, or (b) a simple

Arrhenius expression which fits the data obtained at and below 300 K (normalized to 5.0 x 10-12 at 298 K).
The latter form is preferred. The two most probable pairs of reaction products are, (I) HOCI + 02 and (2)

HCI + 0 3. Leu [691] and Leck et al. used mass spectrometric detection of ozone to place upper limits of

1.5% (298 K) and 3.0% (248 K); and 2.0% (298 K), respectively, on k2/k. Burrows and Cox report an upper

limit of 0.3% for k2/k at 300 K. Finkbeiner et al. [381], using matrix-isolation/FTIR spectroscopy, studied
product formation between 210 and 300 K at 700 Torr. HOCI was observed as the dominant product (> 95%
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atalltemperatures).Thebranchingratiovaluesfork2/kweredeterminedtobe<1%at300Kand270K.
2+1%at240K,and5+_.2%at210K. Noevidenceforanyotherproductchannelwasfound.

H20+CIONO2.Thisrecommendationisbasedontheupperlimitstothehomogeneousbimolecularrate
constantreportedbyAtkinsonetal.[47],andbyHatakeyamaandLeu[470,471].Atkinsonetal.observed
byFTIRanalysisthedecayofCIONO2inthepresenceofH20in large-volume(2500and5800liters)
TeflonorTeflon-coatedchambers.Theirobserveddecayrategivesanupperlimittothehomogeneousgas
phaserateconstant,andtheyconcludethatthedecayobservedisduetoheterogeneousprocesses.
HatakeyamaandLeu,usingastaticphotolysissystemwithFTIRanalysis,deriveasimilarupperlimit.
Rowlandetal.[974]concludedthatthedecaytheyobservedresultedfromrapidheterogeneousprocesses.The
homogeneousreactionistooslowtohaveanysignificanteffectonatmosphericchemistry.

NO+OCIO.TheArrheniusexpressionwasestimatedbasedon298KdatareportedbyBemand,Clyneand
Watson[104].

NO+C1202. TherecommendedupperlimitisthatdeterminedbyFriedl(privatecommunication)inastudy
usingaDF-MStechnique.

NO3+ HCI.TherecommendedupperlimitisthatreportedbyMelloukietal.[783]inastudyusingDF-
EPRtechniques.Thisupperlimitshowsthatthisreactionisofnegligibleimportanceinstratospheric
chemistry.SomewhatlowerupperlimitshavebeenreportedbyCantrelletal.[184]andCanosa-Masetal.
[181]; thelatterstudyalsoreportsArrheniusparametersathighertemperatures(333-473K).

HO2NO2+ HC1.This upper limit is based on results of static photolysis-FTIR experiments reported by
Leu et al. [696].

CI + O 3. The results reported for k(298 K) by Watson et al. [1232], Zahniser et al. [1295], Kurylo and
Braun [641] and Clyne and Nip [241] are in good agreement, and have been used to determine the preferred
value at this temperature. The values reported by Leu and DeMore [693] (due to the wide error limits) and
Clyne and Watson [247] (the value is inexplicably high) are not considered. The four Arrhenius expressions
are in fair agreement within the temperature range 205-300 K. In this temperature range, the rate constants at

any particular temperature agree to within 30-40%. Although the values of the activation energy obtained by
Watson et al. and Kurylo and Braun are in excellent agreement, the value of k in the study of Kurylo and
Braun is consistently (-17%) lower than that of Watson et al. This may suggest a systematic underestimate
of the rate constant, as the values from the other three agree so well at 298 K. A more disturbing difference

is the scatter in the values reported for the activation energy (338-831 cal/mol). However, there is no reason
to prefer any one set of data to any other; therefore, the preferred Arrhenius expression shown above was
obtained by computing the mean of the four results between 205 and 298 K. Inclusion of higher temperature

(466 K) experimental data would yield the following Arrhenius expression: k = (3.4+1.0) x 10 -I I

exp(-310-&76/T). Results of the study by Nicovich et al. [845] show non-Arrhenius behavior over the
temperature range 189-385 K. These results are in good agreement with the present recommendation above
about 250 K, but at lower temperatures they are faster than the recommendation, although still within its
stated uncertainty down to about 220 K. Results of Seeley et al. [101 I] using the turbulent flow tube
technique are in excellent agreement with the recommendation at room temperature but 20% higher than the
recommendation at 220 K. DeMore [325] directly determined the ratio k(Cl + O3)/k(CI + CH4) at 197-217
K to be within 15% of that calculated from the absolute rate constant values recommended here.

Vanderzanden and Birks [1176] have interpreted their observation of oxygen atoms in this system as evidence

tbr some production (0.1-0.5%) of 02 (1_-) in this reaction. The possible production of singlet molecular

oxygen in this reaction has also been discussed by DeMore [322], in connection with the CI2 photosensitized

decomposition of ozone. However Choo and Leu [216] were unable to detect O2(!,_,) or O2(IA) in the C1 +

03 system and set upper limits to the branching ratios lor their production of 5 x 10 -4 and 2.5 x 10 -2,

respectively. They suggested two possible mechanisms for the observed production of oxygen atoms,
involving reactions of vibrationally excited C10 radicals with 0 3 or with CI atoms, respectively. Burkholder

et al. [ 160], in a study of infrared line intensities of the CIO radical, present evidence in support of the second
mechanism. In their experiments with excess CI atoms, the vibrationally excited CIO radicals produced in
the CI + 03 reaction can react with CI atoms to give CI2 and oxygen atoms, which can then remove
additional CIO radicals. These authors point out the possibility/'or systematic error from assuming a I:1

74



F50.

F51.

F52.

F53.

F54.

F55.

stoichiometryfor[C1)]:[O3]owhenusingtheCI+03 reactionasaquantitativesourceofCIOradicalsfor
kineticandspectroscopicstudies.

CI+H2. ThisArrheniusexpressionisbasedonthedatabelow300K reportedbyWatsonetal.[ i230],Lee
etal.[669],MillerandGordon[8021,andKitaandStedman[612].Theresultsofthesestudiesarein
excellentagreementbelow300K;thedataathighertemperaturesareinsomewhatpooreragreement.The
resultsofWatsonetal.,MillerandGordon,andKitaandStedmanagreewell(afterextrapolation)withthe
resultsofBensonetal.[107]andSteinerandRideal[1074]athighertemperatures.Foradiscussionofthe
largebodyofratedataathightemperatures,seethereviewbyBauichetal.[86].Theroomtemperature
valueofKumaranetal.[632],inastudyprimarilyathightemperatures,isinexcellentagreementwiththis
recommendation.MillerandGordonandKitaandStedmanalsomeasuredtherateofthereversereaction,and
foundtheratiotobeingoodagreementwithequilibriumconstantdata.

CI+H202. Theabsoluteratecoefficientsdeterminedat-298K byWatsonetal.[1232],LeuandDeMore
[693],Michaeletal.[800],Pouletetal.[933]andKeyser[597]rangeinvaluefrom(3.6-6.2)x 10-13.The
studiesofMichaeletal.,Keyser,andPouletetal.arepresentlyconsideredtobethemostreliable.The
preferredvaluefortheArrheniusexpressionistakentobethatreportedbyKeyser.TheA-factorreportedby
Michaeletal.isconsiderablylowerthanthatexpectedfromtheoreticalconsiderationsandmaypossiblybe
attributedtodecompositionofH202attemperaturesabove300K. ThedataofMichaeletal.atandbelow
300KareingoodagreementwiththeArrheniusexpressionreportedbyKeyser.Moredataarerequiredbefore
theArrheniusparameterscanbeconsideredtobewell-established.HeneghanandBenson[481],usingmass
spectrometry,confirmedthatthisreactionproceedsonlybytheabstractionmechanismgivingHCIandHO2
asproducts.

C!+NO3.Therecommendedvalueatroomtemperatureisbasedonthedischargeflow-EPRstudyof
Melloukietal.[781] andthedischargeflow-massspectrometricstudyofBeckeretal.[89].Theresultsof
thesedirectabsoluteratestudiesarepreferredoverresultsoftheearlierrelativeratestudiesofCoxetal.
[266],Burrowsetal.[168],andCoxetal.[278],inallofwhichNO3wasmonitoredin thephotolysisof
CI2-CIONO2-N2mixtures.Complicationsin thechemistryoftheearliersystemsprobablycontributedto
thespreadinreportedvalues.Thisradical-radicalreactionisexpectedtohavenegligibletemperature
dependence,whichisconsistentwiththeresultsfromthestudyofCoxetal.[278]inwhichthe
complicationsmusthavebeentemperatureindependent.

CI+N20.Thisratecoefficienthasbeendeterminedinastudyofthehalogen-catalyzeddecompositionof
nitrousoxideatabout1000K byKaufmanetal.[589].Thelargestvaluereportedwas10-17cm3
molecule-1s-1withanactivationenergyof34kcal/mol.Extrapolationoftheseresultstolowtemperature
showsthatthisreactioncannotbeofanysignificanceinatmosphericchemistry.

CI + HNO3. The recommended upper limit at room temperature is that reported in the study of Wine et al.

[ 1269], in which long-path laser absorption spectroscopy was used to look for the appearance of NO 3

following the pulsed laser photolysis of CI2-HNO3 mixtures with no evidence for NO3 production was

observed. In the same study a less sensitive upper limit was derived from monitoring CI atom decay by
resonance fluorescence. A less sensitive upper limit was also found in the discharge flow-EPR study of
Zagogianni et al. [1289]. Higher values obtained in earlier studies [Leu and DeMore [693], Kurylo et al.
[649], and Clark et al. [221]] as well as the higher temperature results of Poulet et al. [9331 are not used.

C! + CH 4. The values reported from the thirteen absolute rate coefficient studies for k at 298 K fall in the

range (0.99 to 1.48) x 10 -13, with a mean value of 1.15 x 10-13. However, based upon the stated confidence
limits reported in each study, the range of values far exceeds that to be expected. A preferred average value of

1.0 x 10-13 can be determined from the absolute rate coefficient studies for k at 298 K by giving equal weight
to the values reported in Lin et al. [719], Watson et al. [1232], Manning and Kurylo I745]; Whytock et al.
[ 1248], Zahniser et al. [ 1290], Michael and Lee [793], Keyser [594], and Ravishankara and Wine [954]. The
values derived for k at 298 K from the competitive chlorination studies of Pritchard et al. [936], Knox [621],

Pritchard et al. [937], Knox and Nelson [623], and Lin et al. [719] range from (0.95-1.13) x 10-13, with an

average value of 1.02 x 10-13. The preferred value of 1.0 x 10-13 was obtained by taking a mean value from
the most reliable absolute and relative rate coefficient studies.

75



F56.

F57.

Therehavebeennineabsolutestudiesofthetemperaturedependenceofk. Ingeneral,theagreementbetween
mostofthesestudiescanbeconsideredtobequitegood.However,forameaningfulanalysisofthereported
studiesit isbesttodiscussthemintermsoftwodistincttemperatureregions:(a)below300K,and(b)
above300K. Threeresonancefluorescencestudieshavebeenperformedoverthetemperaturerange200to
500K [Whytocketal.[1248],Zahniseretal.[1290]andKeyser[594]],andineachcaseastrongnonlinear
Arrheniusbehaviorwasobserved.RavishankaraandWine[954]alsonotednonlinearArrheniusbehavior
overamorelimitedtemperaturerange.Thisbehaviortendstoexplainpartiallythelargevarianceinthe
valuesofE/Rreportedbetweenthoseotherinvestigatorswhomainlystudiedthisreactionbelow300K
[Watsonetal.[1232]andManningandKurylo[745]]andthosewhoonlystudieditabove300K[Clyneand
Walker[246],Pouletetal.[932],andLinetal.[719]].Theagreementbetweenallstudiesbelow300K is
good,withvaluesof(a)E/Rrangingfrom1229-1320K,and(b)k(230K)rangingfrom(2.64-3.32)x 10-14-
Themeanofthetwodischargeflowvalues[Zahniseretal.[1290]andKeyser[594]]is2.67x 10-14,while
themeanoftheflashphotolysisvalues[Watsonetal.[I232],ManningandKurylo[745],Whytocketal.
[1248],andRavishankaraandWine[954]]is3.22x 10-14at230K. Therehavenotbeenanyabsolute
studiesatstratospherictemperaturesotherthanthosewhichutilizedtheresonancefluorescencetechnique.
RavishankaraandWine[954]havesuggestedthattheresultsobtainedusingthedischargeflowand
competitivechlorinationtechniquesmaybeinerroratthelowertemperatures(<240K)duetoanon-
equilibrationofthe2PI/2and2P3/2statesofatomicchlorine.RavishankaraandWineobservedthatat
temperaturesbelow240K theapparentbimolecularrateconstantwasdependentuponthechemical
compositionof thereactionmixture;i.e.,if themixturedidnotcontainanefficientspinequilibrator,e.g.,
ArorCC14,thebimolecularrateconstantdecreasedathighCH4concentrations.Thechemicalcomposition
ineachoftheflashphotolysisstudiescontainedanefficientspinequilibrator,whereasthiswasnotthecase
inthedischargeflowstudies.However,thereactorwallsinthedischargeflowstudiescouldhavebeen
expectedtohaveactedasanefficientspinequilibrator.Consequently,untilthehypothesisofRavishankara
andWineisprovenit isassumedthatthedischargeflowandcompetitivechlorinationresultsarereliable.

Above300Kthethreeresonancefluorescencestudiesreported(a)"averaged"valuesofE/Rrangingfrom
1530-1623K,and(b)valuestork(500K)rangingfrom(7.74-8.76)x 10-13.Threemassspectrometric
studieshavebeenperformedabove300K withE/Rvaluesrangingfrom1409-1790K. ThedataofPouletet
al.[932]aresparseandscattered;thoseofClyneandWalker[246]showtoostrongatemperaturedependence
(comparedtoallotherabsoluteandcompetitivestudies)andk(298K)is-20% higher than the preferred value
at 298 K. The data of Lin et al. [719] are in fair agreement with the resonance fluorescence results.

The competitive chlorination results differ from those obtained from the absolute studies in that linear
Arrhenius behavior is observed. This difference is the major discrepancy between the two types of

experiments. The values of E/R range from 1503 to 1530 K, and k(230 K) from (2.1 I-2.54) x 10-14 with a

mean value of 2.27 x 10-14. It can be seen from the above discussion that the average values at 230 K are:

3.19 x 10 -14 (flash photolysis), 2.67 x 10-14 (discharge flow), and 2.27 x 10 -14 (competitive chlorination).

These differences increase at lower temperatures. Until the hypothesis of Ravishankara and Wine [954] is re-
examined, the preferred Arrhenius expression attempts to best fit the results obtained between 200 and 300 K

from all sources. The average value of k at 298 K is !.04 x 10 -13, and at 230 K is 2.71 x 10 -14 (this is a

simple mean of the three average values). The preferred Arrhenius expression yields values similar to those
obtained in the discharge flow-resonance fluorescence studies. If only flash photolysis-resonance fluorescence

results are used then an alternate expression of 6.4 x 10-12 (exp(-1200/T)) can be obtained (k(298 K) = 1.07

x 10-13, and k(230 K) = 3.19 x 10-14). The room temperature result of Beichert et al. [ 1021 is in good
agreement with the recommendation. The results of Seeley et al. [ 101 I], using the turbulent flow tube
technique, are in excellent agreement with the recommendation at room temperature but 20% higher than the
recommendation at 200 K.

CI + CH3D. Recommended value is based on results of Wallington and Hurley [1207].

CI + H2CO. The results from five of the six published studies [Michael et al. [798], Anderson and Kurylo
[25], Niki et al. [862], Fasano and Nogar [372] and Poulet et al. [928]] are in good agreement at -298 K. but

are -50% greater than the value reported by Foon et al. [390]. The preferred value at 298 K was obtained by
combining the absolute values reported by Michael et al., Anderson and Kurylo, and Fasano and Nogar, with
the values obtained by combining the ratio of k(C1 + H2CO)/k(CI + C2H6) reported by Niki et al. (1.3_+0.1)

and by Poulet et al. (I.16_+0.12) with the preferred value of 5.7 x 10-11 for k(CI + C2H6) at 298 K. The
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preferredvalueofE/Rwasobtainedfromaleastsquaresfit toall the data reported in Michael et al. and in
Anderson and Kuryio. The A-factor was adjusted to yield the preferred value at 298 K.

CI + CH302 . Recommended value is based on results of Maricq et al. [756], Jungkamp et al. [580], and

Daele and Poulet [292]. All three studies agree that this overall reaction is very fast. However, there is a
discrepancy in the reported values of the branching ratios for the two pathways producing CIO + CH30 (a)

and HCI + CH20 2 (b). The branching ratio for the reaction channels producing HCI + CH20 2 (b) has been

reported to be 50% by both Maricq et al. [756] and Jungkamp et al., but has been reported to be 90% by
Daele and Poulet. Because of this large discrepancy no branching ratios are recommended.

C! + CH3OH. This recommendation is based on results of the absolute rate studies of Michael et al. [797]

Payne et al. [904], Dobe et al. [343] and results obtained in the competitive chlorination studies of
Wallington et al. [ 1214], Lightfoot et al. [710] and Nelson et al. [834]. The temperature independence of the
rate constant was reported by Michael et al. and Lightfoot et al. Product analysis and isotopic substitution
have established that the reaction mechanism consists of abstraction of a hydrogen atom from the methyl

group rather than from the hydroxyl group. See Radford [938], Radford et al. [939], Meier et al. [776], and
Payne et al. [904]. This reaction has been used as a source of CH2OH and as a source of HO2 by the
reaction of CH2OH with 02.

CI + C2H6. The absolute rate coefficients reported in all four studies [Davis et al. [308], Manning and

Kurylo [745], Lewis et al. [702], and Ray et al. [961]] are in good agreement at 298 K. The value reported
by Davis et al. was probably overestimated by -10% (the authors assumed that If was proportional to

[CI] 0'9, whereas a linear relationship between If and [CI] 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 10%), i.e., 5.7 x 10 -I !. The two values reported for E/R are in good agreement; E/R =

61 K (Manning and Kurylo) and E/R = 130 K (Lewis et al.). A simple least squares fit to all the data would
unfairly weight the data of Lewis et al. due to the larger temperature range covered. Therefore, the preferred

value of 7.7 x 10 -11 exp(-90/T) is an expression which best fits the data of Lewis et al. and Manning and
Kurylo between 220 and 350 K. The recent temperature-dependent results of Dobis and Benson [345] and
room temperature results of Kaiser et al. [584], Hooshiyar and Niki [502] and Beichert et al. [102] are in

good agreement with the recommendation.

C1 + C2H50 2. Recommended value is based on results of Maricq et al. [756].

CI + CH3CN. The recommendation is based on results of the study of Tyndall et al. [1168[. The results of

this study, using both relative and absolute methods and measured over a wide range of experimental
conditions are preferred over the results of earlier studies of Kurylo and Knable [645], Poulet et al. [927], and
Olbregts et al. [878]. Product studies reported by Tyndall et al. show that reaction proceeds predominantly
by hydrogen atom abstraction.

CI + CH3CO3NO2 (PAN). The recommended value is based on results of the relative rate study of

Wallington et al. [! 195]. In this study no reaction of PAN was observed in the presence of CI atoms. These
results are preferred over the results of the direct study of Tsalkani et al. [I 142] using a discharge flow system
with EPR detection of CI atom decay (in which study the authors reported a rate constant of (3.7+1.7) x

10-13 cm 3 molecule "1 s-I). In both studies the major impurity in the PAN samples would be the alkane

solvent. The presence of 0.1% tridecane in the PAN sample used by Tsalkani et al. could account for the
observed C1 atom decay; however, solvent impurities in the PAN sample would be of no consequence in the
relative rate study of Wallington et al.

CI + C3H8. The recommended room temperature value is the mean of results of the competitive
chlorination studies of Pritchard et al. [937], Knox and Nelson [623], Atkinson and Aschmann [35],
Wallington et al. [1214], and Hooshiyar and Niki [502], and the absolute rate studies of Lewis et al. [702]
and Beichert et al. [102]. The temperature dependence is from Lewis et al. The A-factor from that study has
been adjusted slightly to fit the recommended room temperature value.

CI + OCIO. The data of Toohey [1136] are in good agreement with the results of Bemand et al. [104] at
room temperature, and the recommended value at room temperature is the mean of the values reported in
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thesetwostudies.TheslightnegativetemperaturedependencereportedbyToohey[! 136]isacceptedbut
witherrorlimitsthatencompassthetemperatureindependencereportedintheearlierstudy.

CI+CIOO.TherecommendedvalueisbasedontheresultsofstudiesbyMauldinetal.[768]andBaeretal.
[5I], inwhichCIOOwasformedbythepulsedphotolysisofCI2/O2mixturesanditsoveralllossratewas
monitoredbyUVabsorption.Inbothstudiesk wasfoundtobeindependentoftemperature.Theseresults
arepreferredovertheresultsoftheearlier,indirectstudiesofJohnstonetal.[570],Coxetal.[273],and
Ashfordetal.[32].TheearlierstudiesdidshowthatthepredominantreactionpathwayisthatyieldingCI2+
02asproducts.FromthebranchingratiodataofCoxetal.,Ashfordetal.,andNicholasandNorrish[841],
it canbeestimatedthatthisreactionchannelconstitutes95%oftheoverallreactionwithCIO+CIO the

products of the minor (5%) reaction channel.

CI + CI20. The preferred value was determined from results of the temperature-dependent study of Stevens
and Anderson [ 1079] and the results of two independent absolute rate coefficient studies reported by Ray et al.
[961 ], which used the discharge flow-resonance fluorescence and discharge flow-mass spectrometric

techniques. This value has been confirmed by Burrows and Cox [165], who determined the ratio k(CI +
CI20)/k(CI + H2) = 6900 in modulated photolysis experiments. The earlier value reported by Basco and

Dogra [77] has been rejected.

CI + CI202 . The recommended value is that determined by Friedl (private communication) in a study using

a DF-MS technique. It is in agreement with the value reported by Cox and Hayman [280] in a study using a

static photolysis technique with photodiode array UV spectroscopy.

CI + HOCI. This recommendation is based on results over the temperature range 243-365 K reported by

Cook et al. [261] and the room temperature result of Vogt and Schindler [1184]. There is a significant
discrepancy in the reported values of the product branching ratios. Ennis and Birks [366] reported that the
major reaction channel is that to give the products CI2 + OH with a yield of 9 !_+6%, whereas Vogt and

Schindler report this yield to be 24+1 I%, with the major reaction channel giving HCI + C10 as products.

CI + CINO. The discharge flow-resonance fluorescence study of Abbatt et al. [3] provides the first reliable
data on the temperature dependence. The laser photolysis-LMR study of Chasovnikov et al. [201] provides
rate data for each CI atom spin state, and they attribute the low value reported by Nelson and Johnston [832]

in a laser flash photolysis-resonance fluorescence study to reaction of the C1 2PI/2 state. Adsorption and

decomposition of CINO on the walls of their static system may account for the very low value of Grimley
and Houston [441]. The results of Clyne and Cruse [226] in a discharge flow-resonance fluorescence study
are significantly lower than all recent results. The recommended value at room temperature is the mean of
the values reported by Abbatt et al. [3], Chasovnikov et al. [201], Nesbitt et al. [8391, and Kita and Stedman
[612]. The recommended temperature dependence is from the study of Abbatt et al. [3].

CI + CIONO2. Recommended value is based on the results of Yokelson et al. [1284] and those of Margitan

[748]. These results are in excellent agreement; the slightly higher values of Kurylo et al. [6461 are
encompassed within the stated uncertainties. Yokelson et al. report that at 298 K, more than 95% of this
reaction proceeds by the reaction channel giving CI 2 + NO3 as products.

CI + CH3CI. The recommended room temperature value is the mean of results of the absolute rate studies of

Manning and Kurylo [745] and Beichert et al. [ 102] and the relative rate study of Wallington et al. [ I 1951.
The temperature dependence is from Manning and Kurylo. The A-factor from that study has been adjusted
slightly to fit the recommended room temperature value. The results reported by Clyne and Walker ]246] and
Manning and Kurylo [745] are in good agreement at 298 K. However, the value of the activation energy
measured by Manning and Kurylo is significantly lower than that measured by Clyne and Walker. Both
groups of workers measured the rate constant for the CI + CH4 and, similarly, the activation energy
measured by Manning and Kurylo was significantly lower than that measured by Clyne and Walker. It is

suggested that the discharge flow-mass spectrometric technique used by Clyne and Walker was in this case
subject to a systematic error, and that the flash photolysis results of Manning and Kurylo provide the basis
for the recommended rate constant.

CI + CH2CI2. The recommended value is based on results of the relative rate study of Tschuikow-Roux et

al. [ 1143] normalized to the value of the rate constant for the reference reaction (C1 + CH4) recommended in
this evaluation. The room temperature value is in good agreement with results of the relative rate study of
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Niki et al. [864] and the absolute rate study of Beichert et al. [ 102]. The higher results of Ctyne and Walker
[246] were not used.

C! + CHC! 3. There have been three recent studies of this reaction. In the studies of Beichert et al. [102] by
an absolute technique and Brahan et al. [ 139] by a relative technique, room temperature values about 50%
greater than the previous recommendation, which was based on the relative study of Knox [622], were
reported. Talhaoui et al. [1111] in a temperature-dependent absolute rate study by the discharge flow-mass
spectrometric technique reported a room temperature value in excellent agreement with the previous
recommendation. The recommended room temperature value is the mean of the values reported in the studies
of Knox, Beichert et al., Brahan et al. and Talhaoui et al. The temperature dependence is from Talhaoui et
al. and Knox. The A-factor has been fitted to the recommended room temperature value.

CI + CH3F (HFC-41). The recommended value is based on results of the temperature-dependent relative rate
study of Tschuikow-Roux et al. [I 143] and the relative rate studies of Tuazon et al. [I 147] and Wallington et

al. [1203] at room temperature. The results of the absolute rate study of Manning and Kurylo [745] are in
good agreement at room temperature but show a weaker temperature dependence, which is encompassed
within the error limits.

C! + CH2F 2 (HFC-32). The recommended room temperature value is the mean of results of the relative rate

studies of Tschuikow-Roux et al. [I 144] and of Nielsen et al. [853], both normalized to the value of the rate
constant for the reference reaction (CI + CH4) recommended in this evaluation. The temperature dependence

is from Tschuikow-Roux et al. The A-factor from that study has been adjusted to fit the recommended room
temperature value.

CI + CF3H (HFC-23). Recommended value is based on results of Coomber and Whittle [262].

CI + CH2FCI (HCFC-31). The recommended value is based on the room temperature results of Tuazon et

al. [1147] and the temperature dependence reported by Tschuikow-Roux et al. [1143], normalized to the value
of the rate constant for the reference reaction (CI + CH4) recommended in this evaluation.

CI + CHFCI 2 (HCFC-21). The recommended room temperature value is the mean of results of the relative

rate study of Tuazon et al. [I 147] and the absolute rate study of Talhaoui et al. [I I I 1]. The temperature
dependence is from Talhaoui et al. The A-factor from that study has been adjusted to fit the recommended
room temperature value. These results are preferred over the earlier results of Glavas and Heicklen [424].

C1 + CHF2CI (HCFC-22). The recommended room temperature value is the mean of results of the relative

rate studies of Tuazon et al. [1147] and the absolute rate studies of Sawerysyn et al. [998] and Talhaoui et al.
[111 !]. The temperature dependence is from Talhaoui et al. The A-factor from that study has been adjusted
to fit the recommended room temperature value.

CI + CH3CCI 3. Recommended value is based on results of the absolute rate study of Talhaoui et al. [ i 1 ! 2].

It is consistent with the previous recommendation, which was a much higher upper limit reported by Wine et
al. [1266] in a study in which it was concluded that a reactive impurity accounted for a significant fraction of
the CI atom removal. The value reported by Platz et al. [919] is in agreement with the recommendation.

CI + CH3CH2F (HFC-161). The recommended values for the two reaction channels are based on results of

the relative rate study of Tschuikow-Roux et al. [I 144], normalized to the value of the rate constant for the
reference reaction (CI + CH4) recommended in this evaluation.

C1 + CH3CHF 2 (HFC-152a). The recommended values for the two reaction channels are based on results of
the relative rate study of Yano and Tschuikow-Roux [1283], normalized to the value of the rate constant for
the reference reaction (CI + C2H6) recommended in this evaluation. The overall rate constant value is in

good agreement with results of the room temperature relative rate studies of Wallington and Hurley [1207],
and Tuazon et al. [1147].

CI + CH2FCH2F (HFC-152). The recommended value is based on results of the relative rate study of Yano
and Tschuikow-Roux [1283], normalized to the value of the rate constant for the reference reaction (CI +

C2H6) recommended in this evaluation.
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CI+CH3CFCI2(HCFC-141b).Therecommendedvalueisbasedonresultsofabsoluteratestudiesof
Talhaouietal.[1112]bythedischargeflow-massspectrometrictechniqueandWarrenandRavishankara
[1223]bythepulsedphotolysis-resonancefluorescencetechniqueandtherelativeratestudiesofWallington
andHurley[1207]andTuazonetal.[I 147].

CI+ CH3CF2CI (HCFC-142b). The recommended room temperature value is based on results of the
relative rate studies of Wallington and Hurley [1207], and Tuazon et al. [I 147], and the absolute rate study of
Talhaoui et al. [1112]. The temperature dependence is from Talhaoui et al. The A-factor from that study has

been adjusted to fit the recommended room temperature value.

CI + CH3CF 3 (HFC-143a). The recommended value is based on results of the relative rate study of

Tschuikow-Roux et al. [1144], normalized to the value of the rate constant for the reference reaction (CI +
CH4) recommended in this evaluation.

CI + CH2FCHF2 (HFC-143). The recommended values for the two reaction channels are based on results of

the relative rate study of Tschuikow-Roux et al. [I 144] normalized to the value of the rate constant for the
reference reaction (CI + CH4) recommended in this evaluation.

CI + CH2CICF3 (HCFC-133a). The recommended value is based on results of the direct study of Jourdain

et al. [576] using the discharge flow-mass spectrometric technique to monitor the decay of the HCFC in the
presence of a large excess of CI atoms. The A-factor is lower than expected.

CI + CH2FCF3 (HFC-134a). The recommended value is based on results of the relative rate studies of

Wallington and Hurley [ 1207], and Tuazon et al. [ 1147], and the absolute rate study of Sawerysyn et al.
19981.

CI + CHF2CHF 2 (HFC-134). The recommended value is based on results of the relative rate study of
Nielsen et al. [854] and that of Yano and Tschuikow-Roux [1283], normalized to the value of the rate
constant for the reference reaction (C1 + C2H6) recommended in this evaluation.

C1 + CHCI2CF3 (HCFC-123). The recommended value is based on results of the temperature-dependent

study of Warren and Ravishankara [1223] using the pulsed photolysis-resonance fluorescence technique, and
the relative rate studies of Wallington and Hurley [I 207] and Tuazon et al. [I 147] at room temperature.

CI + CHFC1CF 3 (HCFC-124). The recommended value is based on results of the temperature-dependent

study of Warren and Ravishankara [1223] using the pulsed photolysis-resonance fluorescence technique and
the relative rate study of Tuazon et al. [I 147] at room temperature. The A-factor is lower than expected.

CI + CHF2CF3 (HFC-125). Recommended value is based on results of the relative rate studies of Tuazon et

al. [I 1471 and Sehested et al. [1013].

CIO + 0 3. There are two possible channels for this reaction: CIO + 0 3 --* CIOO + 02 (kl); and C10 +

0 3 _ OCIO + 02 (k2). The recommended upper limit for k I at 298 K is based on results of the recent

study by Stevens and Anderson [ 1078]. These authors also report that k I = (4+2) x 10-16 cm 3 molecule- 1

s-I at 413 K. These data can be combined to derive the Arrhenius parameters A = 2 x 10-12 cm 3 molecule-I

s-I and E/R > 3600 K. The upper limit for k2 is based on results reported by DeMore et al. [3311 and

Wongdontri-Stuper et al. [ 1276]; the Arrhenius parameters |br k2 were estimated.

CIO + H2. The Arrhenius expression was estimated based on the -600 K data of Walker (reported in Clyne

and Watson [247]).

CIO + NO. The absolute rate coefficients determined in the four discharge flow-mass spectrometric studies

[Clyne and Watson [247], Leu and DeMore [695], Ray and Watson [962] and Clyne and MacRobert ]232]]
and the discharge flow laser magnetic resonance study of Lee et al. [680] are in excellent agreement at 298 K,
and are averaged to yield the preferred value. The value reported by Zahniser and Kaufman [ 1293] from a

competitive study is not used in the derivation of the preferred value as it is about 33% higher. The
magnitudes of the temperature dependences reported by Leu and DeMore [695] and Lee et al. are in excellent
agreement. Although the E/R value reported by Zahniser and Kaufman [1293] is in lair agreement with the
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other values, it is not considered as it is dependent upon the E/R value assumed for the CI + 03 reaction.

The Arrhenius expression was derived from a least squares fit to the data reported by Clyne and Watson, Leu
and DeMote, Ray and Watson, Clyne and MacRobert, and Lee et al.

CIO + NO3. The recommended value is based on results reported by Cox et al. [266], Cox et al. [278]

Biggs et al. [117], and Kukui et al. [629]. Biggs et al. report the rate constant to be independent of
temperature, consistent with the results of Cox et al. [278]. This recent study of Kukui et al. supersedes the
earlier study of Becker et al. [89] from the same laboratory, which had indicated the major products to be
OCIO + NO2. There is now agreement among all studies that the major reaction channel forms CIOO +

NO2 (see Biggs et al. [117] Cox et al. [278], and Kukui et al. From a study of the OCIO/NO3 system

Friedl et al. [400] conclude that at 220 K the formation of CIOO + NO2 is favored.

CIO + N20. The Arrhenius expression was estimated based on the -600 K data of Walker (reported in Clyne

and Watson [247]).

CIO + CO. The Arrhenius expression was estimated based on the -600 K data of Walker (reported in Clyne
and Watson [247]).

CIO + CH4. The Arrhenius expression was estimated based on the ~600 K data of Walker (reported in Clyne
and Watson [247]).

CIO + H2CO. Poulet et al. [934] have reported an upper limit of 10-15 cm 3 molecule -I s -1 for k at 298 K

using the discharge flow-EPR technique.

CIO + CH30 2. The recommended expressions for the overall rate constant is based on the results of Helleis

et al. [477]. It is consistent with the room temperature measurements of Simon et al. [ 10311 and Kenner et
al. [591]. The results of Kukui et al. [631] for the overall reaction are in agreement with the
recommendation at room temperature, but these values show a slight negative temperature dependence in
contrast with the slight positive temperature dependence recommended here. There is general agreement that
the only important reaction channels are the two channels resulting in the production of CIOO + CH30 (a)

and CH3OCI + 0 2 (b). However, there is severe disagreement on their relative importance; at room

temperature reaction channel (a) is reported to be the major channel by Helleis et al. [477], Simon et al.
[1031], Kukui et al. and Helleis et al. [478] but it is reported to be the minor channel by Biggs et al. [115]
and Daele and Poulet [292]. Because of this large discrepancy, no branching ratios are recommended. The
branching ratio studies that go down to low temperatures (Helleis et al. [477], Kukui et al., and Helleis et
al. [478]) report that reaction channels (a) and (b) are both significant down to lower polar stratospheric

temperatures.

CIO + CIO. There are three bimolecular channels for this reaction: CIO + CIO ---) CI2 + 0 2 (kl); CIO +

CIO ---) CIOO + CI (k2); and CIO + CIO _ OCIO + CI (k3). The recommended values for the individual
reaction channels are from the study of Nickolaisen et al. [842]. This study, using a flash photolysis/long

path ultraviolet absorption technique, is the most comprehensive study of this system, covering a wide range
of temperature and pressure. These results are preferred over the results of earlier studies of the total
bimolecular rate coefficient at low pressures by Clyne and Coxon [224], Clyne and White [251 ], and Clyne
et al. [237], and those of other studies reported by Hayman et al. [472], Cox and Derwent [271 ], Simon et al.
[ 1032], Horowitz et al. [505], and Horowitz et al. [506]. The room temperature branching ratio are kl :k2:k3

= 0.29:0.50:0.21. The reaction exhibits both bimolecular and termolecular reaction channels (see entry in
Table 2). The termolecular reaction dominates at pressures higher than about 10 torr. The equilibrium
constant for formation of the C120 2 dimer is given in Table 3.

HCI + CIONO2. Results of four studies of the kinetics of this system have been published, in which the

following upper limits to the homogeneous bimolecular rate constant were reported: I x 10-19 cm 3

molecule -1 s-I by a static wall-less long-path UV absorption technique and a steady-state flow FFIR

technique (Molina et al. [805]); 5 x 10-18 using a flow reactor with FTIR analysis (Friedl et al. [3981); and

8.4 x 10 -21 using a static photolysis system with FTIR analysis (Hatakeyama and Leu [470] and Leu et al.

[696]), and 1.5 x 10-19 by FTIR analysis of the decay of CIONO2 in the presence of HC1 in large-volume

(2500 and 5800 liters) Teflon or Teflon-coated chambers (Atkinson et al. [38]). Earlier, Birks et al. [I 19] had
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FI06.

F107.

FI08.

F109.

FII0.

Fill.

GI.

reportedahigherupperlimit.All studiesfoundthisreactiontobecatalyzedbysurfaces.Thedifferencesin
thereportedupperlimitscanbeaccountedtbrintermsoftheverydifferentreactorcharacteristicsand
detectionsensitivitiesofthevariousstudies.Thehomogeneousreactionistooslowtohaveanysignificant
effectonatmosphericchemistry.

CH2CIO+02. TheCH2CIOradicalis reportedtoberesistanttounimoleculardissociationintoCI+
CH20products,accordingtochainreaction/productanalysisstudiesbySanhuezaandHeicklen[993]and
Nikietal.[864]andkineticsstudiesbyCatoireetal.[191].Therecommendationisbasedontheworkof
KaiserandWallington[585]whostudiedthecompetitionbetweenreactionwith02andHCIeliminationina
complexphotochemicalreactionsystemusingFTIRdetectionofstableproducts.Therecommendationisa
factorof5higherthanestimatedusingtheempiricalrelationshipgivenbyAtkinsonandCarter[40[.The
fateofCH2CIOintheatmosphereisthisreactionwith02.

CH2CIO2+HO2. TherecommendationisbasedonthemeasurementreportedbyCatoireetal.[191],who
usedpulsedphotolysiswithUVabsorptiondetectionatI atmpressureand251-588K.

CH2CIO2+NO. TherecommendationisbasedonthevaluereportedbySehestedetal.[1015],whoused
pulsedradiolysisandUVabsorptiondetectionofNO2tomeasuretheratecoefficient.Thetemperature
dependenceisestimatedbyanalogytosimilarRO2+NOreactions.

CC1302+NO.TherecommendationisbaseduponthemeasurementsofRyanandPlumb[978]and
Dognonetal.[349],whoagreewellatroomtemperature.Thetemperaturedependenceisderivedfromthe
dataofDognonetal.,whocoveredthetemperaturerange228-413K. TheCCI30primaryproductofthe
reactionofCC1302withNOdecomposesrapidlytoeliminateC1,accordingtoLesclauxetal.[685].

CC12FO2+NO.TherecommendationisbasedonthemeasurementsmadebyDognonetal.[349]using
pulsedphotolysiswithmassspectrometrydetectionat1-10torrand228-413K. Theseresultssupersedethe
earlierstudyofLesclauxandCaralp[683].TheCCI2FOradicalprimaryproductoftheCC12FO2+NO
reactionisreportedbyLesclauxeta1.[685]andWuandCarr[1280]torapidlydecomposetoeliminateCIand
togivetheproductsindicated.

CC1F202+NO.TherecommendationisbasedonthemeasurementsmadebyDognonetal.[349],who
usedpulsedphotolysiswithmassspectrometrydetectionat1-10torrand228-413K,andSehestedetal.
[1015],whousedpulsedradiolysiswithUVabsorptiondetectionoftheNO2productatoneatmand298K.
WuandCarr[1280]observedtheCCIF2OradicalprimaryproducttorapidlydissociatetoCF2OandCI.

O+BrO.ThepreferredvalueisbasedonthevaluereportedbyThornetal.[1128]usingaduallaserflash
photolysis/longpathabsorption/resonancefluorescencetechnique.Clyneetal.[239]reportedavalue
approximately40%lower.

G2. O+ HBr.Resultsof theflashphotolysis-resonancefluorescencestudyofNavaetal.[825]for221-455K
andthelaserflashphotolysis-resonancefluorescencestudyofNicovichandWine[849]for250-402K
providetheonlydataatstratospherictemperatures.ResultsreportedincludethoseofSingletonand
Cvetanovic[ 1041] for298-554Kbyaphase-shifttechnique,anddischargeflowresultsofBrownandSmith
[147]for267-430K andTakacsandGlass[1104]at298K. Thepreferredvalueisbasedontheresultsof
Navaetal.,aswellasthoseofNicovichandWineand.thoseofSingletonandCvetanovicoverthesame
temperaturerange,sincetheseresultsarelesssubjecttocomplicationsduetosecondarychemistrythanare
theresultsusingdischargeflowtechniques.Theuncertaintyat298K hasbeensettoencompasstheselatter
results.

G3. O+HOBr.RecommendedroomtemperaturevalueisthemeanofresultsofMonksetal.[ 1128]andKukui
etal.[630].ThetemperaturedependenceisfromNesbittetal.[838].TheA-factorfromthatstudyhasbeen
adjustedtofit therecommendedroomtemperaturevalue.Kukuietal.determinedthattheBratom
abstractionchannelistheonlypathwayatroomtemperature.

G4. OH+Br2. TherecommendedroomtemperaturevalueistheaverageofthevaluesreportedbyBoodaghians
etal.[ 129],LoewensteinandAnderson[725],andPouletetal.[929].Thetemperatureindependenceis from
Boodaghiansetal.LoewensteinandAndersondeterminedthattheexclusiveproductsareBr+HOBr.
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G5.

G6.

G7.

G8.

G9.

G10.

GII.

G12.

G13.

GI4.

G15.

GI6.

G17.

GI8.

GI9.

OH + BrO. Recommended room temperature value is that reported by Bogan et al. [126]. This study, using
discharge flow reactor techniques and beam sampling mass spectrometry, is the only experimental
measurement of this rate constant. Because of the difficulty of analyzing the data, we assign a large
uncertainty factor. The authors suggest that the reaction proceeds by recombination to form vibrationally
excited HOOBr that dissociates to Br + HO2.

OH + HBr. The preferred value at room temperature is the average of the values reported by Ravishankara et
al. [956] using FP-RF, by Jourdain et al. [578] using DF-DPR, by Cannon et al. [179] using FP-LIF, and by
Ravishankara et al. [958] using LFP-RF and LFP-LIF techniques. In this latest study the HBr concentration

was directly measured in-situ in the slow flow system by UV absorption. The rate constant determined in this
re-investigation is identical to the value recommended here. The data of Ravishankara et al. [956] show no
dependence on temperature over the range 249-416 K. Values reported by Takacs and Glass [! 105] and by
Husain et al. [528] are a factor of 2 lower and were not included in the derivation of the preferred value. Data
by Sims et al. [1038] are in good agreement with the reommendation at 298 K but show a negative
temperature dependence at lower temperatures.

OH + CH3Br. The recommended value averages results of Hsu and DeMore [518], Chichinin et al. [213],

Mellouki et al. [787] and Zhang et al. [1309]. The results of these extensive studies are in excellent
agreement and are preferred over the higher values reported in the earlier studies of Davis et al. [311 ] and
Howard and Evenson [511 ].

OH + CH2Br 2. Recommended value is based on results of Mellouki et al. [787], DeMore [329], and Orlando

et al. [887], all of which are in excellent agreement.

OH + CHBr3. Arrhenius expression from DeMote [329]. Results of Orkin et al. [884] are higher by a factor

of 2 but have a similar temperature dependence.

OH + CHF2Br. The recommended value is a fit to the data of Talukdar et al. [I 113], Orkin and Khamaganov

[882] and Hsu and DeMore [519], all of which are in excellent agreement. These data are preferred over the
consistently higher results reported by Brown et al. [ 143].

OH + CH2CIBr. Arrhenius expression fit to data of DeMore [329] and Orkin et al. [885], which are in good

agreement.

OH + CF2CIBr. The recommended upper limit at room temperature is the upper limit reported by Burkholder

et al. [162] in a study using pulsed photolysis-LIF and DF-LMR techniques. A less sensitive upper limit was

reported by Clyne and Holt [230].

OH + CF2Br 2. The recommended upper limit at room temperature is the upper limit reported by Burkholder

et al. [162] in a study using pulsed photolysis-LIF and DF-LMR techniques.

OH + CF3Br. The recommended upper limit at room temperature is the upper limit reported by Burkholder et

al. [162] in a study using pulsed photolysis-LIF and DF-LMR techniques. A less sensitive upper limit was
reported by Le Bras and Combourieu [666]. The upper limit of Orkin and Khamaganov [882] is in agreement.

OH + CH2BrCF 3. Fit to the data of Nelson et al. [830] and Orkin and Khamaganov [882], which are in

reasonable agreement.

OH + CHFBrCF 3. Based on data of Orkin and Khamaganov [882].

OH + CHCIBrCF3. Based on data of Orkin and Khamaganov [882].

OH + CF2BrCHFCI. Based on DeMote [329].

OH + CF2BrCF2Br. The recommended upper limit at room temperature is the upper limit reported by

Burkholder et ai. [162] in a study using pulsed photolysis-LIF and DF-LMR techniques. The upper limit of
Orkin and Khamaganov [882] is in agreement.
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G20.

G21.

G22.

G23.

G24.

G25.

G26.

G27.

G28.

HO2+ Br.Thisrecommendationisbasedon results obtained over the 260-390 K temperature range in the

study by Toohey et al. [1138], using a discharge flow system with LMR detection of HO2 decay in excess Br.

The room temperature value reported in this study is a factor of 3 higher than that reported by Poulet et al.
[930] using LIF and MS techniques and is an order of magnitude larger than the value of Posey et al. [925].
The uncertainty in E/R is set to encompass the value E/R = O, as it is for other radical-radical reactions. The
value determined by Laverdet et al. [663] using DF-EPR techniques is in good agreement with this
recommendation. The reactions of Br atoms with H202, HCHO, and HO2 are all slower than the

corresponding reactions of CI atoms by one to two orders of magnitude.

HO2 + BrO. The recommendation is based on results of the temperature-dependent studies of Larichev et al.
[6601, Elrod et al. ([365], and Li et al. [705]. The studies of Larichev et al. and Elrod et al. were done under

pseudo-first-order conditions with excess HO2; the study of Li et al. was done under pseudo-first-order
conditions with either HO 2 or BrO in excess. The recommended room temperature value is the mean of the

values reported in these studies, with the values of Li et al. under both conditions included. These studies all
report a similar negative temperature dependence. The room temperature value of Bridier et al. [I 42], which
was not obtained under pseudo-first-order decay conditions, was not included in derivation of the
recommendation. Larichev et al. have determined an upper limit of 1.5% for production of HBr and 0 3.

From a study of the reverse reaction above room temperature, Mellouki et al. [786] determined by
extrapolation that the yield of HBr + 03 is an insignificant fraction (<0.01%) of the total reaction down to
200 K.

NO3 + HBr. The recommended upper limit is the upper limit reported by Mellouki et al. [783] in a study

using DF-EPR techniques. This upper limit shows that this reaction is of negligible importance in
stratospheric chemistry. Canosa-Mas et al. [181] reported a value that is consistent, within experimental
error, with the upper limit of Mellouki et al.

CI + CH2CIBr. Recommended value is based on results of Tschuikow-Roux et al. [I 143] normalized to the
value of the rate constant for the reference reaction (CI + CH4) recommended in this evaluation.

CI + CH3Br. Recommended value is based on results of the absolute rate studies of Gierczak et al. [415] and

Orlando et al. [887]. Results of these studies are in excellent agreement. Results of the relative rate study
Tschuikow-Roux et al. [1143] were not used in derivation of the recommended value.

CI + CH2Br 2. Recommended value is based on results of the absolute rate studies of Gierczak et al. [415] and
Orlando et al. [887]. Results of these studies are in excellent agreement. Results of the relative rate study of
Tschuikow-Roux et al. [I 143] were not used in derivation of the recommended value.

Br + 03. The results reported for k(298 K) by Clyne and Watson [249], Leu and DeMore [6941, Michael et

al. [794], Michael and Payne [799], and Toohey et al. [ 1139] are in excellent agreement. The preferred value
at 298 K is derived by taking a simple mean of these five values. The temperature dependences reported for k
by Leu and DeMore and by Toohey et al. are in good agreement, but they can only be considered to be in fair
agreement with those reported by Michael et al. and Michael and Payne. The preferred value was synthesized
to best fit all the data reported from these five studies. The results of Nicovich et al. [845] are in excellent

agreement with this recommendation.

Br + H202. The recommended upper limit to the value of the rate constant at room temperature is based on

results reported in the study by Toohey et al. [I 138] usifig a discharge flow-resonance fluorescence/laser
magnetic resonance technique. Their upper limit determined over the temperature range 298-378 K is
consistent with less sensitive upper limits determined by Leu [690] and Posey et al. [925] using the discharge
flow-mass spectrometric technique. The much higher value reported by Heneghan and Benson [481 ] may
result from the presence of excited Br atoms in the very low pressure reactor. The pre-exponential factor was
chosen to be consistent with that for the C1 + H202 rate constant, and the E/R value was fitted to the upper

limit at 298 K. Mellouki et al. [786] have measured the rate of the reverse reaction.

Br + NO3. The recommended value is that reported by Mellouki et al. [783] in a study using DF-DPR

techniques.
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G30.

G31.

G32.

G33.

G34.

G35.

G36.

Br+ H2CO.Therehavebeentwostudiesofthisrateconstantasafunctionoftemperature:Navaetal.[827],
usingtheflashphotolysis-resonancefluorescencetechnique,andPouletetal.[928],usingthedischargeflow-
massspectrometrictechnique.Theseresultsareinreasonablygoodagreement.TheArrheniusexpressionwas
derivedfromaleastsquaresfit tothedatareportedinthesetwostudies.Thehigherroomtemperaturevalueof
LeBrasetal.[667],usingthedischargeflow-EPRtechnique,hasbeenshowntobeinerrorduetosecondary
chemistry(Pouletetal.).

Br+OCIO.TherecommendedvalueatroomtemperatureisthemeanofthevaluesreportedbyCiyneand
Watson[250]andToohey[1136].InthestudyofClyneandWatson,correctionfortheeffectoftherapid
reversereactionwasrequired.ThetemperaturedependencereportedbyToohey[1136]isacceptedbutwith
increasederrorlimits.

Br+CI20.TherecommendedvalueisbasedonresultsreportedbyStevensandAnderson11079]andby
SanderandFriedl[984],whichareingoodagreement.

Br+CI202. TherecommendedvalueisthatdeterminedbyFriedl(privatecommunication)inastudyusinga
DF-MStechnique.

BrO+03. Therehavebeentworecentstudiesofthisreaction.Rattiganetal.[943]reportanoverallrate
constantof-10-17cm3molecule-Is-1overthetemperaturerange318-343K. Rowleyetal.[975]reporta
roomtemperatureupperlimitof2x10-17cm3molecule-Is-1.Bothpapersreportavalueof-2x10-18cm3
molecule-1s-I forthechanneltoproduceOBrO+02. Therecommendedupperlimitof2x 10-!7cm3
molecule-Is-1isafactorof2.5lessthanthepreviouslyrecommendedupperlimitof5x 10-17,whichwas
basedonMauldinetal.[769].Thepre-exponentialfactorwasestimated,andF_/Rwascalculated.

BrO+NO.Theresultsofthethreelowpressuremassspectrometricstudies(ClyneandWatson[249];Ray
andWatson[962];Leu[688])andthehighpressureUVabsorptionstudy(Watsonetal.[I234]),whichall
usedpseudofirst-orderconditions,areinexcellentagreementat298Kandarethoughttobemuchmore
reliablethantheearlierlowpressureUVabsorptionstudy(ClyneandCruse[225]).Theresultsofthetwo
temperature-dependencestudiesareingoodagreementandbothshowasmallnegativetemperaturedependence.
ThepreferredArrheniusexpressionwasderivedfromaleastsquaresfit toallthedatareportedinthefourrecent
studies.BycombiningthedatareportedbyWatsonetal.withthosefromthethreemassspectrometric
studies,itcanbeshownthatthisreactiondoesnotexhibitanyobservablepressuredependencebetween1and
700torrtotalpressure.ThetemperaturedependencesofkfortheanalogousCIOandHO2reactionsarealso
negativeandaresimilarinmagnitude.

BrO+NO3. Therecommendedvalueisthegeometricmeanofthelowerandupperlimitsreportedby
Melloukietal.[783]inastudyusingDF-DPRtechniques.Thesereportedlimitsareencompassedwithinthe
indicateduncertaintylimits.

BrO+CIO.FriedlandSander[399],usingDF/MStechniques,measuredtheoverallrateconstantoverthe
temperaturerange220-400Kandalsooverthistemperaturerangedetermineddirectlybranchingratiosforthe
reactionchannelsproducingBrCIandOCIO.Thesameauthorsinaseparatestudyusingflashphotolysis-
ultravioletabsorptiontechniques(SanderandFriedl[984])determinedtheoverallrateconstantoverthe
temperaturerange220-400Kandpressurerange50-750torrandalsodeterminedat220K and298K the
branchingratioforOCIOproduction.Theresultsbythesetwoindependenttechniquesareinexcellent
agreement,withtheoverallrateconstantshowinganegativetemperaturedependence.TooheyandAnderson
[1137],usingDF/RF/LMRtechniques,reportedroomtemperaturevaluesoftheoverallrateconstantandthe
branchingratioforOCIOproduction.TheyalsofoundevidenceforthedirectproductionofBrCIina
vibrationallyexcitedn state. Poulet et al. [926], using DF/MS techniques, reported room temperature values
of the overall rate constant and branching ratios for OCIO and BrC! production. Overall room temperature rate
constant values reported also include those from the DF/MS study of Clyne and Watson [250] and the very
low value derived in the flash photolysis study of Basco and Dogra [78] using a different interpretation of the
reaction mechanism. The recommended Arrhenius expressions for the individual reaction channels are taken
from the study of Friedl and Sander [399]. This study and the study of Turnipseed et al. [ I 160] contain the
most comprehensive sets of rate constant and branching ratio data. The overall rate constants reported in these
two studies are in good agreement (20%) at room temperature and in excellent agreement at stratospheric
temperatures. Both studies report that OCIO production by channel (1) accounts for 60% of the overall

reaction at 200 K. Both studies report a BrCI yield by channel (3) of about 8%, relatively independent of
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G38.

/-/l.

H2.

H3.

H4.

H5.

H6.

H9.

temperature. The recommended expressions are consistent with the body of data from all studies except those
of Hills et al. [487] and Basco and Dogra [78].

BrO + BrO. Measurements of the overall rate constant can be divided into categories - those in which BrO
was monitored by UV absorption and those in which BrO was monitored by mass spectrometer. Gilles et al.
[421] have re-analyzed the results of the UV absorption studies and scaled the reported values of the rate
constant to the UV absorption cross sections reported in their paper. When scaled in this manner, the room
temperature rate constant values reported in the UV absorption studies (Sander and Watson [990], Mauldin et
al. [769], Bridier et al. [142], Rowley et al. [975], Laszlo et al. [661], and Gilles et al.) come into very good
agreement among themselves and also with results of the mass spectrometric studies of Clyne and Watson
[2491 and Lancar et al. [6561. This provides the basis for the recommended room temperature value. The
temperature dependence is based on results of Sander and Watson, Turnipseed et al. [ I 159] and Gilles et al.

There are two possible bimolecular channels for this reaction: BrO + BrO --) 2Br + 02 (kl) and BrO + BrO

--) Br2 + 02 (k2). The partitioning of the total rate constant into its two components, k 1 and k2, has been

measured at room temperature by Sander and Watson [990], Turnipseed et al. [1159] and Lancar et al. [656],
by Jaffe and Mainquist [548] from 258 to 333 K, by Cox et al. [284] from 278 to 348 K and by Mauldin et
al. [769] from 220 to 298 K. All are in agreement that kl/k = 0.85+0.03 at 298 K. From the values of kl/k

= 0.85 at 298 K (all studies) and 0.68 at 220 K (Mauldin et al. and Cox et al. extrapolated), one can derive the
temperature dependent expression kl/k = 1.60 exp(-190/T). From the recommended Arrhenius expression for

the overall rate constant k = k I + k2 and the expression for the branching ratio kl/k, one can derive the

following Arrhenius expressions for the individual reaction channels: k 1 = 2.4x 10-12 exp(40/T) cm 3

molecule- I s- I and k2 = 2.8x 10- I4 exp(860/T) cm 3 molecule- I s" I.

CH2BrO 2 + NO. The recommendation is based on the 298 K measurement of Sehested et al. [1015], who

used pulsed radiolysis with UV absorption detection of the NO 2 product formation rate. The temperature

dependence is estimated based on analogy to similar RO2 + NO reactions. The CH2BrO product has been

shown to undergo rapid unimolecular decomposition to yield CH20 + Br by Chen et al. [204] and Orlando et

al. [886] The domination of this channel over the reaction of CH2BrO with O 2 is consistent with the fate of

other alkoxy radicals (Chen et al. and Orlando et al.), but contradicts the easrlier result of Nielson et al. [855].

O + I2. Based on the room temperature data of Ray and Watson [9621 and Laszlo et al. [6621. The molecular

beam study of Parrish and Herschbach [898] suggests a zero activation energy, consistent with the near gas
kinetic value of k at 298 K.

O + IO. Based on results of Laszlo et al. [662], the only reported study of this rate constant. This value was
derived from modeling a system in which the concentrations of 12 and IO were monitored simultaneously.

This rate constant is a factor of 4 greater than the values for the corresponding reactions of O with CIO and
BrO.

OH + I2. Based on the data of Loewenstein and Anderson [726] and Jenkin et al. [555].

OH + HI. Based on the data of Lancar et al. [658] and MacLeod et al. [740].

OH + CH3I. Based on the data of Brown et al. [145], the only reported study of this reaction.

OH + CF31. The recommended value is based on results of the discharge flow/resonance fluorescence study of

Brown et al. [145]. The value reported in this study is preferred over the much higher value (factor of 4)
reported by Garraway and Donovan [409], using flash photolysis with time-resolved absorption photometry.
The Garraway and Donovan value is encompassed within the stated uncertainty.

HO2 + I. Based on the data of Jenkin et al. [561], the only reported study of this reaction.

HO 2 + IO. The recommended value is the average of the values reported by Jenkin et al. [560] and Maguin et

al. [7431.

NO3 + HI. No recommendation is given, based on the potential for severe complications resulting from

secondary chemistry in the only reported study of the reaction (Lancar et al. [658]).

86



HiO.

HII.
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H13.

HI4.

H15.

H16.

HI7.

II.

I2.

I3.

I + 0 3. Based on the room temperature data of Jenkin and Cox [556] and Sander [983], and the temperature

dependent data of Buben et al. [ ! 52] and Turnipseed et al. [ 1162].

I + BrO. Based on results of Laszlo et al. [661], the only reported study of this rate constant. This value was
derived from modeling the simultaneous decay of BrO and IO in a Br2/I2/N20 system.

IO + NO. Based on the data of Ray and Watson [962], Daykin and Wine [317], Buben et al. [153], and
Turnipseed et al. [1162].

IO + CIO. Based on results of Turnipseed et al. [1161], the only reported study of this reaction. These
authors also reported the product yield for channel(s) yielding an I atom to be 0.8 + 0.2.

IO + BrO. Based primarily on results of Laszlo et al. [661]. Gilles et al. [421] reported the tbllowing

Arrhenius expression for non-iodineatom producing channels: 2.5 x 10-il exp (260/T)cm 3

molecule- Is- 1. They also reported a branching ratio of <0.35 for channels producing I atoms. From their

data they could constrain the value of the overall rate constant to be: 6 x 10-I I < k < 10 x 10-11 cm 3

molecule-Is'l, the range of which is consistent with the results of Laszlo et al.

IO + IO. Changed from the previous recommendation, which was based on the results of Sander [983]. In
that study, over the temperature range 250-373 K, a negative temperature dependence was reported for the
overall rate constant and for the absorption cross section at 427.2 nm. In the recent study of Harwood et al.

[468], the overall rate constant and the absorption cross section were found to be independent of temperature
from 253 to 320 K. The recommended room temperature value is the average of the values reported by
Sander, Harwood et al., and Laszlo et al. [662]. The recommended temperaure dependence is the average of the
values reported by Sander and by Harwood et al., with an uncertainty sufficient to encompass the two reported
values. The A-factor has been fitted to the recommended room temperature rate constant and the recommended
temperature dependence. The overall rate constant for the decay of IO in the absence of ozone has been found
to be independent of pressure by Sander, Laszlo et al., and Harwood et al. A comparison of the overall rate
observed in excess ozone to that in the absence of ozone was interpreted by Sander and by Harwood et al. to
imply that formation of the dimer I202 is the dominant reaction channel in the IO self-reaction.

INO + INO. Based on the data of Van den Bergh and Troe [ 1175].

INO2 + INO2. Based on the data of Van den Bergh and Troe [ 1175].

O + SH. This recommendation accepts the results of Cupitt and Glass [289]. The large uncertainty reflects
the absence of any confirming investigation.

O + CS. The room temperature recommendation is an average of the rate constants determined by Slagle et
al. [1052], Bida et al. [11 I], Lilenfeld and Richardson [715], and Hancock and Smith [4621. The temperature
dependence is that of Lilenfeld and Richardson, with the A-factor adjusted to yield the recommended value of
k(298 K).

O + H2S. This recommendation is derived from an unweighted least squares fit of the data of Singleton et al.

[1004] and Whytock et al. [1249]. The results of Slagle et al. [1050] show very good agreement for E/R in
the temperature region of overlap (300 - 500 K) but lie systematically higher at every temperature. The
uncertainty factor at 298 K has been chosen to encompass the room temperature rate constant values of Slagle
et al. [1050] and Hoilinden et al. [500]. Other than the 263 K data point of Whytock et al. and the 281 K
point of Slagle et al., the main body of rate constant data below 298 K comes from the study of Hollinden et
al., which indicates a dramatic change in E/R in this temperature region. Thus, AE/R was set to account for
these observations. Such a nonlinearity in the Arrhenius plot might indicate a change in the reaction
mechanism from abstraction (as written) to addition. An addition channel (resulting in H atom displacement)
has been proposed by Slagle et al. [1050], Singleton et al. [1044], and Singleton et al. [10461. In the latter
two studies, an upper limit of 20% was placed on the displacement channel. Direct observations of product
HSO was made in the reactive scattering experiments of Clemo et al. [222] and Davidson et al. [301]. A
threshold energy of 3.3 kcal/mote was observed (similar to the activation energy measured in earlier studies),
suggesting the importance of this direct displacement channel. Addition products from this reaction have been
seen in a matrix by Smardzewski and Lin [1055]. Further kinetic studies in the 200 - 300 K temperature
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range, as well as quantitative direct mechanistic information, could clarify these issues. However, this
reaction is thought to be of limited importance in stratospheric chemistry.
O + OCS. The value of k(298 K) is the average of the determinations by Westenberg and de Haas [ 1241],
Klemm and Stief [618], Wei and Timmons [ 1237], Manning et al. [746], and Breckenridge and Miller [ 1411.
The recommended value of E/R is the average value taken from the first three listed studies. Hsu et al. [5171
report that this reaction proceeds exclusively by a stripping mechanism. The vibrational and rotational state
distributions in the SO and CO products have been reported by Chen et al. [209] and Nickolaisen et al. [843]
respectively.

O + CS2. The value of k(298 K) is an average of the rate constants determined by Wei and Timmons

[ 12371, Westenberg and de Haas [i 241 l, Slagle et al. [ 1051 I, Callear and Smith [176I, Callear and Hedges
[t751, Homann et al. [501], and Graham and Gutman [431]. The E/R value is an average of the
determinations by Wei and Timmons and Graham and Gutman. The AE/R has been set to encompass the
limited temperature data of Westenberg and de Haas. The principal reaction products are thought to be CS +
SO. However, Hsu et ai. [517] report that 1.4% of the reaction at 298 K proceeds through a channel yielding
CO + $2 and calculate a rate constant for the overall process in agreement with that recommended. Graham

and Gutman [431 ] have found that 9.6% of the reaction proceeds to yield OCS + S at room temperature.
Using time-resolved diode laser spectroscopy, Cooper and Hershberger [263] determined the branching ratios
for the CO and OCS producing channels to be (3.0+1.0)% and (8.5+1.0)% respectively.

O + CH3SCH3. This recommendation is based on a fit of the data from Nip et al. 1871 ], Lee et al. [676[,

and Lee et al. [675]. Product studies by Cvetanovic et al. [290] indicate that the reaction proceeds almost
entirely by addition followed by rapid fragmentation to the products as written. Pavanaja et al. [9031

examined the pressure and reactant ratio dependencies of OH(A2y_ +) and SO2(3B, IB) emissions in this

reaction system. Their observations are consistent with initial product formation as written, followed by
secondary generation of both OH and SO 2.

O + CH3SSCH3. This recommendation averages the 298 K rate constants of Nip et al. [871 ] and Lee et al.

[672], which differ by nearly a factor of 2. The temperature dependence is that of Nip et al.; Lee et al. having
reported no temperature dependence over the limited range of 270-329K, The A-factor has been adjusted to
yield the recommended (averaged) value of k(298K). Product studies by Cvetanovic et al. [290] indicate that
the reaction proceeds mainly by addition followed by rapid fragmentation to the products as written. Pavanaja

et al. [903] examined the pressure and reactant ratio dependencies of OH(A2y_ +) and SO2(3B, 1B) emissions in

this reaction system. Their observations are consistent with initial product tbrmation as written, followed by
secondary generation of both OH and SO 2.

03 + H2S. This upper limit was determined by Becker et al. [93] from measurements of the rates of SO 2

production and 03 consumption. The heterogeneous reaction between H2S and 03 is far more efficient in
most laboratory systems.

03 + CH3SCH3. This rate constant upper limit is based on the measurements of Martinez and Herron

[7641, which represent the only reported study of this reaction.

SO 2 + 0 3. This recommendation is based on the limited data of Davis et al. [312] at 300 K and 360 K in a

stopped flow investigation using mass spectrometric and UV spectroscopic detection.

OH + H2S. The values of k(298 K) and E/R are derived from a composite unweighted least squares fit to the

individual data points of Perry et al. [9091, Cox and Sheppard [283], Wine et al. [ 12571, Leu and Smith [7001,
Michael et al. [795], Lin [717], Lin et al. [7201, Barnes et al. [60], and Lafage et al. [653]. The studies of
Leu and Smith [700], Lin et al. [720], Lin [717], and Lafage et al. [653] show a slight parabolic temperature

dependence of k with a minimum occurring near room temperature. However, with the error limits stated in
this evaluation, all data are fit reasonably well by an Arrhenius expression. Lafage et al. and Michael et al.
discuss the results in terms of a two-channel reaction scheme involving direct H atom abstraction and complex
(adduct) tbrmation. Lafage et al. analyzed their results above room temperature to yield an apparent E/R =
400K for the abstraction channel, in good agreement with the E/R value determined above room temperature
by Westenberg and de Haas [1243]. The results of these latter workers lie systematically higher (by about
70%), presumably due to secondary reactions. The room temperature value measured by Stuhl [I 0911 lies just
outside the 2c error limit set for k(298 K).
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OH + OCS. The value of k(298 K) is an average of the determinations by Wahner and Ravishankara [1192]
and Cheng and Lee [210]. The room temperature rate constants from these studies are a factor of 3 higher than
the earlier determination by Leu and Smith [698]. As discussed in the later studies, this difference may be due
to an overcorrection of the Leu and Smith data to account for OH reaction with H2S impurities and also to

possible regeneration of OH. Nevertheless, the uncertainty factor at 298 K has been set to encompass the
earlier study within 2a. The work by Wahner and Ravishankara [I 192] supersedes the study of Ravishankara
et al. [948], which minimized complications due to secondary and/or excited state reactions that presumably
were interfering with the experiments of Atkinson et al. [431 and of Kurylo [639]. The upper limit for k(298
K) reported by Cox and Sheppard [283] is too insensitive to permit comparison with the more recent studies.
The room temperature measurements of Wahner and Ravishankara demonstrate the lack of an effect of total
pressure (or 02 partial pressure) on the rate constant and are supported by the more limited pressure and 02

studies of Cheng and Lee. The recommendation for E/R is based on the study of Cheng and Lee who
determined a value considerably lower than reported by Leu and Smith, although this difference may be due in
part to the earlier mentioned overcorrection of the data by the latter authors.

Product observations by Leu and Smith indicate that SH is a primary product of this reaction and tentatively
confirm the suggestion of Kurylo and Laufer [647] that the predominant reaction pathway is to produce SH +
CO2 through a complex (adduct) mechanism similar to that observed for the OH + CS2 reaction. However,

the absence of an O2/pressure effect for OH + OCS is in marked contrast with the strong dependence seen in

studies of OH + CS2 (see note for the latter reaction).

Experiments by Greenblatt and Howard [436] have shown that oxygen atom exchange in the reaction of 18OH

with OCS is relatively unimportant, leading to an upper limit of 1 x 10 -15 being set on the rate constant of

the exchange reaction.

OH + CS 2. There is a consensus of experimental evidence that this reaction proceeds very slowly as a direct

bimolecular process. Wine et al. [1267] set an upper limit on k(298 K) of !.5 x 10 -15 cm 3 molecule -I s -I.

A consistent upper limit is also reported by Iyer and Rowland [545] for the rate of direct product of OCS,
suggesting that OCS and SH are primary products of the bimolecular process. This mechanistic interpretation

is further supported by the studies of Leu and Smith [699] and of Biermann et al. 1113], which set somewhat
higher upper limits on k(298 K). The more rapid reaction rates measured by Atkinson et al. [43], Kurylo
[639], and Cox and Sheppard [283] may be attributable to severe complications arising from excited state and

secondary chemistry in their photolytic systems. The Cox and Sheppard study in particular may have been
affected by the reaction of electronically excited CS 2 (produced via the 350 nm photolysis) with 02 (in the

one-atmosphere synthetic air mixture) as well as by the accelerating effect of 02 on the OH + CS2 reaction

itself, which has been observed by other workers as summarized below. The possible importance of
electronically excited CS2 reactions in the tropospheric oxidation of CS2 to OCS has been discussed by Wine

et al. [1256].

An accelerating effect of 02 on the OH + CS2 reaction rate has been observed by Jones et al. [575], Barnes et

al. [66], and Hynes et al. [534], along with a near unity product yield for SO 2 and OCS. In the latter two

studies the effective bimolecular rate constant was tbund to be a function of total pressure (02 + N2), and

exhibited an appreciably negative temperature dependence. These observations are consistent with the
formation of a long-lived adduct as postulated by Kurylo [639] and Kurylo and Laufer [6471, followed by its
reaction with 02:

ka

OH+CS2+M 4-_ HOCS2+M

kb

k c

HOCS 2 + 0 2 --_ Products

Hynes et al. [534], Murrells et al. [820], Becket et al. [94], and Bulatov et al. [ 155] directly observed the
approach to equilibrium in this reversible adduct formation. In the Hynes et al. study, the equilibrium
constant was measured as a function of temperature, and the heat of formation of HOCS 2 was calculated (-

27.4 kcal/mole). A rearrangement of this adduct followed by dissociation into OCS and SH corresponds to

89



thebimolecular(lowk)channelreferredtoearlier.Hynesetal.[534]measuredtherateconstantforthis
processintheabsenceof02 (atapproximatelyoneatmosphereof N2)tobe<8x I0-16cm3molecule-! s-I.
Hynesetal.[534],Murreilsetal.[820],andDiauandLee[337]agreequitewellonthevalueofkc,withan
averagevalueof2.9x 10-14beingreportedindependentoftemperatureandpressure.DiauandLeealsoreport
therateconstantsforthereactionsoftheadduct(CS2OH)withNOandNO2tobe7.3x 10-13and4.2x 10-
I I respectively.

TheeffectivesecondorderrateconstantforCS2orOHremovalintheabovereactionschemecanbeexpressed
as

I/keff = (kb/kakc)(I/Po2) + ( I/ka)(I/PM)

where PO2 is the partial pressure of 02 and PM equals PO2 + PN2. The validity of this expression requires

that ka and kb are invariant with the Po2/PN2 ratio. A l/k vs 1/Po2 plot of the data of Jones et al. [575]

taken at atmospheric pressure exhibits marked curvature, suggesting a more complex mechanistic involvement
of 02, whereas the data of Barnes et al. [66] and Hynes et al. [534] are more satisfactorily represented by this

analytical expression. Nevertheless, while the qualitative features of the data from all three laboratories agree,
there are some quantitative inconsistencies. First, under similar conditions of 02 and N 2 pressures, the

Barnes et al. rate constants lie approximately 60% higher than those of Jones et al. and up to a factor of 2

higher than those derived by Hynes et al. Secondly, two fits each of both the Barnes et al. and Hynes et al.
data can be made: one at fixed PM and varying PO2, and the other at fixed PO2 and varying PM (i.e., varying

added N2). Within each data set, rate constants calculated from both fits agree reasonably well tor mole

fractions of 02 near 0.2 (equivalent to air) but disagree by more than a factor of 2 for measurements in a pure

02 system. Finally, the temperature dependence (from 264 - 293 K) of the keff values from Barnes et al.

varies systematically from an E/R of - 1300 K for experiments in pure 02 (at 700 torr total pressure) to

-2900 K for experiments in a 50 torr 02 plus 650 torr N2 mixture. An Arrhenius fit of the Hynes et al. data

(from 251 - 348 K) recorded in synthetic air at 690 torr yields an E/R = -3300 K, although the data show
marked curvature over the temperature range of study. These observations suggest that ka and kb may not be

independent of the identity of M. For this reason, we limit our recommendation to air mixtures (i.e.,
Po2/PN2 = 0.25) at atmospheric pressure. Since most CS 2 is oxidized within the atmospheric boundary
layer, such restriction does not limit the applicability of this recommendation in atmospheric modeling.

The present recommendation accepts the measurements of Hynes et al. [534], which appear to be the most
sensitive of the three investigations. Thus, k(298 K) is derived from the Arrhenius fit of the data near room

temperature.

k(298 K) = 1.2 x 10 -12 cm 3 molecule -1 s-I

The uncertainty factor, f(298) = i.5, encompasses the results of Barnes et al. [66] within 2c. To compute
values of k below 298 K, we have accepted the analysis of Hynes et al.

k(T) = {I.25 x 10 -16 exp(4550/T)}/{T + 1.81 x 10-3 exp(3400/T)}

This recommendation is only valid for one atmosphere pressure of air. It is interesting to note that
measurements by Hynes et al. [534] at approximately 250 K and 700 torr total pressure result in keff values

that are independent of the amount of 02 for partial pressures between 145 - 680 torr. This suggests that the

adduct is quite stable with respect to dissociation into the reactants (OH + CS2) at this low temperature and
the that effective rate constant for reactant removal approaches the elementary rate constant tbr adduct
formation.

From a mechanistic viewpoint, the primary products of reaction c determine the products of CS2 oxidation in

air. Lovejoy et al. [732] have shown that the yields of both HO2 and SO2 are equal and near unity. Together

with the earlier mentioned unity yield of OCS, these observations suggest that the oxidation equation

OH + CS2 + 202 _ OCS + HO2 + SO2
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describesthisatmosphericsystem.Furtherinsightisprovidedbythemechanisticstudyof Stickeletal.
[1081],whoobserveOCSandCOproductyieldsof(0.83_+0.08)and(0.16:t_-0.03)respectively.Theresults
fromthisstudyareinterpretedtoimplythatOCSandCOareformedeitherasprimaryproductsofthe
CS2OH+02 reactionorasproductsofasecondaryreactionbetweenaprimaryproductand02. Thesesame
authorsreportanSO2yieldof (1.15_+0.10),withtheresultssuggestingthatonlyabout75%of theSO2
formedasapromptproduct,withtheremaindergeneratedviaaslowreactionofSO(generatedasaprompt
productoftheCS2OH+02 reaction)with02. Insightintothespecificreactionpathwayscanbegleaned
fromthestudyof Lovejoyetal.[731] inwhichkcforthereactionofDOCS2+02wasfoundtobethesame
asthatforHOCS2,indicatingthatsimpleHatomabstractionisnotthelikelyprocess.Rather,HO2
productionmostlikelyinvolvescomplexformationfollowedbyHO2elimination.Lovejoyetal.[733]
foundthatthe180 atominthe18OHreactantistransferredpredominantly(90+ 20)% to the SO2 product.

These findings are consistent with an S-O bonded CS2-OH adduct and preservation of the S-O bond in the

steps leading to SO 2 formation. Additional work involving direct intermediate observations would be helpful

in elucidating this reaction mechanism.

OH + CH3SH. This recommendation is based on a composite fit to the data of Atkinson et al. [42], Wine et

al. [1257], Wine et al. [1268], and Hynes and Wine [532], which are in excellent agreement. The results from
the relative rate study of Barnes et al. [60] are in agreement with this recommendation and indicate that the
higher value of Cox and Sheppard [283] is due to complications resulting from the presence of 0 2 and NO in

their reaction system. MacLeod et al. [741,742] and Lee and Tang [674] obtained rate constants at 298K
approximately 50% lower than recommended here. These authors also obtained lower values for the
ethanethiol reaction in comparison with results from studies upon which the methanethiol recommendation is
made. Wine et al. [1268] present evidence that this reaction proceeds via adduct formation to produce a species
that is thermally stable over the temperature range and time scales of the kinetic measurements. Tyndall and
Ravishankara [I 169] have determined the yield of CH3S (via laser-induced fluorescence) to be unity, indicating
that any adduct must be short lived (less than 100 _ts). Longer lifetimes would have led to anomalies in the
OH decay kinetics used for the rate constant determinations. Hynes and Wine [532] failed to observe any
effect of 02 on the rate constant.

OH + CH3SCH 3. This recommendation is based on the results of Hynes et al. [5361, Wine et al. [ 1257],

Hsu et al. [521], Abbatt et al. [2], and Barone et a1.[73]. The earlier higher rate constant values of Atkinson
et al. [43] and Kurylo [638] are presumably due to reactive impurities, while those of MacLeod et al. [742]
were most likely overestimated because of heterogeneous reactions. Absolute determinations lower than those
recommended were obtained by Martin et al. I760], Wallington et al. [1197], and Nielsen et al. [860]. While
the reasons for these differences are not readily apparent, these results are encompassed within the 2_ error
limits of the 298K recommendation. Hynes et al. have demonstrated the importance of a second reaction
channel involving addition of OH to dimethyl sulfide (approximately 30% in I atmosphere of air at 298K).
More recently, Hynes et al. and Barone et al. have examined the reaction mechanism in more detail using fully
deuterated DMS. Both groups report similar rate constants for the bimolecular (non-adduct-lorming) rate
constant and adduct bond strengths (13.0 and 10.1 kcal/mole - Hynes et al.; 10.2 and 10.7 kcal/mole - Barone
et ai.) from second and third law calculations, respectively. Values of the rate constant for the reaction of the

adduct with 02 were also nearly identical (0.8 x 10 -12 3 1 s-! 10-12cm molec- from Hynes et al., and 1.0 x

3 s-I 6cm molec -1 from Barone et al for both DMS and d -DMS) independent of pressure and temperature.

The recommendation given here is for the abstraction reaction only. Confirmation of the products as written
is obtained from the study of Stickel et al. [ 1083] who determined an HDO product yield of (0.84-+0.15) for

the OD + CH3SCH 3. Further mechanistic insight comes from the studies of Barnes et al. [69, 70] and

Turnipseed et al. [1158] who find that the abstraction product, CH3SCH2, leads predominantly to CH3S

under atmospheric conditions. Barnes et al. measure a 0.7% yield of OCS under low NOx conditions, which

they attribute to further oxidation of CH3S. Both Barnes et al. and Turnipseed et al. find a significant (20-

30%) yield of dimethyl sulfoxide, apparently produced via the reaction of the DMS-OH adduct with 0 2. Zhao

et al. [1310] determined an upper yield of 0.07 for CH 3 elimination in the OD + CH3SCH 3 reaction system.

Due to the rapid decomposition of a DMS-OH adduct, only the direct abstraction channel is measured in the
absence ofO2. The reaction of the adduct with 0 2, as quantified most recently by Hynes et al. and Barone et

al., is responsible for the majority of the products formed in the atmospheric oxidation of DMS. An increase
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in the observed rate constant (kobs) with increasing 02 concentration has clearly been observed by Hynes et

al. [536], Wallington et al. [1197], Barnes et al. [59], Nielsen et al. [860], Barone et al, [731, and Hynes et al.

[531]. This 0 2 effect has been suggested as an explanation for the higher rate constants obtained in many of

the earlier relative rate studies. Hynes et al. give the following expression for the observed rate constant in
one atmosphere of air:

-1(1 -I0
kob s = {T exp(-234/T) + 8.46 x 10 exp(7230/T) + 2.68 x 10 exp(7810/T) }/

11
{I.04 x 10 T + 88.1 exp(7460/T)}

This expression was derived empirically from the analysis of a complex data set, which also yielded a value of
the rate constant for reaction of the adduct with 0 2 that was a factor of 4 larger than the values derived by

Hynes et al. [531] and Barone et al. [73] and appeared to be both pressure and temperature dependent. The

effect of these revisions in the adduct + 02 rate constant on the kob s expression is not easily ascertained.

OH + CH3SSCH3 . This recommendation is based on the temperature-dependent studies of Wine et al.

[I 257] and Abbatt et ai. [2] and the room temperature relative rate study of Cox and Sheppard [283]. Domine

and Ravishankara [352] have observed both CH3S (via laser-induced fluorescence) and CH3SOH (via
photoionization mass spectrometry) as products of this reaction. At 298 K, the yield of CH3S alone was

quantified at approximately 30%. An FTIR product study of the photooxidation of dimethyl disulfide by
Barnes et al. [68] presents evidence that oxidation of the CH3SOH product is the principal source of the
methane sultonic acid observed.

OH + S. This recommendation is based on the study by Jourdain et al. [577]. Their measured value for
k(298 K) compares favorably with the recommended value of k(O + OH) when one considers the slightly
greater exothermicity of the present reaction.

OH + SO. The value recommended tbr k(298 K) is an average of the determinations by Fair and Thrush
[368] and Jourdain et al. [577]. Both sets of data have been corrected using the present recommendation for
the O + OH reaction.

HO2 + H2S, HO2 + CH3SH, HO2 + CH3SCH3. These upper limits are taken from the discharge flow

laser magnetic resonance study of Mellouki and Ravishankara [784]. The H2S value disagrees with the rate

constant reported by Bulatov et al. [ 159] by approximately three orders of magnitude. The reason for this
difference is not readily apparent. However, the recommended upper limit is consistent with the values for
CH3SH and CH3SCH3, which respectively agree with upper limits from the work of Barnes et al. [601 and

Niki (reported as a private communication in the Mellouki and Ravishankara paper).

HO2 + SO2. This upper limit is based on the atmospheric pressure study of Graham et al. [434]. A low

pressure laser magnetic resonance study by Burrows et al. [164] places a somewhat higher upper limit on

k(298 K) of 4 x 10 -17 (determined relative to OH + H202). Their limit is based on the assumption that the

products are OH and SO 3. The weight of evidence from both studies suggests an error in the earlier

determination by Payne et al. [905].

NO2 + SO2. This recommendation is based on the study of Penzhorn and Canosa [907] using second

derivative UV spectroscopy. While these authors actually report a measured value for k(298 K), their
observations of strong heterogeneous and water vapor catalyzed effects prompt us to accept their measurement
as an upper limit. This value is approximately two orders of magnitude lower than that for a dark reaction
observed by Jaffe and Klein [547], much of which may have been due to heterogeneous processes. Penzhorn
and Canosa suggest that the products of this reaction are NO + SO3.

NO3 + H2 S. This recommendation accepts the upper limit set by Dlugokencky and Howard [340[ based on

experiments in which NO 3 loss was followed in the presence of large concentrations of H2S. Less sensitive

upper limits for the rate constant have been reported by Wallington et al. [1199] and Cantrell et al. [184].

I23. NO3 + OCS. This upper limit is based on the relative rate data of MacLeod et al. [739].
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NO3+CS2.ThisupperlimitisbasedonthestudyofBurrowsetal.[ 168].A somewhathigherupper
limitwasderivedin therelativeratedataofMacLeodetal.[739].
NO3+CH3SH.Therecommendedvaluesarederivedfromacompositefit tothedataof Wallingtonetal.
[l 199],Rahmanetal.[940],andDlugokenckyandHoward[340].Theroomtemperaturerateconstantderived
intherelativerateexperimentsofMacLeodetal.[739]isingoodagreementwiththerecommendedvalue.
ThesuiteofinvestigationsshowstherateconstanttobepressureindependentovertherangeI - 700torr.
DiugokenckyandHowardplaceanupperlimitof5%ontheproductionofNO2viathisreactionatlow
pressure.Basedontheproductdistributionobservedintheirinvestigation,Jensenetal.[564]proposea
reactionmechanisminitiatedbyabstractionofthehydrogenatomfromtheSHgroup,possiblyafter
formationofaninitialadductassuggestedbyWallingtoneta[.andDlugokenckyandHoward.

NO3+CH3SCH3. Therecommendedvaluesarederivedfromacompositefit tothedataofWallingtonetal.
[1199],Tyndalletal.[1164],andDlugokenckyandHoward[340].TherelativeratestudyofAtkinsonetal.
[45]yieldsarateconstantatroomtemperatureingoodagreementwiththatrecommended.Theexperimental
datafromallinvestigationsdemonstratethepressureindependenceoftherateconstantovertherangeI - 740
torr.RoomtemperatureinvestigationsbyDaykinandWine[316]andWallingtonetal.[1200]arealsoin
agreementwiththerecommendedvalue.Jensenetal.[563]proposeamechanismthatinvolveshydrogen
abstractionasthefirststeptoexplaintheirobservedproductdistribution.Inalaterstudy,Jensenetal. [564]
measuredakineticisotopeeffectfortherateconstantforCH3SCH3vs.thatforCD3SCD3ofkH/kD=
(3.8_+0.6),providingfurtherconfirmationofsuchabstraction.ButkovskayaandLeBras[170]utilized
chemicaltitrationoftheprimaryradicalproducedfromNO3+CH3SCH3inadischargeflowmass
spectrometersystemtoshowthatthereactionproducespredominantlyCH3SCH2+ HNO3.Anupperlimit
of2%wasplacedonthereactionchannelyieldingCH3+CH3SONO2.

NO3+CH3SSCH3. Therecommendedvalueswerederivedfrom a composite fit to the data of Wallington et

al. [1199] and Dlugokencky and Howard [340]. The investigation by Atkinson et al. [37] indicates that the
relative rate technique cannot be considered as yielding reliable rate data for this reaction due to chemical
complexities. Thus, the much lower room temperature results from the study of MacLeod et al. [739] can be
considered to be erroneous. Based on their observations of intermediate and end products, Jensen et al. [564]
proposed a reaction mechanism in which the initial addition of NO 3 to one of the sulfur atoms results in

formation of CH3S + CH3SO + NO2.

NO3 + SO2. This recommended upper limit for k(298 K) is based on the study by Daubendiek and Calvert

[299]. Considerably higher upper limits have been derived by Burrows et al. 1168], Wallington et al. [ 1199],
Canosa-Mas et al. [180], and Dlugokencky and Howard [340].

N20 5 + CH3SCH 3. This recommendation is based on the value estimated by Tyndall and Ravishankara

[1171] from the study by Atkinson et al. [45].

CH302 + SO2. This recommendation accepts the results from the study of Sander and Watson [989], which
is believed to be the most appropriate for stratospheric modeling purposes. These authors conducted
experiments using much lower CH302 concentrations than employed in the earlier investigations of Sanhueza

et al. [994] and Kan et al. [588], both of which resulted in k(298 K) values approximately 100 times greater.
A later report by Kan et al. [587] postulates that these differences are due to the reactive removal of the
CH302SO2 adduct at high CH302 concentrations prior to its reversible decomposition into CH302 and

SO2. They suggest that such behavior of CH302SO2 or its equilibrated adduct with 02 (CH302SO202)

would be expected in the studies yielding highk values, while decomposition of CH302SO2 into reactants

would dominate in the Sander and Watson experiments. It does not appear likely that such secondary reactions
involving CH302, NO, or other radical species would be rapid enough, if they occur under normal

stratospheric conditions to compete with the adduct decomposition. This interpretation, unfortunately, does
not explain the high rate constant derived by Cocks et al. [253] under conditions of low [CH302].

F + CH3SCH3. This recommendation is based on the discharge flow mass spectrometric study by

Butkovskaya et al. [171]. The uncertainty placed on this recommendation has been increased over that
estimated by the authors to reflect the lack of any confirming investigations. Titration of the primary organic
radical products indicated that the reaction proceeds via two channels to produce HF + CH3SCH 2 and CH3 +

CH3SF with a branching ratio of approximately 0.8/0.2 respectively.
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CI+H2S.ThisrecommendationisbasedonthestudybyNicovichetal.[847],whoconductedanelaborate
studywith attentiontosourcesofpossiblesystematicerror.Therateconstantat298Kis ingoodagreement
withthatdeterminedbyNesbittandLeone[836],whorefinedthedataofBraithwaiteandLeone[140],butis
significantlygreaterthanthevaluesreportedbyClyneandOno[243],Clyneetal.[234],andNavaetal.
[826].Thesmall,butclearlyobserved,negativeactivationenergydeterminedbyNicovichetal.contrasts
withthelackofatemperaturedependenceobservedbyNavaetal..Infact,atthelowesttemperatureof
overlap,theresultsfromthesetwostudiesdifferby50%.Nevertheless,theNicovichetal. studyyields
consistentresultsforbothH2SandCH3SHaswellasforD2SandCD3SD.Whilethereasonforthese
differencesremainstobedetermined,thefullrangeofreportedvaluesisencompassedwithinthe2cerror
limitsrecommended.Luetal.[736]alsomeasuredatemperature-independentrateconstantbutreportavalue
at298K,about40%greaterthanthatofNicovichetal. However,thepresenceof4000torrofCF3CIbath
gasintheLuetal maysuggestaslightpressuredependenceofthereaction,althoughNicovichetal.
observednopressuredependenceforpressuresrangingupto600ton.withN2.

CI+OCS.Thisupperlimitisbasedontheminimumdetectabledecreaseinatomicchlorinemeasuredby
EiblingandKaufman[364].BasedontheobservationofproductSCI,theseauthorssetalowerlimiton
k(298K)of 10-18forthisreactionchannel.Considerablyhigherupperlimitsonk(298K)weredetermined
in thestudiesofClyneetal.[234]andNavaetal.]826].

CI+ CS2.ThisupperlimitfortheoverallreactionisbasedondeterminationsbyNicovichetal.[846]and
Wallingtonetal.[1196].Thefirstauthorsconfirmthatthereactionproceedsviareversibleadductformation
assuggestedbyMartinetal.[758].ThemuchlargerrateconstantvaluesdeterminedbyMartinetal.may
possiblybeattributedtoreactiveimpuritiesin theCS2sample.Nicovichetal.setanupperlimitontherate
constantfortheadduct(CS2CI)reactingwith02of2.5x 10-16atroomtemperature.

CI+CH3SH.ThisrecommendationisbasedontheresultsofNicovichetal.[847],whousedlaser
photolysiswithresonancefluorescencedetectiontostudythereactionsofCIwithH2S,D2S,CH3SH,and
CD3SD.TheroomtemperaturedeterminationbyNesbittandLeone[836]isingoodagreementwiththe
valuerecommended.Thek(298K)valuefromthestudybyMelloukietal.[780]isnearlyafactorof2 lower.
However,thelowsensitivityofEPRdetectionofCIatomsdidnotpermittheselatterauthorstoconducta
precisedeterminationofk underpseudo-first-orderconditions,andamorecomplexanalysisofexperiments
conductedundersecond-orderconditionswasrequired.NesbittandLeone[837]reportthatlessthan2%ofthe
reactionoccursviaabstractionofanHatomfromtheCH3group.

CI+CH3SCH3. Stickeietal.[ 1082]haveusedlaserphotolysisresonancefluorescencetomeasurethatrate
constantbetween240-421K,overthepressurerangeof3-700torr.Therateconstantisnearcollisionalbut

-10 -10
increaseswithincreasingpressurefromalowpressurelimitof 1.8x10 toavalueof3.3x10 at700ton..
Theyieldof HCIat297K,measuredbydiodelaserspectroscopy,decreasedfromnearunityatlowpressure
toavalueofapproximately0.5at203ton.,suggestingthatstabilizationofa(CH3)2SCIadductbecomes
competitivewithhydrogenatomabstractionwithincreasingpressure.Theseinvestigatorsalsoobserveda
negativetemperaturedependenceforthereaction.Butkovskayaetal.[ 171] conductedadischargeflowmass
spectrometricstudyat298K,inwhichtheydeterminedthatthereactionproceedstoformHCI+CH3SCH2
almostexclusivelyatI ton.totalpressure.Thesumof allotherpossiblechannelswasestimatedatlessthan
3%.Zhaoetal.[1310]usedlaserphotolysiscoupledwithCH3detectionbytime-resolvedtunablediodelaser
absorptionspectroscopytodetermineanupperlimitlbrCH3eliminationat298Kandpressuresbetween10-
30ton'.RoomtemperaturemeasurementsbyNielsenetal.[859]at740ton.andKinnisonetal.1606]at760
torragreequitewellwiththeresultsofStickeletal. Kinnisonetal.alsoobservedtherateconstantto

- 10-10 3 -Iincreasefrom3.6x 1010to4.2x cm molec-Is whenthebathgaswaschangedfrompureN2to
syntheticair, suggestingthatthe(CH3)2SC1adductreactswith02.

C10+OCS;CIO + SO2. These recommendations are based on the discharge flow mass spectrometric data

of Eibling and Kaufman [364]. The upper limit on k(298 K) for C10 + OCS was set from the minimum
detectable decrease in CIO. No products were observed. The upper limit on k(298 K) for CIO + SO2 is based
on the authors' estimate of their SO3 detection limit. The upper limit for this same reaction based on the

minimum detectable decrease in CIO was not used due to the potential problem of CIO retormation from the

CI + 03 source reaction.
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I47.

CIO+ CH3SCH3.ThisrecommendationisbasedonthestudybyBarnesetal.[64]usingdischargeflow
massspectrometry.Theauthorspreferthepresentvalueoftherateconstanttooneafactorof4higher,which
theydeterminedinanearlierversionoftheirapparatus.Theuncertaintyfactorreflectstheabsenceofany
confirminginvestigations.

CIO+ SO.Thevalueofk(298K)isanaverageofthedeterminationsbyClyneandMacRobert[233]and
BrunningandStief[I50].ThetemperatureindependenceistakenfromthelatterstudywiththeA-factor
recalculatedtofit thek(298K)recommendation.

Br+ H2S,Br+CH3SH.TheserecommendationsarebasedonthestudybyNicovichetal.[844]who
measuredboththeforwardandreversereactionsbytime-resolvedresonancefluorescencedetectionofBratoms.
Theuncertaintiesplacedontheserecommendationshavebeenincreasedoverthoseestimatedbytheauthorsto
reflecttheabsenceofanyconfirminginvestigations.

Br+CH3SCH3. Wineetal.[1259]usedlaserphotolysisresonancefluorescencetostudyreversibleadduct
formationin theBr+CH3SCH3reactionsystemoverthetemperaturerange260- 3I0Kfromwhichthey
derivea(CH3)2S-Brbondstrengthof 14.5_+1.2kcalmole"1. Above375K,adductdecompositionissorapid
thattheadditionchanneliseffectivelynegligible.Extrapolationofthesedatatoconditionstypicalofthe
springtimeArcticboundarylayer(760torr,230- 270K)leadstheseauthorstosuggestthatundersuch
conditions,theadditionofBrtoCH3SCH3.proceedswitharateconstantofapproximately1.3x 10-l0cm3
molecule-1s-i. Researchersfromthesamelaboratory(Jeffersonetal.[553])studiedtheabstractionreaction
overthetemperaturerange386- 604K.Theseauthorsobservedthereactantstobeinequilibriumwiththe
productsHBr+CH3SCH2anddeterminedArrheniusexpressionsfortheforwardandreversereactions

-I 10-13respectivelyof9.0x 10-I1exp(-2386/T)cm3molec-1s and8.6x exp(836/T)cm3molec-I s-1
AnalysisoftheequilibriumdataalsopermitteddeterminationoftheheatofformationofCH3SCH2(see
Appendix1).

BrO+CH3SCH3.Thisrecommendationisbasedonthedischargeflowmassspectrometricstudyby
Bedjanianetal.[95],performedat1torroverthetemperaturerange233-320K.Therateconstantat298Kis
nearlyidenticaltothatderivedbyBarnesetal.[64],usingasimilarexperimentalsystem.Bedjanianetal.
alsodeterminedanearunityyieldtbrtheproductionofdimethylsulfoxideandsuggestthatthereaction
proceedsviaproductionofanadductthatdecomposesintothesulfoxideandbromineatoms.

BrO+SO.ThisrecommendationisbasedonthemeasurementsofBrunningandStief]151] performedunder
bothexcessBrOandexcessSOconditions.Therateconstantissupportedbythelowerlimitassignedby
ClyneandMacRobert[233]frommeasurementsofSO2production.

IO+CH3SH. Thevalueof k(298K)comesfromthestudybyMaguinetal.[7441usingdischargeflow
massspectrometry.Theinvestigatorsestablishabranchingrationearunityfortheproductionof HOI.The
uncertaintyfactorreflectstheabsenceofanyconfirminginvestigations.

IO+CH3SCH3. ThisrecommendationcomesfromthestudiesbyDaykinandWine[315]usinglaser
photolysisabsorptionspectroscopyandbyMaguinetal.[744]andBarnesetal.[64]usingdischargeflow
massspectroscopy.Thesegroupsobtainedrateconstantsof -<3.5x I0-14,1.5x I0-14and8.8xI0-15
respectively.Thelasttwostudiessupersedeearlier,lessdirectmeasurementsbythesamegroups,which
resultedinrateconstantsof 1.5x 10-I 1(Martinetal.[759])and3.0x 10-11(Barnesetal.[65]).

S+02. ThisrecommendationisbasedprimarilyonthestudyofDavisetal.[310].Modestagreementat
298K is foundinthestudiesofFairandThrush[368],Fairetal.[369],DonovanandLittle[354],andClyne
andTownsend[245].ThestudybyClyneandWhitefield[252],whichindicatesaslightlynegativeE/R
between300and400K,isencompassedbytheassigneduncertaintylimits.

S+ 03. ThisrecommendationacceptstheonlyavailableexperimentaldataofClyneandTownsend[245].
InthisstudytheauthorsmeasureavalueoftherateconstantforS+O2in reasonableagreementwiththat
recommendedabove.
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SO + 02. This recommendation is based on the low temperature measurements of Black et al. [ 124, 125].

The room temperature value accepts the results of the more recent paper as recommended by the authors. The
uncertainties cited reflect the need for further confirmation and the fact that these results lie significantly

higher than an extrapolation of the higher temperature data of Homann et al. [501]. A room temperature
upper limit on k set by Breckenridge and Miller [141] is consistent with the Black et al. data.

SO + 0 3. The value of k(298 K) is an average of the determinations by Halstead and Thrush [456],

Robertshaw and Smith [970], and Black et al. [124, 125] using widely different techniques. The value of E/R
is an average of the values reported by Halstead and Thrush and Black et al. [124], with the A-factor
recalculated to fit the recommendation for k(298 K).

SO + NO2. The value of k(298 K) is an average of the determinations by Clyne and MacRobert 1232], Black

et al. [ 125], and Brunning and Stief [ 150], which agree quite well with the rate constant calculated from the
relative rate measurements of Clyne et al. [228]. The Arrhenius parameters are taken from Brunning and
Stief.

SO + OCIO. This recommendation is based on the room temperature study by Clyne and MacRobert [233].

The uncertainty reflects the absence of any confirming investigation.

SO3 + H20. Several research groups have attempted to quantify the rate of sulfuric acid formation via this

10-15 3 -t -1
reaction in the gas phase. Reiner and Arnold [966] placed an upper limit of 2.4 x cm molec s on
the rate constant, slightly lower than that determined by Wang et al. [I 219]. The inability to cite the results
as other than an upper limit is due to the difficulty in excluding all heterogeneous effects from the
experiments. The higher rate constant reported earlier by Castleman et al. [190] may have resulted from an
underestimation of the effects of such heterogeneous reactions. Subsequently, Reiner and Arnold [967] sought

to improve their rate constant determination by more detailed quantification of heterogeneous contributions.

10-15 3 s-IThey derived a value of 1.2 x cm molec- 1 , independent of pressure (from 31-260 mbar of synthetic
air). Evidence was also obtained that H2SO4 was, indeed, the product of the reaction.

Kolb et al. [626] attempted to measure the gas phase reaction using a turbulent flow reactor designed to
minimize wall effects. Their results, when analyzed as representing a bimolecular reaction, support a rate

constant between (1 - 7) x 10 -15 3 s-icm molec- ! . However, a more considered analysis of the data indicated

that the gas phase reaction was second order in water vapor. The reaction rate was also observed to increase as
the temperature was lowered from 333K to 243K. These observations, together with calculations by
Morokuma and Mugurama [813], led the latter authors to suggest that SO3 consumption likely involved its

reaction with the water dimer or the reaction of SO3"H20 + H20, leading to the lbrmation of sulfuric acid.

A laminar flow reactor study by Lovejoy et al. [730] over the temperature range 256 - 360K also revealed SO3
loss to be second order in water concentration and independent of pressure (from 20 to 80 tort of N2 at 300K).

These latter authors measured a strong negative temperature dependence for the rate constant and a significant

kinetic isotope effect (kH20 -- 2kD20), leading them to describe the reaction as proceeding via the rapid

association between SO3 and H20 followed by a slower reaction between the adduct and water to form sulfuric

acid. Lovejoy at al.'s measurement of a -13 kcal tool-1 "activation" energy was viewed as energetically
inconsistent with the SO3 + water dimer reaction mechanism since it would require a large negative activation

energy for the SO 3 + (H20)2 step. The first order expression for SO3 loss derived by these authors is 2.26 x

10-43 T exp(6544/T) [H20] 2 and is recommended here.

I53. SO3 + NO2. This recommendation is based on the study of Penzhorn and Canosa [907] using second

derivative UV spectroscopy. These authors observe the production of a white aerosol, which they interpret to
be the adduct NSO5. This claim is supported by ESCA spectra.

154. SH + 02. This upper limit for k(298 K) is based on the study by Stachnik and Molina [10671 utilizing

experiments sensitive to the production of OH. Somewhat higher upper limits of 1.0 x I0-17 and 1.5 x

10-17 were assigned by Friedl et al. [397] and Wang et al. [1217] respectively from the detection sensitivities
for OH detection and SH decay respectively. An even higher upper limit by Black [ 121 ], based on the lack of
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SHdecay,mayhavebeencomplicatedbySHregeneration.Muchlesssensitiveupperlimitshavebeen
calculatedbyTieeetal.[11341,Nielsen[851],andCupittandGlass[289].StachnikandMolina[1067]also
reportasomewhathigherupperlimit(< 1.0x 10-18)fortherateconstantforthesumof thetwoSH+02
reactionchannels(producingOH+SOandH+SO2).

SH+ 03. Thevaluefork(298K)isanaverageofthedeterminationsbyFriedletal.[397](laser-induced
fluorescencedetectionofSH),Schonleetal.[1007](massspectrometricdetectionofreactantSHandproduct
HSO)asrevisedbySchindlerandBenter[1000],andWangandHoward[1216](lasermagneticresonance
detectionofSH).ThetemperaturedependenceisfromWangandHowardwiththeA-factorcalculatedtoagree
withtherecommendedvaluefork(298K).AE/Rreflectsthefactthatthetemperaturedependencecomesfrom
measurementsaboveroomtemperatureand,thus,extrapolationtolowertemperaturesmaybesubjectto
additionaluncertainties.WangandHowardreportobservingaminorreactionchannelthatproducesH+SO+
02.

SH+ H202. Thisrecommendedupperlimitfork(298K)isbasedonthestudyof Friedletal.[397].Their
valueiscalculatedfromthelackofSHdecay(measuredbylaser-inducedfluorescence)andthelackofOH
production(measuredbyresonancefluorescence).Thethreepossibleproductchannelsyield:H2S+ HO2,
HSOH+OH,andHSO+ H20.

SH+ NO2. Thisrecommendationisbasedonthemeasurementsof Wangetal.[1217].Theseauthors
suggestthatthelowervaluesof k(298K)reportedbyBlack[121],Friedletal.[397],andBulatovetal.[156]
areduetoSHregenerationfromtheH2Ssourcecompound.InthestudybyStachnikandMolina[1067],
attemptsweremadeatminimizingsuchregeneration,andthereportedvalueofk(298K)wassignificantly
higherthanthatfromtheearlierstudies,butstill30%lowerthanthatmeasuredbyWangetal.,whousedtwo
independentSHsourcereactions.A slightlyhigherrateconstantmeasuredbySchonleetal.[1007],as
revisedbySchindlerandBenter[1000],hasnotbeenrecommendedduetothesomewhatmorelimiteddatabase
fortheirdetermination.Thereactionaswrittenrepresentsthemostexothermicchannel.Infact,HSOhas
beendetectedasaproductbyLeuandSmith[700],Bulatovetal.[i56],Schonleetal.[ 1007],andWanget
al.[1217].Theabsenceofaprimarydeuteriumisotopeeffect,asobservedbyWangetal.[ 1217],coupled
withthelargemagnitudeoftherateconstantsuggeststhatthe(four-centerintermediate)channelsproducing
SO+ HNOandOH+SNOareofminorimportance.Noevidenceforathree-bodycombinationreactionwas
foundbyeitherBlack[121]orFriedletal.[397].Basedonapressureindependenceoftherateconstant
between30- 300torr,Blacksetanupperlimitof7.0x 10-31forthetermolecularrateconstant.Similarly,
StachnikandMolina[1067]sawnochangeindecayratebetween100and730torrwith02 (althoughthese
02experimentsweredesignedprimarilytolimitSHregeneration).Therecommendationgivenhereis
supportedbytherecentdischargeflowlaser-inducedfluorescencestudyoftheSD+NO2reactionbyFenter
andAnderson[375].Theseinvestigatorsreportarateconstantat298Kof6.8x I0-11cm3molec-I s-1,
whichcomparesfavorablywiththevalueof7.1x 10-I I 3 s-1cm molec-I determinedintheWangetal.of
thesamereaction.FenterandAndersonalsoobtainedanE/Rvalueof-210K,verysimilartothe-237K
valuederivedbyWangetal.fortheSHreaction.

SH+CI2;SH+BrCI;SH+Br2;SH+ F2.Therecommendationsforthesereactionsarederivedfromthe
dataofFenterandAnderson[374]fortheSDradical.Theuncertaintieshavebeenincreasedoverthose
estimatedbytheinvestigatorstoreflecttheabsenceofanyconfirminginvestigationsandtheinfluenceof the
secondaryisotopeeffect.FortheBrCIreaction,thechannelproducingCISD+Brwasfoundtobedescribed
bytherateexpressionk= 2.3x 10-II exp(100FF).

HSO+02. ThisrecommendationisbasedonthestudybyLovejoyetal.[734],whoemployedlaser
magneticresonancemonitoringofHSOinadischargeflowsystem.Theupperlimitthusderivedfor
k(298K)isnearlytwoordersofmagnitudelowerthanmeasuredbyBulatovetal.[ 158].

HSO+03. ThisrecommendationisbasedonthedeterminationsbyFriedletal.[397]andWangand
Howard[1216].Inthefirststudy,performedathigher03concentrations,greaterquantitiesofHSOwere
producedintheflowtubeandSHapproachedasteadystateduetoitsgenerationviaHSO+O3. Therate
constantforthisreactionwasthusdeterminedrelativetoSH+03 frommeasurementsofthesteadystateSH
concentrationasafunctionoftheinitialSHconcentration.Inthesecondstudy,therateconstantandits
branchingratioweremeasuredattwotemperatures.Atroomtemperature,theoverallrateconstantis in
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excellentagreementwiththatofFriedletal. Morerecently,Leeetal.[681] determinedaroomtemperature
rateconstantof4.7x 10"14forthesumofallreactionchannelsnotproducingHS.Thisvalueis
approximately30%greaterthanthatmeasuredbyWangandHowardforthesamechannels.Leeetal.derive
anArrheniusactivationenergyof 1120Kforthesechannelsfromdatabetween273-423K,inagreementwith
themorelimitedtemperaturedataofWangandHoward.

ThelackofanisotopeeffectwhenSDwasemployedintheFriedletal.studysuggeststhattheproductsof
theHSO+ 03reactionareSH+ 202(analogoustothoseforHO2+03). However,WangandHoward
foundthatonly70%ofthereactionleadstoHSformation.Inaddition,theirobservationsofHO2production
inthepresenceof02suggeststheexistenceofareactionchannelproducingHSO2+02 followedbyHSO2
+02 ---)HO2+SO2.Atthepresenttime,norecommendationisgivenfortheproductchannels.Further
mechanisticworkissuggested,sinceit isimportanttounderstandwhetherthisreactionintheatmosphere
leadstoHSregenerationortooxidationofthesulfur.

HSO+NO;HSO+ NO2.TherecommendationsforthesereactionsarebasedonthestudybyLovejoyetal.
[734]inwhichlasermagneticresonancewasusedtomonitorHSOinadischargeflowsystem.Theirupper
limitfortheNOreactionisafactorof 25lowerthantherateconstantmeasuredbyBulatovetal.[I57]using
intracavitylaserabsorptionatpressuresbetween10and100torr.Sinceit isunlikelythatthisreactionrate
undergoesafactorof25increasebetween1torr(thepressureoftheLovejoyetal.work)and10torr,the
higherrateconstantmaybeduetosecondarychemistryassociatedwiththeHSOproductionmethods
employed.

TherecommendationfortheNO2reactionisafactorof2higherthantherateconstantreportedbyBulatovet
al.[156].Lovejoyetal.haveattributedthisdifferencetoHSOregenerationundertheexperimentalconditions
usedbyBulatovetal.[156].TheproductassignmentforthisreactionisdiscussedinthenotefortheHSO2
+02 reaction.

HSO2+02. ThisrecommendationisbasedontherateofHO2formationmeasuredbyLovejoyetal.[734]
uponadditionof02 totheHSO+NO2reactionsystem.WhileHSO2wasnotobserveddirectly,a
considerationofthemechanisticpossibilitiesforHSO+NO2,coupledwithmeasurementsoftheHO2
productionrateatvarious02pressures,ledtheseauthorstosuggestthatHSO2isbothamajorproductofthe
HSO+NO2reactionandaprecursorforHO2viareactionwith02.

HOSO2+02. ThisrecommendationisbasedonthestudiesofGleasonetal.[427]andGleasonandHoward
[425]inwhichtheHOSO2reactantwasmonitoredusingachemicalionizationmassspectrometrictechnique.
GleasonandHowardconductedtheirmeasurementsoverthe297-423Ktemperaturerangeintheonly
temperaturedependenceinvestigation.Thus,AE/Rhasbeenincreasedfromtheirquotedlimitstoaccountfor
thepotentialuncertaintiesinextrapolatingtheirdatatosub-ambienttemperatures.Thevalueof k(298K)
derivesfurthersupportfromthestudiesofMargitan[750]andMartinetal.[761],bothof whomused
modelingfitsofOHradicaldecaysintheOH+SO2+M reactionsysteminthepresenceof02andNO.In
thislatteranalysis,theHOSO2reactswith02,yieldingHO2,whichsubsequentlyregeneratesOHthroughits
reactionwithNO.TheinfraredspectrumofHOSO2hasbeenrecordedinlowtemperaturematrixisolation
experimentsbyHashimotoetal.[469]andNagaseetal.[823].MassspectrometricdetectionofHOSO2in
thegasphasehasalsobeenreportedbyEgsgaardetal.[362].

CS+02. Therecommendationgivenfork(298K)isbasedontheworkofBlacketal.[123[usinglaser-
inducedfluorescencetomonitorCS.Thisvalueagreeswiththesomewhatlessprecisedeterminationby
Richardson[969]usingOCSformationrates.Thelatterauthorpresentsevidencethatthisreactionchannel
dominatesovertheoneproducingSO+CObymorethanafactorof 10.MeasurementsbyRichardsonat
293K and495KyieldanE/Rof 1860K. However,useofthisactivationenergywiththerecommended
valueofk(298K)resultsinanunusuallylowArrheniusA-factorof 1.5x 10-16.Inviewofthis,no
recommendationisgivenforthetemperaturedependence.

CS+03;CS+NO2. Thek(298K)recommendationsforbothreactionsaccepttheresultsof Blacketal.
[123],whousedlaser-inducedfluorescencetomonitortheCSreactantinaroomtemperatureexperiment.The
uncertaintyfactorsreflecttheabsenceofanyconfirmingmeasurements.
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CH3S+02. ThisupperlimitisbasedonthestudybyTyndallandRavishankara[1170].Somewhathigher
upperlimitswerederivedintheearlierstudiesofBallaetal.[56]andBlackandJusinski[122].
CH3S+03. Thisrecommendationisbasedonthetemperature-dependentstudyofTurnipseedetal.[1156]
andtheroomtemperaturedeterminationsofTyndallandRavishankara[1169]andDomineetal.[353].
Domineetal.measuredtheyieldofCH3SOtobe15%atlowpressureandusedthisvaluetorevisethe
correctionsappliedin theTyndallandRavishankarainvestigationtoaccountforCH3Sregenerationby
CH3SO+ 03. A failuretoobservesignificantreactioninthestudybyBlackandJusinski[122]isinterpreted
asduetorapidregenerationofCH3Sintheirsystem.ThevalueofAE/Rhasbeensetlargerthanthatderived
byTurnipseedetal.toreflecttheexistenceofonlyonetemperaturedependenceinvestigation.

CH3S+NO.TheupperlimitforthebimolecularreactionbetweenCH3SandNOisbasedonestimatesby
Ballaetal.[56],whoconductedatemperaturedependencestudyofthetermolecularreaction.

CH3S+ NO2.ThisrecommendationisbasedonthetemperaturedependentdataofTurnipseedetal.[1156]
andtheroomtemperatureresultsofTyndallandRavishankara[1170].TheroomtemperaturevalueofDomine
etal.[351]isencompassedbytherecommendeduncertaintyfactor.ThevalueofAE/Rhasbeensetlarger
thanthatderivedbyTumipseedetal.toreflecttheexistenceofonlyonetemperaturedependenceinvestigation.
AnearlierstudybyBallaetai.[56]yieldedaroomtemperaturerateconstantnearlyafactoroftwohigherthan
thepresentrecommendation,whichmaybeattributedtosecondaryreactionsathigherradicalconcentrations.
TyndallandRavishankaradeterminedtheNOyieldtobe(80+ 20)%. Together with the unity yield of
CH3SO obtained by Domine et al., this implies that the primary reaction channel is as written.

CH2SH + 02. This recommendation is the average of the rate constant obtained by Rahman et al. [941] in

a fast flow mass spectrometer system and that from Anastasi et al. [19] using a pulse radiolysis kinetic

absorption apparatus. The value of Anastasi et al. is nearly twice that of Rahman et al. It is difficult at
present to indicate a preference for the results of one study over the other, and the value of f(298) has been

chosen to reflect this uncertainty. Since this is a fast bimolecular reaction, one would expect the products to
be HO2 + CH2S, by analogy with the reaction between CH2OH and 02.

CH2SH + 03. The value of k(298K) comes from the study by Rahman et al. [941] using fast flow mass

spectrometry. The uncertainty factor reflects the absence of any confirming investigations.

CH2SH + NO. The value of k(298K) comes from the study by Anastasi et al. [19] using a pulse radiolysis

kinetic absorption apparatus. The uncertainty factor reflects the absence of any confirming investigations.

CH2SH + NO2. This recommendation averages the rate constant obtained by Rahman et al. [941] in a fast

flow mass spectrometer system with that from Anastasi et al. [19], using a pulse radiolysis kinetic absorption
apparatus. The value of Rahman et al. is nearly twice that of Anastasi et al. It is difficult at present to
indicate a preference for the results of one study over the other, and the value of f(298) has been chosen to
reflect this uncertainty.

CH3SO + 0 3. This recommendation is based on the study by Domine et al. [353]. It is supported by the

study of Tyndall and Ravishankara [1169], in which the rate constant was derived from a complex analysis of
the CH3S + 03 reaction system. Domine et al. place the direct yield of CH2SO at approximately 10% and
that of CH3S at 13% at low pressure.

CH3SO + NO2. This recommendation is based on the direct measurements of Domine et al. [351]. The

results are supported by somewhat less direct measurements of Tyndall and Ravishankara [1170] and Mellouki
et al. [779].

CH3SOO + 0 3, CH3SOO + NO, CH3SOO + NO2. These recommendations are based on the experiments

of Turnipseed et al. [1156] in which CH3S was monitored by LIF in equilibrium with CH3SOO. The upper

limit for the 0 3 reaction was determined from experiments at 227K. The results for the NO and NO2

reactions were independent of temperature over the ranges 227-256K and 227-246K, respectively. The
uncertainties placed on these recommendations have been increased over those estimated by the authors to
reflect the absence of any confirming investigations.
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CH3SO2+NO2. ThisrecommendationisbasedonthestudybyRayetal.[960]usingadischargeflow
reactorequippedwithlaser-inducedfluorescenceandmassspectrometricdetection.TheCH3SO2wasproduced
bythesequentialoxidationofCH3SandCH3SObyNO2andistobedifferentiatedfromtheweaklybound
adduct,CH3SOO,formedbythereactionofCH3Swith02atlowtemperature(Turnipseedetal[I 156]).The
uncertaintylimitontherateconstanthasbeenincreasedoverthatgivenbytheauthorstoreflecttheabsence
ofanyconfirminginvestigation.However,someadditionalsupportforthisrecommendationdoescomefrom
thestudyoftheCH3S+NO2reactionbyTyndallandRavishankara[1170].Theseauthorsobserved
fluorescencefromaproductspeciestentativelyidentifiedasCH3SO2,producedbythereactionofCH3SO
withNO2.Computersimulationoftheriseandfallofthefluorescencesignalyieldedanapproximaterate

10-12 3 -1constantvalueforthereactionCH3SO2+ NO2of7.0x cm molec-Is . However,anunambiguous
differentiationbetweentheproductionanddisappearancerateconstantswasnotpossible.

CH3SCH2+ NO3. ThisrecommendationisbasedontheexperimentsofButkovskayaandLeBras[170].
Theuncertaintyfactorreflectstheabsenceofanyconfirminginvestigation.

CH3SCH202+NO. ThisrecommendationisbasedontheexperimentsofWallingtonetal.[ 1206].The
uncertaintyfactorreflectstheabsenceofanyconfirminginvestigation.

CH3SS+ 03. Thisrecommendationisbasedonthedischargeflowphotoionizationmassspectroscopystudy
byDomineetal.[353].Theuncertaintyfactorreflectstheabsenceofanyconfirminginvestigations.The
rateconstantratioforthereactionsofCH3SSwith03andNO2isconsistentwiththerateconstantrationfor
thecorrespondingCH3Sreactions.

CH3SS+NO2;CH3SSO+ NO2.Theserecommendationsarebasedonthedischargeflowphotoionization
massspectroscopystudybyDomineetal.[351]. Therateconstantratioforthesetworeactionsagreeswith
thatobservedforotherRS/RSOradicalswithNO2.Theassigneduncertaintiesreflectthisagreementbut
acknowledgetheabsenceofanyconfirminginvestigation.IntheDomineetal.study,CH3SSOwasproduced
byreactingawayallCH3SSwithhighNO2concentrations.Thus,asexpected,Oatomtransfermaybethe
primarychannelin theCH3SSreaction.

Na+03. TherecommendationisbasedonthemeasurementsofAgeretal.[12],Worsnopetal.[1277]as
correctedinWorsnopetal.[1278],andPlaneetal.[917].ThedataofWorsnopetal.supersedeearlierwork
fromthatlaboratory(SilverandKolb[1026]).MeasurementsmadebyHusainetal.[527]at500Kare
somewhatlower,probablybecausetheydidnotrecognizethatsecondarychemistry,NaO+ 03--_Na+202,
interfereswiththeratecoefficientmeasurement.ThetemperaturedependenceisfromresultsofWorsnopetal.
[1278](214-294K)andPlaneetal.[917](208-377K).Ageretal.[121estimatethattheNaO2+ Oproduct
channelis <5%. Evidence that the NaO product is in the 2E+ excited electronic state was reported by Shi et

al. [ 1021 ] and Wright et al. [ 1279].

Na + N20. The recommendation incorporates the data of Husain and Marshall [526], Ager et al. [ 12], Plane

and Rajasekhar [918], and Worsnop et al. [I 278]. Silver and Koib [ 1026] measured a rate coefficient at 295 K
that is lower and is superseded by Worsnop et al. [ 1278]. Helmer and Plane [479] report a measurement at
300K in excellent agreement with the recommendation. Earlier, less direct studies are discussed by Ager ct al.
[12]. The NaO product does not react significantly with N20 at room temperature [k (for Na + N2 + 02

products) <10 -16 and k (for NaO2 + N2 products) <2 x 10-15 Ager et al.]. Wright et al. [1279] used UV

photoelectron spectroscopy to determine the product NaO is tormed predominantly in the excited 2E+ state.

Na + C12. Two measurements of the rate coefficient for this reaction are in excellent agreement: Silver

[1023] and Talcott et al. [1110]. The recommended value is the average of these room temperature results.

NaO + O. The recommendation is based on a measurement at 573 K by Plane and Husain [916]. They

reported that <1% of the Na product is in the 32p excited state.

NaO + 03. This reaction was studied by Silver and Kolb [1026], Ager et al. [12], and Plane et al. [9171, who

agree on the rate coefficient and branching ratio. This agreement may be fortuitous because Silver and Kolb
used an indirect method and an analysis based on their rate coefficient for the Na + 0 3 reaction, which is about
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I/2 of the recommended value. Ager et al. employed a somewhat more direct measurement, but the study is

complicated by a chain reaction mechanism in the Na/O 3 system. Plane et al. reported rate coefficient

measurements for the NaO 2 + 02 product channel over the temperature range 207-377K using pulsed

photolysis LIF methods. The recommendation for that channel is based on all three studies, and the

recommendation for the Na + 202 channel is based upon the results of Silver and Kolb and Ager et al. The

latter reaction channel may also have a significant temperature dependence.

NaO + H 2. The recommendation is based on a measurement by Ager and Howard [ I 1]. They also reported a

significant Na + H20 product channel and that a small fraction of the Na from this channel is in the 32p

excited state.

NaO + H20. The recommendation is based on a measurement by Ager and Howard [ I 1].

NaO + NO. The recommendation is based on an indirect measurement reported by Ager et al. [ 12].

NaO + HCI. There is only one indirect measurement of the rate coefficient for this reaction, that from the

study by Silver et al. [1029]. They indicate that the products are NaCI and OH, although some NaOH and CI

production is not ruled out.

NaO2 + O. The recommendation is based on a flow tube study at 300K by Helmer and Plane [479].

NaO2 + NO. This reaction is endothermic. The upper limit recommended is from an experimental study by

Ager et al. [ i 2].

NaO2 + HCI. The recommendation is based on a measurement reported by Silver and Kolb [1027]. They

indicated that the products are NaCI + HO2, but NaOOH + CI may be possible products.

NaOH + HCI. The recommendation is based on the study by Silver et al. [1029], which is the only published

study of this reaction.
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Table 2. Rate Constants for Association Reactions

Reaction

Low Pressure Limit a

ko(T) = ko 300 (T/300) -n

High Pressure Limit b

k_,(T) = k_, 300 (T/300) -m

_3_ n k3_ m Notes

O + 02 M 03

O(ID) + N2 M N20

H + 0 2 M HO2

OH+OH

O + NO M NO2

O + NO 2 M NO 3

OH + NO M HONO

OH + NO2 M HNO3 (See note)

HO2 + NO2 M HO2NO2

NO2 + NO3 M N205

NO 3 M NO+ O2

CH3 + 02 M CH30 2

C2H5 + 02 M C2H502

OH + C2H2 M HOCHCH

OH + C2H4 M HOCH2CH2

CH30 + NO M CH3ONO

CH30 + NO 2 M CH3ONO 2

C2H50 + NO M C2H5ONO

O x Reactions

(6.0-20.5) (-34) 2.3+0.5

O41 D) Reactions

(3 5+3.0) (-37) +2.0
• _ 0.6_0. 6

HOx Reactions

(5.7_+0.5) (-32) 1.6+0.5 (7.5+4.0) (- 11 )

1"6:2:t:1.2) (;31)i_2;0 1'2,_1 _0) (-11)
1,0

NOx Reactions

(9.0__2.0) (-32) 1.5+0.3 (3.0--+!.0) (-I I)

(9.0"2_1.0) (-32) 2.0+1.0 (2.2_+0.3) (-11)

(7:0&_l,0) (4 1) 2:6:1:0.3 (3:6-3:1,0)(,11)

!

(2:5:H)i 1)(-30)4A_0;3 l 1)

(!.8_+0.3) (-31) 3.2+0.4 (4.7+1.0) (-12)

(2.2_+0.5) (-30) 3.9+1.0 (1.5+0.8) (-12)

See Note

Hydrocarbon Reactions

(4.5+1.5) (-31) 3.0+1.0 (1.8_+0.2) (-12)

(I .5+1.0) (-28) 3.0_+1.0 (8.0--+1.0) (-12)

(5.5+2.0) (-30) 0.0+0.2 (8.3+1.0) (-13)

(l.0-20.6) (-28) 0.8+2.0 (8.8_+0.9) (-12)

(I.4_+0.5) (-29) 3.8+1.0 (3.6+_1.6) (-t 1)

(1.1_40.4) (,28) 4.0+2.0 (1:6"_0,5)(-11)

(2;8+1.0) (,27) 4.0+2.0 (5._1,0) (,I 1)

AI

0--+i .0 CI

0--+1.0 C2

0.1_-/-0.5 C3

1.7 .2 c4

1.4+-1.4 C5

0.7+-0.4 C6

C7

1.7+1.7 DI

0_+1.0 D2

_2+21 D3

0+0 D4

0.6+1.0 D5

1.0+l.0 I36

1.0+1.0 D7
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Table2. (Continued)

Reaction

Low Pressure Limit a

ko(T) = ko 300 (T/300) -n

High Pressure Limit b

ko_(T) = ko,,300 (T/300) -m

ko300 n k,, 300 m Notes

C2H5 O + NO2 M C2H5ONO2

CH302 + NO2 M CH302NO2

M
CH3C(O)O2 + NO2

CH3C(O)O2NO2

F + 02 M FO2

F + NO M FNO

F + NO 2 M FNO2

FO + NO2 M FONO2

CF 3 + 02 M CF30 2

CF30 + NO2 M CF3ONO 2

CF302 + NO2 M CF302NO2

CF30 + CO M CF3OCO

CF3oM CF20+F

CI + 02 M CIOO

CI + NO M CINO

CI + NO2 M CIONO

M
___)CINO2

CI + CO M CICO

CI + C2H 2 M CIC2H2

CI + C2H 4 M CIC2H4

(2.0-'x_1.0) (-27) 4.0+2.0

(1.5_+0.8) (-30) 4.0+2.0

(9.7+3.8) (-29) 5.6+2.8

FOx Reactions

(4.4_+0.4) (-33) !.2+0.5

(I,8+0.3)(-31) 1,02:10

(6:3+3,0) (-32) 2.0+2.0

(2.6+2.0) (-31) 1.3+1.3

( 3.0-Z-O.3) (-29) 4.0+2.0

See Note

(2.2_+0.5) (-29) 5.0+1.0

(2.5_+0.2) (-31 )

See Note

CIOx Reactions

(2.7+1.0) (-33)

(9.0-2_2.0) (-32)

(1.3_+0.2) (-30)

(1.8_+0.3) (-3 !)

(i.3_+0.5) (-33)

((5.9+ 1,0) (,30)

(i.6+1) (-29)

(-28)

1.5+0.5

1.6+0.5

2.0+ 1.0

2.0+1.0

3.8+0.5

2.1+1.0

3.3+1.0

(2.8_+0.4) (-I i) 1.0+1.0 D8

(6.5+3.2) (-12) 2.0+2.0 D9

(9.3_+0.4)(-12) 1.5+0.3 DIO

El

(2i8+1,4)(-10) 0.02:1.0 E2

(2,6-2:1:3) (:I0) 0.05:1.0 E3

(2.0-Z'_l.0) (-11) 1.5+1.5 E4

(4.0-Z'_l.0) (-12) 1.0+!.0 E5

E6

(6.0-2-_1.0) (-12) 2.5+1.0 E7

(6.8_+0.4) (-14) -I .2 E8

E9

(2.1_+0.4)(-I0)

(3.I+_2)(-IO)

- FI

F2

1.0+1.0 F3

1.0+1.0

F4

1.0+0.5 F5

i.0+0.5 F6

1.2+0.5 F7
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Reaction

CIO + NO2 M CIONO2

OCIO + NO3 M O2CIONO2

C10 + CIO M C1202

CIO + O(210 M C1203

OCIO + O M CIO3

CH2CI + 02 M CH2CIO2

CHCI2 + 02 M CHCI20 2

CC13 + O2 M CCi302

CFCI2 + 02 M CFCI202

CF2C1 + 02 M CF2CIO2

CCI302 + NO2 M CC1302NO2

CFC1202 + NO2 M CFC1202NO2

CF2CIO 2 + NO 2 M CF2C102NO2

Br + NO2 M BrNO2

BrO + NO2 M BrONO2

I + NO M INO

I + NO2 M INO2

IO + NO2 M IONO 2

HS+NOM HSNO

CH3S +NO M CH3SNO

Table 2. (Continued)

Low Pressure Limit a

ko(T) = ko 300 (T/300) -n

ko300 n

(!.8_40.3) (-31) 3.4+_1.0

See Note

(2.2_+0.4) (-32) 3.1+_0.5

(6.2+1.0) (-32) 4.7+0.6

(I.9"2-0.5)(-31) 1.1+1.0

(I.9+0.1) (-30) 3.2:1:0.2

(1.3+-0.1) (-30) 4.0-t-0.2

(6.9+0.2) (-31 ) 6.4+0.3

(5.0+0.8) (-30) 4.0-2-_2.0

(3.0+1.5) (-30) 4.0+2.0

(5.0-+1.0) (-29) 5.0+1.0

(3.5_+0.5) (-29) 5.0_+i .0

(3.3+0.7) (-29) 6.7+-1.3

BrO x Reactions

(4.2-'_0.8) (-3 I) 2.4+-0.5

(5.2_+0.6) (-31) 3.2+0.8

IOx Reactions

(1.8_-/-0.5) (-32) 1.0+-0.5

(3.0-2-_i.5) (-31) 1.0-+1.0

(5.9-!:2.0) (-31) 3.5_+1.0

SO x Reactions

(2.4_+0.4) (-31 ) 3.0+ 1.0

(3.2_+0.4) (-29) 4.0+-! .0

High Pressure Limit b

koo(T) = koo300 (T/300) -m

koo300 m Notes

(!.5+0.7)(-11) 1.9+-1.9 F8

F9

(3.5+2) (-12) 1.0+1.0 FI0

(2.4+1.2) (-! I) 0-i-_1.0 F11

(3.1_+0.8) (-1 I) 0_+1.O Fi2

(2.9_+0.2) (-12) 1.2_+0.6 FI3

(2.8_+0.2) (-12) 1.4+-0.6 FI4

(2.4_+0.2)(-12) 2.1+0.6 FI5

(6.0+1.0) (-12) l.O+l.0 FI6

(3_+2) (-12) I.O+l.O FI7

(6.0-+1.0) (-12) 2.5-+1.0 FIB

(6.0+1.0) (-12) 2.5+1.0 FI9

(4.1+1.9)(-12) 2.8_+0.7 F20

(2.7_+0.5) (-I I) 0_+I .0 GI

(6.9+-1.0) (-12) 2.9+1.0 G2

(I.7+1.0) (-I I) 0-+1.0 H1

(6.6_+5.0) (-1 I) 0-+1.0 H2

(9.0+1.0) (-12) 1.5+-1.0 H3

(2.7+0.5) (-I l) 0 II
0-+2

(3.9-+0.6) (-11) 2.7+I.0 12
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Table2. (Continued)

Reaction

LowPressureLimita
ko(T)=ko300(T/300)-n

HighPressureLimitb
koo(T)= koo300(T/300)-m

_3_ n k3_ m Notes

OH+ SO2 M HOSO2

CH3SCH 2 + 02 M CH3SCH20 2

!)(-33)

(3.0-K-_1.0) (-31)

See Note

so3 +r,va3 a3Ns 

Na + 02 M NaO2

NaO + 02 M NaO3

NaO + CO2 M NaCO3

NaOH + CO2 M NaHCO3

'3,6!'0,7

3.3+1.5 (I .5_+0.5) (-12)

3.05:3,0

Metal Reactions

(4.7+1.3) (-11)

(3.2_+0.3) (-30) 1.4+0.3 (6.04-2.0) (-10)

(3.5_+0.7) (-30) 2.0+2.0 (5.7+3.0) (- I 0)

(8.7+2.6) (-28) 2.0+2.0 (6.5+3.0) (-10)

(I.3_+0.3) (-28) 2.0+2.0 (6.8+4.0) (-10)

0+_°

05:1.0

0+ 1.0

0-L-_1.0

0+ 1.0

04- 1.0

13

I4

15

I6

Jl

J2

J3

J4

ko (T)[M] 1 + (ko(T)[Ml/ko_(T))l 2 }-I

Note: k(Z) = k(M,T) = ( 1 + (ko(T)[Ml/ko_(T))) 0.6 { ll°glO

The values quoted are suitable for air as the third body, M.
a Units are cm6/molecule2-sec.

b Units are cm3/molecule-sec.

Shaded areas indicate changes or additions since JPL 94-26.
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AI.

A2.

BI.

B2.

C1.

C2.

Notes to Table 2

C3.

O + 02. Low pressure limit and T dependence are an average of Klais, Anderson, and Kurylo [ i 19] and Lin

and Leu [141]. The result is in agreement with most previous work (see references therein) and with the study

of Hippler et al. [98]. Kaye [114] has calculated isotope effects for this reaction, using methods similar to

those discussed in the Introduction; Troe [223], Patrick and Golden [1781. Croce de Cobos and Troe [63] are
in agreement with earlier work. Rawlins et al. [ 190] report values in Ar between 80 and 150K that
extrapolate to agreement with the recommended values.

O(ID) + N 2. Low pressure limit from Kajimoto and Cvetanovic [113]. The T dependence is obtained by

assuming a constant I]. The rate constant is extremely low in this special system due to electronic curve

crossing. Maric and Burrows [148] extract (8.8+3.3)x10 -37 cm6s - 1 from a study of the photolysis of
synthetic air, in agreement with the recommended value within mutual error limits.

H + 0 2. Kuryio [125], Wong and Davis [250] and Hsu et al. [104] are averaged to obtain the low pressure

limiting value at 300K. The first two studies include T dependence, as does a study by Hsu et al. [103]. The

recommended value is chosen with constant <AE>N2 -.05 kcal mol- I. This very low number reflects

rotational effects. The high pressure limit is from Cobos et al. [51 ]. The temperature dependence is

estimated. Cobos et al. [51] estimate m = -0.6, which is within our uncertainty. High temperature

measurements in Ar by Pirraglia et al. [ 182] are in good agreement. Measurements in the range
298<T/K<750 by Carleton et al. [44] agree within error limits.

OH + OH. Recommended values are from fits of measurements by Zellner et al. [257] in N 2, and by
Forster et al. [85] in 1-150 kbar He scaled to N 2. We find that these two data sets agree, in contrast to the

conclusion of Forster et al., which is a result of not scaling their He data to correspond to N2. A study by
Fagerstrom et al. [81] in 85-1000 mbar SF 6 gives slightly different values. A pressure independent

bimolecular channel to H20 + O with a rate 1.9 x 10-12 is observed (see Table I). The temperature

dependence of ko takes into account both Zellner et al. and Fagerstrom et al.. The unsymmetrical error limits

in ko (298) take into account contributions from H + OH _ H20. Trainor and von Rosenberg [222] report

a value at 300K that is lower by a factor of 2.7.

O + NO. Low pressure limit and n from direct measurements of Schieferstein et al. [202] and their re-analysis
of the data of Whytock et al. [246]. Error limits encompass other studies. High pressure limit and m from

Baulch et al. [23] and Baulch et al. [22], slightly modified. Shock tube measurements by Yarwood et al.
[253] in argon from 300-1300K are consistent with these values.

O + NO2. Values of rate constants and temperature dependences from the evaluation of Baulch et al. [23].

They use Fc = 0.8 to fit the measured data at 298 K, but our value of F c = 0.6 gives a similar result. In a

supplementary review, Baulch et al. [22] suggest a slight temperature dependence for F c, which would cause
their suggested value to rise to Fc = 0.85 at 200 K.

OH + NO. The low pressure limit rate constant has been reported by Anderson and Kaufman [6], Stuhl and
Niki [220], Morley and Smith [157], Westenberg and de Haas [245], Anderson et al. [7], Howard and Evenson

[ 102], Harris and Wayne [95], Atkinson et al. [14], Overend et al. [170], Anastasi and Smith [5], Burrows et

al. [39] and Atkinson and Smith [11]. The general agreement is good, and the recommended values of both

the rate constant and the temperature dependence are weighted averages. Studies by Sharkey et al. [207] and

Donahue et al. [78] in the transition regime between low and high pressure limits are in agreement and serve

to reduce the uncertainty. These latter studies yield a value for the high pressure limiting rate constant in

agreement with the results of Forster et al. [85], whose study reached pressures of 100 bar in He. The

temperature dependence of the high pressure limiting rate constant is from the data of Anastasi and Smith [5]
and Sharkey et al. (Both cis- and trans- HONO are expected to be formed.) A study by Zabarnick [254] is
noted.
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C4.

C5.

C6.

C7.

D1.

OH+NO2.Boththelowpressurelimitandthehighpressurelimitingrateconstantsarefromafit tothe
data(ateffectivenitrogendensitieslessthan5x1019molecules/cm3)ofAndersonetal.[7],Howardand
Evenson[102],AnastasiandSmith[41,Wineetal.[248],Burrowsetal.[39],RobertshawandSmith[193],
Erleretal.[80]andDohahueetal.[78].DataofForsteretal[85]appeartobesystematicallytoohigh.The
Forsteretal.resultsandthoseof RobertshawandSmith[193],whohavemeasuredk inupto8.6
atmospheresofCF4,suggestthatk_ mightbehigherthansuggestedhere(-50%).Thisdisagreementmight
alsobeduetoothercauses(i.e.,thefailureofthesimplifiedfall-offexpressionassuggestedbyDonahueet
al.,isomerformation,orinvolvementofexcitedelectronicstates).Burkholderetal.[35]haveshownthat

HONO2istheonlyisomerformed(yield-.75+i_;) andthefit tothedatausedhereassumesthatonlythis

isomerisformed.ThetemperaturedependenceofbothlimitingrateconstantsisfromthedataofWineetal.
[248]andAnastasiandSmith[4]andisconsistentwithSmithandGolden[215]andPatrickandGolden
[178].Therecommendationherefitsalldataovertherangeofatmosphericinterest.

HO2+NO2.KuryloandOuellette[126]haveremeasuredthe300Krangeconstants.KuryloandOuellette
[127]havealsoremeasuredthetemperaturedependence.Therecommendedvaluesaretakenfromthislatter
referencewhereintheirdatawerecombinedwiththatofSanderandPeterson[199].Therecommendedko
(300K)isconsistentwithHoward[101].OtherstudiesbySimonaitisandHeicklen[210]andCoxandPatrick
[61]areinreasonableagreementwiththerecommendation.

NO2+ NO3.DatawithN2asthebathgasfromKircheretal.[i 18],Smithetal.[2!3],Burrowsetal.[381,

andWallingtonetai.[235]wereusedtoobtaink3_""andk300oo• A studybyOrlandoetal.[168]is in

excellentagreement.ThevaluesofnandmarefromKircheretal.[118]andOrlandoetal.[ 168].Values
fromCrocedeCobosetal.[62]areexcludedduetoargumentsgivenbyOrlandoetal.[168],whopointout
thatareanalysisofthesedatausingbettervaluesfortherateconstantforNO3+ NO--_2NO2yieldsa
negativevalueforNO2+ NO3+M.ThestudyofFowlesetal.[86]isnoted,butnotused.Johnstonetal.
[106]havereviewedthisreaction.

A studyofthereversereactionhasbeencarriedoutbyCantrelletal.[40].Thesedataareinexcellent
agreementwiththoseobtainedbyConnellandJohnston[54]andViggianoetal.[230].Theequilibrium
constantrecommendedinTable3 istakenfromCantrelletal.[40],whocomputedit fromtheratiooftherate
constantofOrlandoetal.[168]andtheirrateconstantsforthereversereaction.

02+ NO. Johnstonetal.[106]andDavidsonetal.[69]havesuggestedsignificantthermaldecomposition
ofNO3.ThishasbeendisputedbyRusselletal.[194].Davisetal.[71]claimthatthebarriertothermal
dissociationis47.3kcalmo1-1.Thiswouldseemtoruleoutsuchaprocessintheatmosphere.

CH3+02. LowpressurelimitfromSeizerandBayes[205].(Theseworkersdeterminedtherateconstantsas
afunctionofpressureinN2,Ar,02,andHe.OnlytheN2pointswereuseddirectlyintheevaluation,but
theothersareconsistent.)PlumbandRyan[184]reportavalueinHewhichisconsistentwithinerrorlimits
withtheworkofSeizerandBayes.PillingandSmith[181] havemeasuredthisprocessinAr(32-490torr).
Theirlowpressurelimitingrateconstantisconsistentwiththisevaluation,buttheirhighpressurevalueisa
littlelow.Cobosetal.[50]havemademeasurementsinArandN2from0.25to 150atmospheres.They
reportparameterssomewhatdifferentthanrecommendedhere,buttheirdataarereproducedwellbythe
recommendedvalues.TheworkofLagunaandBaughcum[128]seemstobeinthefall-offregion.Resultsof
PrattandWood[186]inArareconsistentwiththisrecommendation,althoughthemeasurementsareindirect.
TheirTdependenceiswithinourestimate.AscanbeseenfromPatrickandGolden[178],theabovevalue
leadstoaverysmallI_,-.02,andthustemperaturedependenceishardtocalculate.Thesuggestedvalue
accommodatesthevaluesofKeifferetal.[115],whomeasuretheprocessinArbetween20and600torrand
intherange334< T/K < 582. Ryan and Plumb [197] suggest that the same type of calculation as employed

by Patrick and Golden yields a reasonable value of 13. We have not been able to reproduce their results. The

high pressure rate constant fits the data of Cobos et al. [50]. The temperature dependence is an estimate.
(Data of van den Bergh and Callear [229], Hochanadel et al. [99], Basco et al. [211, Washida and Bayes [244],
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D2.

D3.

D4.

D5.

D6.

LauferandBass[130],andWashida[243]arealsoconsidered.)Thefit toKeifferetal.[I 15]isverygood,
suggestingthatthetemperaturedependenceforthehighpressurelimitisalsoreasonable.Kaiser[109]has
determinedvaluesinreasonableagreement(+30%)withtherecommendedvalues.

C2H 5 + 0 2. A relative rate study by Kaiser et al. [111] yields koo = (9.2 + 0.9) x 10 -12 cm 3 molecule-is -1

and ko = (6.5 + 2.0) x 10 -29 cm 6 molecule-2s -1 in He at 298K and pressures between 3 and 1500 tort.

Their k_ agrees with the value calculated by Wagner et al. [232] (k,,o = 7 x I 0-12 cm 3 molecule" I s- 1) using

variational RRKM theory. The extrapolation to the low pressure limit is difficult due to the complex

potential energy surface, but agrees with a Patrick and Golden-type calculation [178] using AH ° = 32.4 kcal
o

mo1-1. The recommended values use the calculated temperature dependence and a 2.5 times higher rate

constant for air as the bath gas.

OH + C2H2 . The rate constant for this complex process has been re-examined by Smith et al. [214] in the

temperature range from 228 to 1400 K, and in the pressure range I to 760 torr. Their analysis, which is cast

in similar terms to those used here, is the source of the rate constants and temperature dependences at both

limits. The negative value of m reflects the fact that their analysis includes a 1.2 kcal/mol barrier for the
addition of OH to C2H2 . The data analyzed include those of Pastrana and Cart [177], Perry et al. [179],

Michael et al. [ 154], and Perry and Williamson [180]. Other data of Wilson and Westenberg [247], Breen and

Glass [30], Smith and Zellner [218], and Davis et al. [70] were not included. Studies by Liu et al. [142] and
Lai et al. [129] are in general agreement with the recommendation. Calculations of ko via the methods of

Patrick and Golden [178] yield values compatible with those of Smith et al. [214].

OH + C2H4. Experimental data of Tully [2251, Davis et al. [70], Howard [ 100], Greiner [92], Morris et al.

[158], and Overend and Paraskevopoulos [169] in helium, Atkinson et al. [15] in argon, and Lloyd et al. [143]

and Cox [56] and Klein et al. [120] in nitrogen/oxygen mixtures, have been considered in the evaluation.
This well-studied reaction is considerably more complex than most others in this table. The parameters
recommended here fit exactly the same curve proposed by Klein et al. [120] at 298 K. An error in the ko

value has been corrected from the previous evaluation. Discrepancies remain and the effect of multiple product

channels is not well understood. Kuo and Lee [ 124] report very strong temperature dependence for the low

pressure limit (n=4). Calculations of the type in Patrick and Golden [178] yield the recommended value. The

high pressure limit temperature dependence has been determined by several workers. Almost all obtain

negative activation energies, the Zellner and Lorenz [258] value being equivalent to m = +0.8 over the range

(296 < T/K < 524) at about 1 atmosphere. Although this could theoretically arise as a result of reversibility,

the equilibrium constant is too high for this possibility. If there is a product channel that proceeds with a low

barrier via a tight transition state, a complex rate constant may yield the observed behavior. The actual
addition process (OH + C2H4) may even have a small positive barrier. The recommended limits encompass

the reported values. A new high temperature measurement has been reported by Diau and Lee [75].

CH30 + NO. The recommended values are taken from the results of Frost and Smith [88] in argon.

Temperature dependences are from their higher temperature results. The low pressure rate constant is

consistent with the measurement of McCaulley et al. [152] and Daele et al. [64] in helium and half the value
from Troe-type calculations. A bimolecular (chemical activation) path also exists, forming HNO + CH20

(Frost and Smith [88]). Studies by Ohmori et al. [166] and Dob6 et al. [77] are in general agreement with

Frost and Smith with respect to both the addition and bimolecular pathways. (See the note in Table 1 for the

bimolecular pathway.)

CH30 + NO 2. Recommended values at 298K from the study of Frost and Smith [89] in argon (corrected by

Frost and Smith [90] and that of Biggs et al [25] in He. Low pressure results agree within a factor of two

with the measurements of McCaulley et al. [! 51] in helium. A bimolecular (chemical activation) pathway is
also observed. Temperature dependences are estimated.
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C2H50+NO. High pressure data at 298K in Ar from Frost and Smith [88] and low pressure measurements
in He by Daele et el. [65] are scaled to N2 and fit with an expression summing the bimolecular and

termolecular channels. The low pressure value agrees with theory. The bimolecular channel with an

estimated rate of about 10-! 2 needs to be verified by direct studies. The temperature dependence is estimated.

C2H50 + NO2. High pressure rate constant at 298K from Frost and Smith [89]. Other values estimated

from similar reactions.

CH302 + NO2. Parameters from a reasonable fit to the temperature- and pressure-dependent data in Sander
and Watson [201] and Ravishankara et al. [187]. These references report Fc = 0.4, and their parameters are a

somewhat better fit at all temperatures than those recommended here. We do not adopt them since they are
not much better in the stratospheric range, and they would require both a change in our Fc = 0.6 format and

the adoption of a quite large negative activation energy for koo. A study of the reverse reaction by Zabel et al.
[255] also uses F c = 0.4. The values recommended herein, taken with the value of the equilibrium constant in

Table 3, fit the data in Zabel et al. [255] very well. Destriau and Troe [74] have fit the above data with koo

independent of temperature and Fc = 0.36. Bridier et al. [32] are in good agreement with this recommendation

at one atmosphere and 298K.

CH3C(O)O2 + NO2. The recommended parameters are from the data of Bridier et al. [31 ], who report in the

format represented here, but using Fc = 0.3. Their values are: k3ot0_"" = (2.7 + 1.5) x 10 -28, k300 = (12.1 +

2.0) x 10-12, with n = 7.1 +1.7 and m= 0.9 + 0.15. Studies of the decomposition of CH3C(O)O2NO2

[PAN] by Roberts and Bertman [192], Grosjean et al. [93], and Orlando et al. [167] are in accord with Bridier
et al. [31 ]. In the former study it was shown that PAN decomposition yields only peroxyacetyl radical and

NO2; no methyl nitrate.

F + 02. A study by Pagsberg et al. [174] reports ko in argon = 4.38 x 10-33 (T/300) -! .2. This is in good

agreement with earlier values of Smith and Wrigley [217], Smith and Wrigley [216], Shamonina and Kotov

[206], Arutyunov et al. [9] and slightly lower than the values of Chen et al. [47] and Chegodaev et al. [46].

Wallington and Nielsen [241], Wallington et al. [240] and Ellerman et al. [79] confirm the value of Pagsberg
et al. [174]. Lyman and Holland [145] report a slightly lower value in Ar at 298K. We assume that BAr =

13N2 at all temperatures. Pagsberg et al. [174], also determined the equilibrium constant and thus AHf (FO2).
See F + 02, Table 3. A calculation such as described in Patrick and Golden [178], using the new value

yields: ko = 1.06 x 10-33 (T/300) -1'5 using 13N2 = 0.3 (i.e., <AE> = 2kJ mol-l). This is not good

agreement.

F + NO. A study by Pagsberg et al [172], taking into account data from Zetzsch [259], Skolnik et al. [211],

Kim et ai. [117], Pagsberg et al. [173] and Wallington et al. [238], reports rate constants tor this reaction in

several bath gases. Converting their values to the form used in this compilation yields the recommended

parameters.

F + NO 2. A study by Pagsberg et ai. [171], taking into account the experimental data of Fasano and Nogar

[82] and Zetzsch [259], was used to determine both the high and low pressure limits at 300 K. Converting
their values to the form used in this compilation yields the recommended parameters. Treatment of the data

for this system requires knowledge of the relative stabilities of FNO2 and FONO. Patrick and Golden [ 178]
assumed that the difference between these would be the same as between the CINO2 isomers. Theoretical work

by Dixon and Christie [76], Lee and Rice [133] and Amos et al. [3] indicates that FNO2 is 35-40 kcal mol-1
more stable than FONO, and therefore the measured rate refers to FNO2 formation. The value of n = 2 is from

Patrick and Golden, but consistent with Pagsberg et al.. The value of m is a rough estimate from similar

reactions, but is also consistent with Pagsberg et al..

FO + NO2. Low pressure limit from strong collision calculation and tt = 0.33. T dependence from resultant

<AE> = .523 kcal mol -I. High pressure limit and T dependence estimated. A theoretical study by Rayez
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andDestriau[191]indicatesthattheproductisthe single isomer FONO2. Bedzhanyan et al. [24] report a

value extracted from a complex mixture of bath gases.

CF3 + 02. Caralp et al. [42] have measured the rate constant in N2 between I and 10 torr. This supplants

the value from Caralp and Lesclaux [41]. Kaiser et al. [I 12] have extended the pressure range to 580 torr.

They both recommend different parameters, but the data are well represented by the currently recommended

values. Data of Ryan and Plumb [196] are in agreement.

CF30 + NO2. There are no published measurements of the rate coefficient for this reaction. The reaction

products have been reported by Chen et al. [48], who used photolysis of CF3NO to prepare CF302 and

subsequently CF30 in 700 torr of air at 297 + 2K. They considered two product channels: (a) CF3ONO2

obtained via three-body recombination and (b) CF20 + FNO2 obtained via fluorine transfer. Both products

were observed and found to be thermally stable in their reactor. They report ka/(ka+kb) > 90% and kb/(ka+kb)

< 10%, thus the formation of CF3ONO 2 is the dominant channel at 700 torr and 297 K.

CF302 + NO2. Based on experiments in 02 of Caralp et al. [43], who suggest a somewhat different fitting

procedure, but the values recommended here fit the data just as well. Destriau and Troe [74] use yet a different
fitting procedure that does not represent the data quite as well as that recommended here. Reverse rate data are

given by Ktippenkastrop and Zabel [ 122].

CF30 + CO. Values taken from Turnipseed et al. [226]. The numbers were obtained for Ar as the bath gas

and are assumed to hold for N 2 as well. The temperature dependence of the high pressure rate constant was

determined over the range 233<T/K<332 in SF6. No temperature dependence of the low pressure limiting rate

constant was reported. Wallington and Ball [236] report values in good agreement with Turnipseed et al.

CF30 + M. The activation energy for thermal decomposition of CF30 to CF20 + F has been reported to

be 31 kcal mo1-1 by Kennedy and Levy [1161. Thermochemical data yield AH°(298) = 23 kcal mol -I. This

implies an intrinsic barrier of about 8 kcal mol-1 to elimination of F from CF30. Electronic structure

calculations by Li and Francisco [ 140] support this observation. Adopting the A-factor for unimolecular

dissociation, A = 3 x 1014s -1 and E = 31 kcal mo1-1 from Kennedy and Levy, koo(298) is about 6 x 10-9s -I.

This corresponds to a lifetime of about 6 years; therefore, thermal decomposition of CF30 is unimportant

throughout the atmosphere.

CI + 02. Nicovich et al. [161] measure k=(9 + 3) x 10-33 cm 6 molecule-2s -I at T = 187 _+6K in 02.

Using the methods described in Patrick and Golden [ 178], but adjusting the thermochemistry of CIO 2 such
O

that $298 ---64.3 cal mo1-1 K "1 and AHf,298 = 23.3 + 0.6 kcal mol -! (CI + 0 2, Table 3). We calculate 5.4

x 10 -33 cm 6 molecule -2 s-I at T = 185K, with collisional efficiency of the bath gas taken from the formula

[B/(1-131/2)] = <AE>/FEkT and <AE> ~ 0.5 kcal mol -I (i.e., 13185 = .42 and 13300 = .30). Since 02 may be

particularly efficient for this process, we use this calculation with broader error limits. The value from the

calculation at 300K (i.e., 2.7 x 10 -33 cm 6 molec -2 s-i) compares with an older value of Nicholas and Norrish

[159] of 1.7 x 10 -33 in an N 2 + 02 mixture. The temperature dependence is from the calculation. Baer et al.

[16] report a value at 298 K in good agreement with the value recommended here, but the temperature

dependence is strikingly different, as noted by the authors.

CI + NO. Low pressure limit from Lee et al. [132], Clark et al. [49], Ashmore and Spencer [10], and
Ravishankara et al. [188]. Temperature dependence from Lee et al. [132] and Clark et al. [49].

CI + NO2. Low pressure limit and T dependence from Leu [138]. (Assuming similar T dependence in N 2

and He.) Leu [138] confirms the observation of Niki et al. [164] that both CIONO and CINO2 are formed,

with the former dominating. This has been explained by Chang et al. [45], with detailed calculations in

Patrick and Golden [ 178]. The temperature dependence is as predicted in Patrick and Golden [I 78]. Leu's
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results are in excellent agreement with those reported in Ravishankara et al. [ i 89]. The latter work extends to

200 torr, and the high pressure limit was chosen to fit these measurements. The temperature dependence of

the high pressure limit is estimated. A turbulent flow study by Seeley et al. [204] that extends results to 250

torr of Ar is in agreement with earlier work.

C1 + CO. From Nicovich et al. [162], who measured the process in N2 for 185 < T/K < 260.

Ci + C2H2 . The recommended values are taken from the work of Kaiser [ 108] and Kaiser and Wallington

[110], which extends the pressure range to 0.3-6000 torr. The data are in reasonable agreement with earlier

measurements of Brunning and Stief [33] and Wailington et al. [234], although the derived temperature

dependence is much less than obtained by Brunning and Stief [33]. These values are compatible with earlier
studies of Poulet et al. [ 185], Atkinson and Aschmann [12], Lee and Rowland [131] and Wall ington et al.

[2421. Using FTIR, Zhu et al. [260] reported branching of 16% and 84% to the trans and cis adduct isomers,
respectively, at 700 torr N2 and 295K.

CI + C2H4 . Values at 300K are from Wallington et al. [234]. A study by Kaiser and Wallington [I 10]

extends the pressure range to 0.3-6000 torr and is compatible with earlier studies. Temperature dependence is
taken from Kaiser and Wallington. Values are in reasonable agreement with earlier studies.

CI + C2CI4. New Entry. Recommendation is from the flash photolysis study of Nicovich et al. [163] done
at 231-390 K in 3-700 torr N2.

CIO + NO2. Several independent low pressure determinations (Zahniser et al. [256]; Birks et al. [27]; Leu et

al. [ 139]; Lee et al. [ 135]) of the rate of CIO disappearance via the CIO + NO2 + M reaction are in excellent

agreement and give an average ko(300) near 1.8 x 10-31 cm 6 s-1. No product identification was carried out,
and it was assumed that the reaction gave chlorine nitrate, CIONO 2. In contrast, direct measurements of the

rate of thermal decomposition of CIONO2 (Knauth [121]; Schonle et al. [2031; and Anderson and Fahey [8]),

when combined with the accepted thermochemistry give a value lower by a factor of 3. It is concluded that

earlier measurements of the heat of formation are incorrect,and so the value 5.5 kcal mol- 1 evaluated from the

kinetics by Anderson and Fahey [8] is accepted. Earlier explanations to the effect that the low pressure CIO
disappearance studies measured not only a reaction forming CIONO2, but also another channel forming an

isomer, such as OCINO2, CIOONO, or OC1ONO (Chang et al. [45]; Molina et al. [155]) are obviated by the

above and the work of Margitan [146], Cox et al. [57], and Burrows et al. [37], which indicates that there are
no isomers of CIONO2 formed. Wallington and Cox [237] confirm current values but are unable to explain

the effect of OCIO observed by both Molina et al. [155] and themselves. A theoretical study by Rayez and

Destriau [ 191] supports the idea of a single isomer being the product. The high pressure limit rate constants

and their temperature dependence are from the model of Smith and Golden 1215]. The recommended rate
constants fit measured rate data for the disappearance of reactants (Cox and Lewis [60]; Dasch et al. [68]).
Data from Handwerk and Zellner [94] indicate a slightly lower k_.

OCIO + NO3. Friedl et al. [87], studied this system at I _<P/torr < 5 for Helium and 220 _<T/K < 298.

They deduced values for the rate constant consistent with their data of ko - 10 -3 i and koo ~ 10- I I. They also

suggest a value for the equilibrium constant: K/cm 3 molecule -i = 1 x 10-28 exp (9300/T). However, Boyd et

al. [29] have raised the question of possible heterogeneous effects in this system, and further work is needed.

CIO + CIO. The recommendation is based on data from Sander et al. (194 - 247 K) [198], Nickolaisen et al.

(260 - 390 K) [160], and Trolier et al. (200 - 263 K) [224]. The latter data have been corrected for the effect of
CI2 as third body, as suggested by Nickolaisen et al. With this adjustment all the data are in good

agreement. The ko value for N 2 is not in accord with a Patrick and Golden-type calculation. This may be due

to uncertainty in the CIOOCI thermochemistry, which is based on the equilibrium constants reported by
Nickolaisen et ai. and Cox and Hayman [59]. Other previous rate constant measurements, such as those of

Hayman et al. [96], Cox and Derwent [58], Basco and Hunt [20], Walker [233], and Johnston et al. [107].

range from I-5 x 10 -32 cm 6 s-I, with N2 or 02 as third bodies. The major dimerization product is chlorine
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peroxide(Birketal.[26],DeMoreandTschuikow-Roux[73],SlaninaandUhlik[212],Stantonetal.[219]
andI,eeetai.[134]).

C10+ OCIO.Correctedfromtheentryin 94-26,whichhadanerrorink_. DataarefromBurkholderetal.
[36],whomeasuredtherateconstantinN2at200< T/K < 260 and densities from ( I. 1- 10.9) x 1018

molecules cm -3. They also measured the equilibrium constant. Parr et al. [176] also report a value for the

rate constant in reasonable agreement with the recommendation.

O + OCIO. The recommendation is based on data of Colussi et al. [53] and Colussi [52], who measured the

pressure dependence between 248 and 312K. Their results are consistent with calculations. A zero pressure

rate constant of (1.6 + 0.4) x 10 -13 cm 3 s-1 is reported for the chemical activation channel producing CIO +

02, and their value of AHf(CIO3) = 52 kcal mol-I is derived at 298K. A low pressure study by Gleason et

al. [91] suggests a direct abstraction as well. See Table 1.

CH2CI + 0 2. Measured by Fenter et al. [83] over the range 298 < T/K _<448 and I < P/torr < 760 in

nitrogen. Two different techniques were employed: laser photolysis/photoionization mass spectrometry in

the range 1-10 torr and laser photolysis/UV absorption for the range 20-760 torr.

CHCI 2 + 02. Measured by Fenter et al. [83] over the range 298 < T/K _<383 and I -< P/Torr ___760 in

nitrogen. Two different techniques were employed: laser phototysis/photoionization mass spectrometry in the

range !-10 tort and laser photolysis/UV absorption for the range 20-760 torr. A study by Nottingham et al.

[165], in He, is in agreement.

CC13 + 02. Fenter et al. [84] present new data for this reaction. They combine these new data with those of

Danis et al. [67] to determine the recommended rate parameters. Experimental data of Ryan and Plumb [ 197]

have been considered in the evaluation. A study by Nottingham et al. [165], in He, is in agreement. A

Patrick and Golden-type calculation using the thermochemistry of Russell et al. [195] yields k300 =
O

1.5x 10 -30, with 13= 0.3. A value of k300 = 5x10-12 has been reported by Cooper et al. [55].

CFCi2 + 02. Values for both low and high pressure limits at 300K are from Caralp and Lesclaux [41].

Temperature dependences are rough estimates based on calculations and similar reactions.

CF2CI + 02. Values estimated from other reactions in this series.

CC1302 + NO2. Based on experiments in O2 of Caralp et al. [43], who suggest a somewhat different fitting

procedure, but the values recommended here fit the data as well. Destriau and Troe [74] use yet a different

fitting procedure that does not represent the data quite as well as that recommended herein. Reverse rate data

are given by K6ppenkastrop and Zabel [122].

CFC1202 + NO2. Based on experiments in 02 of Caralp et al. [43], who suggest a somewhat different

fitting procedure, but the values recommended here fit the data as well. Destriau and Troe [74] use yet a

different fitting procedure that does not represent the data quite as well as that recommended herein. Reverse

rate data are given by K6ppenkastrop and Zabel [122].

CF2CIO2 + NO2. A study by Wu and Carr [251] supersedes the earlier work of Moore and Carr [156] and is

recommended here. Reverse rate data are given by KCJppenkastrop and Zabel [ 122] and Xiong and Carr [252].

Br+NO 2. The recommended values are from a study by Kreutter et al. [123]. Their ko value agrees with the

measurement of Mellouki et al. [ 153] at 300K. A Patrick and Golden-type calculation using the known
structure of the more stable BrNO2 isomer and the measured equilibrium by Kreutter et al. [ 123] underpredicts

133



G2.

HI.

H2.

H3.

I1.

I2.

I3

14.

I5.

16

Jl.

kobyanorder of magnitude. Participation by other electronic states and isomers such as BrONO merits

further consideration, in keeping with the chlorine analog.

BrO + NO2. Values from a study by Thorn et al. [221] that is in excellent agreement with Sander et al. [200]

are recommended. Danis et al. [66] give slightly lower values for the low pressure limiting rate constant and

a smaller temperature dependence as well. A theoretical study by Rayez and Destriau [191] suggests that the
bond dissociation energy in BrONO2 is higher than that in CIONO2, thus rationalizing the relative values of

the low pressure limiting rate constants for these two processes.

I + NO. Evaluation taken from IUPAC [ 105]. The data is from van den Bergh et al. [227] and Basco and

Hunt [19]. Although IUPAC recommends Fc = 0.75, any differences will be insignificant, since this reaction

is in the low pressure limit under atmospheric conditions.

I + NO2. Evaluation taken from IUPAC [105]. The data is from van den Bergh et al. [227], Mellouki et al.

[153], Buben et al. [34] and van den Bergh and Troe [228]. IUPAC uses Fc = 0.63, which is the same as the

universal value adopted here of Fc = 0.6. (No evidence of possible isomers [INO2 or IONO] is reported.)

IO + NO2. Data taken from Daykin and Wine [72]. They suggest ko = 7.7 x 10-31 (T/300) -5"0, koo = 1.5

x 10 -I I and Fc = 0.4. The values recommended here fit the data as well.

HS + NO. Data and analysis are from the work of Black et al. [28]. The temperature dependence of k has

been estimated.

CH3S + NO. The recommended values are from the study by Balla et al. [17] at 296K in nitrogen.

Temperature dependences are derived from the higher temperature results of the same study.

O + SO2. New Entry. The recommendation is taken from Atkinson et al. [13] and was transformed to the

format used herein.

OH + SO2. Values of the rate constant as a function of pressure at 298 K from Leu [137], Paraskevopoulos

et al. [ 1751, and Wine et al. [249]. The value of the low pressure limit is from Leu [ 137], corrected for fall-

off. The high pressure limit is from 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 [ 178], except that the heat of formation of HOSO2 is

raised by 4 kcal mol-1, as suggested by the work of Margitan [147]. The value of m is estimated. This is
not a radical-radical reaction and is unlikely to have a positive value of m. The limit of m = -2 corresponds to

a real activation energy of -1 kcai mol-1. Earlier data listed in Baulch et al. [23] and Baulch et al. [221 are
noted. Work of Martin et al. [150], Barnes et al. [18], and Lee et al. [136] confirm the current evaluation.

CH3SCH2 + 02. Wallington et al. [239] have employed a pulse radiolysis technique, allowing the

derivation of k = 5.7 5:0.4 x 10-12 in 992 mbar of SF6 at room temperature.

SO 3 + NH 3. New Entry. (Moved from Table 1). Recommendation is from Lovejoy and Hanson [144], who
studied this reaction from 10-400 torr N 2 at 295 K. They observe that the adduct isomerizes rapidly to

sulfamic acid and clusters efficiently with itself and sulfuric acid. Observed sulfamic acid dimerization rate

constant exceeds 5 x 10 -I I. Measurements of Shen et al. [208] made at 1-2 torr He are much higher than

those of Lovejoy and Hanson. Temperature dependences are rough estimates.

Na + 02. A study by Plane and Rajasekhar [183] finds ko = (2.9 + 0.7) x 10 -30 at 300 K with n = 1.30 +

.04. They also estimate koo to be about 6 x 10-10, with a small positive temperature dependence. Another

study by Helmer and Plane [97] yields ko = (3.1 _+0.2) x 10-30 at 300K with n = 1.52_-t-0.27. The

recommended values are taken from these studies. They are consistent with values measured by Marshall et
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al. [149] at 600K and those measured by Vinckier et al. [231] at higher temperature. The ko value is about

60% higher than that of Silver et al. [209].

NaO + 02. Ager and Howard [I] have measured the low pressure limit at room temperature in several bath

gases. Their value in N 2 is used in the recommendation. They performed a Troe calculation, as per Patrick

and Golden [178], to obtain collision efficiency and temperature dependence. They obtained a high pressure

limit rate constant by use of a simple model. The temperature dependence is estimated.

NaO + CO2. Ager and Howard [ 1] have measured the rate constant for this process in the "thll-off' regime.

Their lowest pressures are very close to the low pressure limit. The temperature dependence is an estimate.

Ager and Howard calculate the high pressure rate constant from a simple model. The temperature dependence

is an estimate.

NaOH + CO2. Ager and Howard [2] have measured the low pressure limiting rate constant. The temperature

dependence is an estimate. Ager and Howard have calculated the high pressure limit using a simple model.

The temperature dependence is an estimate.
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EQUILIBRIUM CONSTANTS

Format

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
photodissociation or radical attack. Table 3 lists the equilibrium constants, K(T), for several 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 3 molecule- 1 = A exp(B/T) (200 < T < 300 K)

The third column entry in Table 3 is the calculated value of K at 298 K.

The data sources for K(T) are described in the individual notes to Table 3.

Definitions

When values of the heats of formation and entropies of all species are known at the temperature T, we note
that:

log 10 [K(T) / cm 3 molecule- I ] _
2.303R 2.303RT

-- + lOgl0(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 thermochemical data. In other cases the K values were calculated directly from kinetic data for
the forward and reverse reactions. When available, JANAF values were used for the equilibrium constants. The
following equations were then used to calculate the parameters A and B:

B/°K = 2.303 logl0(K200/K300) x [(300 x 200)/(300-200)]

B/°K = 1382 logl0 (K200/K300)

Iogl0 A = Iogl0 K(T) - B/2.303 T

The relationships between the parameters A and B and the quantities AS°(298K) and AH°(298K) are as follows:

A = (eR'T/Nav) exp(AS°/R) = 3.7 x 10 -22 T exp(AS°/R)

B = -AH°/R - T(K)
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Reaction

HO2+NO2--_HO2NO2

NO+ NO2_ N203

NO2+ NO2_ N204

NO2+ NO3_ N205

CH302+NO2_ CH302NO2

F + 02 _ FOO

CI + 0 2 --_ CIOO

Ci + CO --_ CICO

CIO + 0 2 _ CIO-O2

CIO + C10 _ C120 2

C10 + OCIO _ CI20 3

OCIO + NO 3 _ O2CIONO2

OH + CS 2 --_ CS2OH

CH3S + 02 _ CH3SO2

Table 3. Equilibrium Constants

AJcm 3 molecule-1 B+_ABPK Keq(298 K) f(298 K) a Note

2.1x10-27 10900-2_1000 1.6x10-11 5 1

3.3xl0-27 4667+100 2.1x!0-20 2 2

5.2x10-29 6643+250 2.5x10-19 2 3

2.7x10-27 11000i500 2.9x 10-11 i.3 4

1.3x10-28 11200-Z-_1000 2.7x10-12 2 5

, 6

3.2x10-25 610(0!:1200 2.5x10-16 1 0 7

5.7xl0-25 2500i-_750 2.5x10-21 2 8

1.6x10-25 4000-Z-_500 l.lx10-19 5 9

2.9x 10 -26 <3700 <7.2x 10 -21 I 0

1.3x10-27 8744+850 7.2x10-15 1.5 11

1.1xl0-24 5455+300 9.8x10-17 3 12

1x10-28 9300-2_1000 3.6x10 -15 5 13

4.5x10-25 5140-Z-_500 !.4x10-17 1.4 14

1.8x10-27 5545+300 2.2x10 -19 1.4 15

K/cm 3 molecule-I = A exp (B/T) [200 < T/K < 300]

a f(298) is the uncertainty factor at 298 K. To calculate the uncertainty at other temperatures, use the expression:

f(T) = f(298 K) exp [AB ( _I.T .__1._298) ]'

Shaded areas indicate changes or additions since JPL 94-26
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Notes to Table 3

HO2 + NO2. The value was obtained by combining the data of Sander and Peterson [44] for the rate constant

of the reaction as written and that of Graham et al. [24] for the reverse reaction. From the equilibrium
constant, it may be inferred that the thermal decomposition of HO2NO 2 is unimportant in the stratosphere,

but it is important in the troposphere.

NO + NO2. The data are from JANAF [30] and Chao et al. [17]. This process is included because a recent

measurement of the rate constant by Smith and Yarwood [45] and Markwalder et al. [32] shows that it is too
slow to be an important rate process, but there will be some equilibrium concentration present.

NO2 + NO2. The data are from JANAF [30] and Vosper [48], Chao et al. [18] and Amoruso et al. [I]. Rate

data for this process are reported by Brunning et al. [ 11], Borrell et al. [8] Gozel et al. [23] and Markwalder et
al. [31 ]. A direct study by Harwood and Jones [25] at low temperatures is in agreement with the
recommendation.

NO2 + NO3. The recommendation is from Cantrell et al. [15]. They report rate constants for the

decomposition reaction, which they combine with the rate constants of Orlando et al. [38] to obtain the
equilibrium constant. Agreement is quite good with the data of Burrows et al. [13] and Cantrell et al. [14],
and the room temperature data of Tuazon et al. [46], Perner et al. [40] and Hjorth et al. [27]. A recent
evaluation by Pritchard [43] is also in excellent agreement with the recommendation.

CH302 + NO2. Thermochemical values at 300 K for CH302NO 2 and CH30 2 are from Baldwin [61. In the

absence of data, AH ° and AS ° were assumed to be independent of temperature. Bahta et al. [5] have measured
k(dissociation) at 263 K. Using the values of k(recombination) suggested in this evaluation, they compute

K(263) - (2.68 + 0.26) x 10 -10 cm 3. Our values predict 3.94 x 10 -10 cm 3, in good agreement.

Zabel et al. [49] have measured k(dissociation) as a function of pressure and temperature. (CH30 2 + NO2,

Table 2). Their values are in good agreement with Bahta et al. [5] and, taken together with k(recombination),

would lead to A = 5.2 x 10 -28 and B = 10,766. This is sufficiently close to the value in Table 3 to forgo any

change in parameters, but the uncertainty has been reduced. Bridier et al. [10] measure an equilibrium constant
in good agreement with this recommendation.

CH3C(O)O2 + NO2. New Entry. From measurements of the rate constants in both directions by Bridier et

al. [91.

F + 0 2. Calculated from JANAF thermochemical values except for AHf,298(FO2) = 6.24 + 0.5 kcal tool -I.

The latter was taken from Pagsberg et al. [39]. This direct measurement, which falls between the earlier
disputed values, would seem to settle that controversy, but the calculated value of ko is not in good agreement

with the experiment (see F + 0 2 of Table 2).

C! + 02. Baer et al. [4] determined K in the temperature range 180 to 300K. Their value at 185.4 K (5.23 x

10 -19 cm 3 molecule -1) compares well with the Nicovich et al. [36] measurement K = 4.77 x l0 -19 cm 3

molecule -1, and within error with the Mauldin et al. [33] value of 2.55 x 10 -19 cm 3 molecule -1 . A different

expression for K by Avallone et al. [3] gives S°298(CIOO) = 61.8 cal K -1 mo1-1 and AH_298 (CIOO) =

23.3 kcal mo1-1. Using known thermochemistry for CI and 0 2 and computed entropy values for CIOO,

AHf,298 (CIOO) = 23.3 _+0.6 kcal mole- 1 is obtained from the Nicovich et al. [36] data. The value of S°298

(CIOO) = 64.3 cal mole -1 K -I used is computed from a structure with a 105 ° bond angle and CI-O and O-O

bond lengths of 1.73 and 1.30 A respectively. Frequencies of 1441, 407 and 373 cm -1 are from Arkell and

Schwager [2]. Symmetry number is I and degeneracy is 2.

C! + CO. From Nicovich et al. [371 who measured both k and K between 185 and 260K in N2. They report

AHf,298 (CICO) = -5.2 + 0.7 kcal mole- i.

CIO + 02. DeMote [20] reports K <4 x 10-18 cm 3 molecule -I at 197K. His temperature dependence of the

equilibrium constant is estimated using S°298 (CIO.O2) = 73 cal mol-lK" 1 and AH°298 < 7.7 kcai mol-!.

A higher value of K has been proposed by Prasad [41], but it requires S°(CIO.O2) to be about 83 cal mo1-1

K -l, which seems unreasonably high. Carter and Andrews [16] found no experimental evidence for CIO-O2 in
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matrix experiments. Prasad and Lee [42] discuss these issues and question the validity of the upper limit

reported by DeMore.

1 I. CIO + CIO. The value is from a third-law calculation based on the data from Cox and Hayman [19] and

Nickolaisen et al. [35]. The entropy of CIOOCI, the value of which is 72.2 cal mol -I K -I at 300K, is

calculated from structural and spectroscopic data given by Birk et al. [7]. The heat of formation at 300K is

AH0f,300 = 30.8 kcal mo1-1. A study of branching ratios of CIO + CIO channels in CI2/O2/O3 mixtures

by Horowitz et a1.[28] also finds the equilibrium constant in 02 at 285 K to be in agreement wih the

recommendation.

12. CIO + OCIO. The value in Table 3 is that of Burkholder et al. [12] who report a second law value combining

their own data and those of Hayman and Cox [26] except for the lowest temperature point from the latter

study. They deduce AHf(CI203) = 37 kcal mol -I and S ° (C1203) --- 95 cal mo1-1 °K -I. The value from

Hayman and Cox [26] is in agreement with entropy calculations based on molecular properties (3rd law). All

calculations assume the chlorine chlorate structure (CIOC1(O)2). The deviation that Burkholder et al. [i 2]

observe from third law behavior may indicate that the reaction is more complex than written. Other structures

might be stable at the lowest temperatures (i.e., CIOOCIO, OCIOCIO, OCIC1(O)2 ?).

13. OCIO + NO3. Deduced by Friedl et al. [22].

14. OH + CS2. Average of the concordant recent measurements of Murrells et al. [34] and Diau and Lee [21 ]

between 249 and 298K. The measurements of Hynes et al. [29] indicate a less stable adduct, but agree within

combined experimental error.

15. CH3S + 02. Turnipseed et ai. [47] report the equilibrium constant for 216 < T/K < 258. From a third law

analysis using AS°237 = -36.8 +2.6 eu, they obtain AH°237 = - 11.5:t0.9 kcal/mole.
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PHOTOCHEMICAL DATA

Discussion of Format and Error Estimates

In Table 4 we present a list of photochemical reactions considered to be of stratospheric interest. The
absorption cross sections of 02 and 03 largely determine the extent of penetration of solar radiation into the

stratosphere and troposphere. Some comments and references to these cross sections are presented in the text, but
only a sample of the data is listed here. (See, for example, WMO Report No. 11 [1]; WMO Report No. 16 [330])
The photodissociation of NO in the 02 Schumann-Runge band spectral range is another important process requiring

special treatment and is not discussed in this evaluation (see, for example, Frederick and Hudson [92]; Allen and
Frederick [3]; WMO Report No. 11 [!], and Minschwaner and Siskind [195]).

For some other species having highly structured spectra, such as CS2 and SO2, some comments are given in

the text, but the photochemical data are not presented. The species CH20, NO2, NO3, CIO, BrO, and OCIO also

have complicated spectra, but in view of their importance for atmospheric chemistry a sample of the data is presented
in the evaluation; for more detailed information on their high-resolution spectra and temperature dependence, the

reader is referred to the original literature.

Table 5 gives recommended reliability factors for some of the more important photochemical reactions. These
factors represent the combined uncertainty in cross sections and quantum yields, taking into consideration the
atmospherically important wavelength regions, and they refer to the total dissociation rate regardless of product

identity. The exception is O(1 D) production from photolysis of 03: the reliability factor applies to the quantum

yield at the indicated wavelengths.

The error estimates are not rigorous numbers resulting from a detailed error propagation analysis of statistical

manipulations of the different sets of literature values; they merely represent a consensus among the panel members
as to the reliability of the data for atmospheric photodissociation calculations, taking into account the difficulty of
the measurements, the agreement among the results reported by various groups, etc.

The absorption cross sections are defined by the following expression of Beer's Law:

I = Ioexp(-onl),

where Io and I are the incident and transmitted light intensity, respectively; o is the absorption cross section in cm 2

molecule-I; n is the concentration in molecule cm-3; and i is the pathlength in cm. The cross sections are room

temperature values at the specific wavelengths listed in the table, and the expected photodissociation quantum yields
are unity, unless otherwise stated.
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Table4. Photochemical Reactions

& O2 + hv ----)O + O

& O3 + hv ----_O2 + O

* 03 + hv ---) 02 + O(ID)

HO 2 + hv ---) products
H20 + hv _ H + OH

H202 + hv _ OH + OH
NO + hv --) N + O

& NO2+hv--_NO+O

* NO3 + hv _ products

N20 + hv ---) N 2 + O( 1D)

N205 + hv ---) products

NH3 + hv --) NH2 + H (1)
HONO + hv _ OH + NO

* HNO3 + hv ---) OH + NO2

HO2NO 2 + hv ---) products

CO + hv _ C + O (I)
CO2 + hv _ CO + O (1)

CH4 + hv --_ products (2)

CH20 _ products

& CH302 + hv _ products

& C2H502 + hv --_ products

CH3OOH + hv ---) products

# CH3C(O)O2NO2 + hv _ products

HCN + hv _ products
CH3CN + hv ---) products

C12 + hv ---) CI + CI
CIO + hv --4 CI + O

CIOO + hv --_ products
& OCIO + hv --_ O + CIO

& CIO3 + hv _ products

& C120 + hv ---) products

& CI202 + hv --_ products

* CI203 + hv _ products

CI204 + hv _ products

C!206 + hv ----)products
HCI++hv_H+CI
HF + hv ---) H + F

& HOCI + hv ---) OH + CI
CINO + hv _ CI + NO

# FNO + hv --* F+ NO

CINO2 + hv _ products

CIONO + hv --_ products

* CIONO2 + hv _ products

CCI4 + hv _ products
CCI3F + hv _ products

CCI2F 2 + hv --4 products

CF2CICFCI2 + hv _ products

CF2CICF2CI + hv _ products

CF3CF2CI + hv _ products

CF4 + hv _ products

C2F6 + hv ---) products

CCI20 + hv _ products

CCIFO + hv ---) products
CF20 + hv --_ products

# CF3OH + hv --* products
CH3CI + hv _ products

CH3CCI3 + hv _ products

CHCIF2 + hv _ products

CH3CF2CI + hv --* products
CF3CHC12 + hv ---) products

CF3CHFCI + hv --4 products

CH3CFCI2 + hv _ products

CF3CF2CHCI2 + hv _ products

CF2CICF2CHFCI + hv _ products

# CH3OCI + hv _ products

BrO + hv ---) products
# HOBr + hv _ products
* BrONO 2 + hv ---) products
# BrCI+hv_Br+CI

CH3Br + hv _ products

CHBr 3 + hv --* products
& CF3Br + hv _ products

& CF2Br 2 + hv ---) products

& CF2BrCF2Br + hv _ products

& CF2CIBr + hv _ products

CF3I + hv ---) CF 3 +I

SO2 + hv --_ SO + O

H2S+hv_HS+H (1)
CS2+ hv --_ CS + S
OCS+hv _CO+S

SF6 + hv _ products
NaOH + hv --_ Na + OH
NaCl+hv _Na+CI

(1) Hudson and Kieffer [132].
(2) Turco [305].
# New Entry.
* Indicates a change in the recommendation from the previous evaluation.
& Indicates a change in the note.
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Table5. Combined Uncertainties for Cross Sections and Quantum Yields

Species Uncertainty

02 (Schumann-Runge bands) 1.2

02 (Continua) 1.2

03 (Cross Sections Only) I. I

03 --_ O(ID), k >310 nm 1.3

03 _ O(ID). 290 < ;L < 310 nm 1.2

H202 1.3

N02 1.2
NO3 1.5

N20 i.2

N205 2.0

HNO 3 i .3

H02N02 2.0
CH20 1.4

CH3OOH 1.5

CH3C(O)O2NO2 1.3

CH3C(O)O2NO2 2.0
HCI I. I
HOCI 1.4

CIOOC! 1.5
CIOOCI 3.0

C1203 1.5

C120 3 3.0

CIONO2 1.3

CCI4 I. I

CCI3 F I. 1
CCI2F2 1.1

CH3CI 1.1
CF20 2.0

CF3Br ! .3

CF2CIBr 2.0

CF2Br2 2.0

C2F4Br2 2.0
HOBr 2.0
HOBr I 0

BrONO2 1.4

_, < 300 nm

_, > 300 nm

_L< 300 nm
;L > 300 nm
Z, < 300 nm
_, >_ 300 nm

_, < 350 nm
k > 350 nm
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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 02

Schumann-Runge band spectral range-is also very important, since solar radiation penetrates efficiently into the
stratosphere at those wavelengths.

Frederick and Mentail [93] Herman and Mentall [121] and Anderson and Hall [8, 9] estimated 0 2 absorption
cross sections from balloon measurements of solar irradiance in the stratosphere. These authors find the cross
sections in the 200-210 nm range to be -35% smaller than the smallest of the older laboratory results, which are
those of Shardanand and Prasad Rao [279]. The more recent laboratory studies (Johnston et al. [144]; Cheung et al.
[54, 55], Jenouvrier et al. [ 137]) confirm the lower values obtained from solar irradiance measurements. The

recommended absorption cross section values between 205 and 240 nm are listed in Table 6; they are taken from
Yoshino et al. [334] and are based on the latter set of laboratory measurements. Amoruso et al. [7] have also carried
out cross section measurements in this wavelength range (the Herzberg continuum); their values are - 15% lower
than those reported by Yoshino et al.

Table 6. Absorption Cross Sections of 02 Between 205 and 240 nm

2_ 1024 o g. 1024 o

(nm) (cm 2) (nm) (cm2_

205 7.35 223
206 7.13 224
207 7.05 225
208 6.86 226
209 6.68 227
210 6.51 228
211 6.24 229
212 6.05 230
213 5.89 231
214 5.72 232
215 5.59 233
216 5.35 234
217 5.13 235
218 4.88 236
219 4.64 237
220 4.46 238
221 4.26 239
222 4.09 240

3.89
3.67
3.45
3.21
2.98
2.77
2.63
2.43
2.25
2.10

.94

.78

.63

.48

.34

.22

.10

.01

The studies of the penetration of solar radiation in the atmosphere in the Schumann-Runge wavelength region
were based originally on laboratory measurements of cross sections that were affected by instrumental parameters due
to insufficient spectral resolution. Yoshino et al. [342] reported high resolution 02 cross section measurements at

300 K, between 179 and 202 nm, obtaining the first set of results which is independent of the instrument width.
Additional studies at other temperatures, wavelengths, and isotopic compositions have been carried out by Yoshino
et al. [336, 338-341], Lewis et al. [158, 159], Cheung et al. [53], and Chiu et al. [56]. More recently, Yoshino et
al. [335] reported cross sections of the Schumann-Runge bands in the window region between the rotational lines for
wavelengths between 180 and 195 nm; these measurements supersede their earlier ones. Minschwaner et al. [194]

have fit temperature-dependent 02 cross sections between 175 and 204 nm with polynomial expressions, providing
accurate means of determining the Schumann-Runge band cross sections with a model that incorporates the most
recent laboratory data. Coquart et al. [67] have reported Herzberg continuum absorption cross sections in the
wavelength region 196-205 nm of the Schumann-Runge bands.
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Forparameterizationsofthe02absorptionintheSchumann-Rungebandsusedinatmospheric modeling

calculations, see, e.g., the review in WMO Report No. 16 [330]. More recent work by Murtagh [220], Nicolet and
Kennes, [229] and Minschwaner et al. [194] incorporates results of the later laboratory measurements into efficient

schemes for computing broad-band transmission and photolysis rates. Transmission values obtained by Murtagh
[220] agree well with the WMO [330] recommendations, although the high-resolution calculations of Minschwaner
and Salawitch differ with the WMO values by as much as 10 - 20% at some wavelengths.

In view of the quality of the high-resolution laboratory measurements, the primary source of uncertainty in
modeling 02 photolysis in the Schumann-Runge bands (other than the issue of absolute solar irradiance) has shifted

to the choice of broadband parameterization.

The 0 3 absorption cross sections and their temperature dependence have been measured by several groups. An

earlier review is presented in WMO Report No. 16 [330]; this reference should be consulted to obtain data for
atmospheric modeling calculations. Table 7 lists merely 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 work of Molina and Molina [206]; the older values were based on the work of Inn and Tanaka [136]. More

recently, Daumont et al. [79] and Brion et ai. [30] reported ozone absorption cross section measurements between
195 and 345 nm, in the temperature range 200 - 300 K; and Yoshino et al. [337] measured the cross sections in the
185 to 254 nm wavelength range at 195,228, and 295 K; the results of these studies yield values in very good

agreement with those reported by Molina and Molina [206]. Cacciani et al. [46] reported measurements of the ozone
cross sections in the wavelength range from 339 to 355 nm, in reasonable agreement with the present
recommendation; the same group has measured also the cross sections in the 590-610 nm region, at 230 K and at
299 K (Amoruso et al. [5]). The temperature effect on the cross sections is negligible for wavelengths shorter than

-260 nm. Recent work by Mauersberger et al. [181,182] yields a value of 1137 x 10 -20 cm 2 for the cross section

at 253.7 nm, the mercury line wavelength; it is about I% smaller than the commonly accepted value of 1147 x

10-20 cm 2 reported by Hearn [I 19]; about 2% smaller than the value obtained by Molina and Molina [206], 1157 x

10-20 cm2; and 0.5% larger than the value obtained by Daumont et al. [79]. The reason for the small discrepancy,

which appears to be beyond experimental precision, is unclear.

Malicet et al. [170] report cross section measurements in the 195-345 nm range, at temperatures between 218
and 295 K, with a spectral bandwidth of 0.01-0.02 nm.; the results are in good agreement with the recommended
values. Their data are presented in graphical form, and are also available on floppy disks.
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Table7 AbsorptionCrossSectionsof03at273K

_, 1020 t_(cm 2) _, 1020 _(cm 2)

(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 !150
185.185 - 186.916 62.2 256.410 - 259.740 1120
186.916 - 188.679 57.6 259.740- 263.158 1060
188.679 - 190.476 52.6 263.158 - 266.667 965
190.476 - 192.308 47.6 266.667 - 270.270 834
192.308 -194.175 42.8 270.270- 273.973 692
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- 200.082 32.6 289.855- 294.118 109
200.082- 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
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

The quantum yields for O(ID) production, _(OID), 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 that indicate that this assumption is not correct: Fairchild et al.

[88] observed approximately 10% of the primary photolysis products in the ground state channel, that is O(O3p)

-0. I, at 274 nm; Sparks et ai. [289] also report tD(O3p) -0. I, at 266 nm; according to Brock and Watson [32]

_(OID) = 0.88 at 266 nm; Amimoto et al. [4] report _(OID) = 0.85 at 248 nm; and Wine and Ravishankara [328]

measured directly O(OID) = 0.9 at 248 nm. There are also some indications that O(OID) decreases slightly

between 304 and 275 nm (see Brock and Watson [31,32]). Turnipseed et al. [307] report _(O! D) = 0.87:k-0.04 at

222 nm and 0.46!-0.29 at 193 nm, and Cooper et al. [65] report values between 0.83 and 0.88 in the wavelength
region 221 - 243.5 nm. The photochemistry of ozone has been reviewed by Wayne [325] and by Steinfeld et al.

[293]. The recommended d_(O1D) values in the fall-off range 305 to 325 nm (the Huggins bands) are presented in

Table 8, which lists the parameters for a polynomial expression that yields {_(OID) as a function of temperature and
wavelength. The expression was developed by Michelsen et al. [193] on the basis of a model that accounts for
absorption by vibrationally and rotationally excited ozone. The parameters have been adjusted to yield a value of 0.95
at 305 nm.

Our earlier recommendation for O(O1D) in the fall-off wavelength range was to eliminate the "tail" seen in

some of the laser experiments, because it was not reproduced in the monochromator experiments. The present
recommendation is to use the larger quantum yields (0.2 - 0.3) at these wavelengths- i.e., not to eliminate the tail in

question, in agreement with the high resolution data of Arnold et al. [ 10], Brock and Watson [32], and Trolier and
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Wiesenfeld[304];withthemorerecentworkofTakahashietal.[298],whocarriedoutdirectquantumyield
measurementsatroomtemperature;andwiththeworkofBalletal.[12,13],whomeasuredbetween227and300K
thequantumyieldfor02 (lAg),whichcorrelateswiththatofO(ID),assumingspinforbiddenprocessesdonot
occur.Additionalexperimentalworkisneededtoestablishthetemperaturedependencyofthequantumyieldinthis
fall-offwavelengthregion.

NotethattherecommendationinTable8appliesonlyforX>290rim.For220< X<280nmthemore
recentquantumyieldmeasurementsyieldvaluesaround0.85-0.9;however,thecontributionfromthesewavelengths
toO(ID)productioninthestratosphereandtroposphereisnotsignificant.

TheuncertaintyinthequantumyieldvaluesforatmosphericmodelingpurposesisestimatedinTable5as1.2
for290<X<305rim,and1.3for_.> 305nm.Consideringtheimportanceoftheprocessadditionalmeasurements
shouldbecarriedoutinthefall-offregion(theHugginsbands)forquantumyieldsandtheirtemperaturedependence.

Table 8, Quantum Yields, _, for Production of O(ID) in the Photolysis of 03

_, A B
(K)

305 0.96 5.659

306 0.96 16.56
307 1.00 47.61
308 1.09 114.2
309 ! .32 230.1
310 1.80 392,1
311 2.78 586.9
312 4.63 793.3
313 7.80 981.7
314 12.6 1139
315 16.7 1225
316 19.4 1300
317 17.1 1295
318 20.7 1365
319 17.2 1282
320 16.3 1534
321 7.59 1395
322 10.9 1728
323 13.6 1701
324 10.2 1657
325 11.2 2065

(X,T) = A exp [-B/T]

185K < T < 320K

for 290 nm < 3. < 305nm, _(k) = 0.95

for X > 325 nm, _(X) = 0

HO2 + hv _ OH + H

The absorption cross sections of the hydroperoxyl radical, HO2, in the 200-250 nm region have been measured at

room temperature by Paukert and Johnston [242]; Hochanadel et al. [123]; Cox and Burrows [70]; McAdam et al.
[ 186]; Kurylo et al. [ 153 ]; Moortgat et al. [217]; Dagaut and Kurylo [77]; Lightfoot and Jemi-Alade [ 162]; who
measured the cross sections up to 777 K; Crowley et al. [76]; and Sander et al. [269] at 227.5 nm. There are

significant discrepancies in the cross section values, particularly around 200 nm; no definitive explanation of the
differences can be offered at present.
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Table9liststherecommendedcrosssections,whicharetakenfromthereviewbyWallingtonetal.[321].
PhotolysisofHO2inthestratosphereandtroposphereisslowandcanbeneglected,buttheUVabsorptioncross
sectionsareimportantinlaboratorystudiesofreactionkinetics.

Lee[156]hasdetectedO(1D)asaprimaryphotodissociationproductat193 and at 248 nm, with a quantum

yield that is about 15 times larger at the longer wavelength. The absolute quantum yield for O(ID) production has
not been reported yet.

Table 9. Absorption Cross Sections of HO2

_,(nm) 1020o(_cm 2)

190 387
200 458
210 454
220 373
230 245
240 135
250 60

H20 + hv ---->H + OH

Water vapor has a continuum absorption spectrum at wavelengths longer than 145 nm, with a maximum
around 165 nm, the cross sections falling off rapidly toward longer wavelengths; the photodissociation threshold
occurs at 246 nm. Below 69 nm the spectrum is also a continuum, and between 69 and 145 nm it consists of
diffuse bands. In the atmosphere water vapor is photodissociated mainly by the solar Lyman alpha line (121.6 rim).

The absorption cross sections and the photochemistry of water vapor have been reviewed, for example, by
Hudson [130, 131], by Hudson and Kiefer [132], by Calvert and Pitts [47], and by Okabe [234].

The recommended absorption cross sections are taken from the review by Hudson and Kiefer [ 132] and are
listed in Table 10 between 175 and 190 nm. At these wavelengths the quantum yield for production of H and OH is
unity. At shorter wavelengths H2 and O are also formed as primary products. Stief et al. [294] report a quantum

yield of0.11 for this process between 105 and 145 nm.

Table 10. Absorption Cross Sections of H20 Vapor

),.,(nm) 1020o(cm 2)

175.5 262.8
177.5 185.4
180.0 78.1
182.5 23.0
185.0 5.5
186.0 3. I

187.5 1.6
189.3 0.7
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H202 + hv ---> OH + OH

The recommended 298 K absorption cross section values, listed in Table 11, are the mean of the data of Lin et

al. [164], Molina and Molina [203], Nicovich and Wine [230], and Vaghjiani and Ravishankara [310]. Molina and
Molina [203] supersedes the earlier results of Molina et al. [209]. Nicovich and Wine measured the cross sections at
_, + 230 relative to the values at 202.6, o = 4.32 x 10-19 cm 2, and at 228.8 nm, o = 1.86 x 10 -19 cm 2. The values

are within 2% of the recommended value.

Table 11. Absorption Cross Sections of H202 Vapor

k(nm) 1020o(cm 2) L(nm) 1020o(cm 2)

298 K 355 K 298 K 355 K

190 67.2 270 3.3 3.5

195 56.4 275 2.6 2.8
200 47.5 280 2.0 2.2
205 40.8 285 1.5 1.6
210 35.7 290 1.2 1.3
215 30.7 295 0.90 1.0
220 25.8 300 0.68 0.79
225 21.7 305 0.51 0.58
230 18.2 18.4 310 0.39 0.46
235 15.0 ! 5.2 315 0.29 0.36
240 12.4 12.6 320 0.22 0.27
245 10.2 10.8 325 0.16 0.21

250 8.3 8.5 330 0. ! 3 0.17
255 6.7 6.9 335 0.10 0.13
260 5.3 5.5 340 0.07 0. I 0
265 4.2 4.4 345 0.05 0.06

350 0.04 0.05

Nicovich and Wine have measured the temperature dependence of these cross sections. They expressed the
measured cross sections as the sum of two components: Ol, due to absorption from H202, which has the O-O

stretch excited; and o0, due to absorption by ground state molecules. For atmospheric calculations the expression

given in Table 12 may be used. The photodissociation quantum yield is believed to be unity. At-and above 248
nm, the major photodissociation process is that leading to OH, i.e., the quantum yield for OH production is 2
(Vaghjiani and Ravishankara [311] and Vaghjiani et al. [312]). At 193 nm this quantum yield decreases to about i.5
(Vaghjiani et al. [312]; Schiffman et al. [273]), and the quantum yield for O-atom production increases to about 0.16

(Vaghjiani et al. [312]).
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Table 12. Mathematical Expression for Absorption Cross Sections of H202

as a Function of Temperature

7 4
1021 (J(k,T) = Z Y_ An Ln + (I-z) _ Bn _,n

n=o n=o

Where T: temperature K; _,: nm; )_ = [I + exp (-1265/T)1 -!

A 0 = 6.4761 x 104

AI = -9.2170972 x 102

A 2 = 4.535649

A 3 = -4.4589016 x 10 -3

A4 = -4.035101 x 10 -5

A 5 = 1.6878206 x 10 -7

A 6 = -2.652014 x 10 -10

A7 = 1.5534675 x 10 -13

B0 = 6.8123 x 103

BI = -5.1351 x 101

B 2 = 1.1522 x 10 -I

B3 = -3.0493 x 10 -5

B4 = -1.0924 x 10 -7

Range 260-350 nm; 200-400 K

Earlier recommendations for the absorption cross sections of nitrogen dioxide were taken from the work of
Bass et al. [18]. More recent measurements have been reported by Schneider et al. [274], at 298 K, for the
wavelength range from 200 to 700 rim, and by Davidson et al. [81], from 270 to 420 nm, in the 232-397 K
temperature range. At room temperature the agreement between these three sets of measurements is good (within
5% between 305 and 345 nm and within 10% at the longer wavelengths). The agreement is poor below room
temperature, as well as at the shorter wavelengths. A possible cause lor the discrepancies is the presence of N204.

The corrections needed to account for the presence of this species are largest around 200 nm, where it absorbs
strongly. The corrections are also large at the lowest temperatures, because a significant fraction of the NO2 forms
N20 4. On the other hand, there is no error apparent in the corrections carried out by Bass et al., so that the reason

for the discrepancy is not clear. Measurements of the absorption cross sections in the visible (440 to 460 nm),
between 273 and 404 K, have been reported by Amoruso et al. [6], and Corcoran et al. [68] carried out high-
resolution measurements at a few selected wavelength ranges between 470 and 616 nm, at 295, 573 and 673 K.
Additional high-resolution studies of the cross sections, mainly aimed at improving the accuracy of atmospheric
measurements, have been reported by Harwood and Jones [115], Coquart et al. [66], M6rienne et al. [I 92], Frost et
al. [94], and Harder et al. [ 113].

Table 13 lists the recommended absorption cross sections, averaged over the wavelength intervals used for
atmospheric photodissociation calculations. For the wavelength range from 200 to 274 nm the values are taken
from Schneider et al. [274]; in this range the temperature effect is negligible. For the 274 to 420 nm region the
temperature-dependent values are taken from Davidson et al. [81 ].
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Table13.AbsorptionCrossSectionsof NO2

1020_,averageat25°C _, 1020a,averageat 0°C 1022 a*

(nm) cm 2 molecule-I (nm) (cm 2 molecule-l) (cm 2 molecule -! de_ree -1)

202.02 - 204.08 41.45 273.97 - 277.78 5.03 0.075
204.08 - 206.19 44.78 277.78 - 281.69 5.88 0.082
206.19 - 208.33 44.54 281.69 - 285.71 7.00 -0.053
208.33 - 210.53 46.41 285.7 ! - 289.85 8.15 -0.043
210.53 - 212.77 48.66 289.85 - 294.12 9.72 -0.031
212.77 - 215.06 48.18 294.12 - 298.51 il.54 -0.162
215.06 - 217.39 50.22 298.51 - 303.03 13.44 -0.284
2 ! 7.39 - 219.78 44.41 303.03 - 307.69 15.89 -0.357
219.78 - 222.22 47.13 307.69 - 312.50 18.67 -0.536
222.22 - 224.72 37.72 312.5 - 317.5 21.53 -0.686
224.72 - 227.27 39.29 317.5 - 322.5 24.77 -0.786
227.27 - 229.89 27.40 322.5 - 327.5 28.07 -I.105
229.89 - 232.56 27.78 327.5 - 332.5 31.33 -I.355
232.56 - 235.29 16.89 332.5 - 337.5 34.25 -I.277
235.29 - 238.09 16.18 337.5 - 342.5 37.98 -I.612
238.09 - 240.96 8.812 342.5 - 347.5 40.65 -1.890
240.96 - 243.90 7.472 347.5 - 352.5 43.13 -1.219
243.90- 246.91 3.909 352.5 - 357.5 47.17 -1.921
246.91 - 250.00 2.753 357.5 - 362.5 48.33 -I.095
250.00 - 253.17 2.007 362.5 - 367.5 51.66 -I.322
253.17 - 256.41 1.973 367.5 - 372.5 53.15 -I.102
256.41 - 259.74 2.11 i 372.5 - 377.5 55.08 -0.806
259.74 - 263.16 2.357 377.5 - 382.5 56.44 -0.867
263.16 - 266.67 2.698 382.5 - 387.5 57.57 -0.945
266.67 - 270.27 3.247 387.5 - 392.5 59.27 -0.923

270.27 - 273.97 3.785 392.5 - 397.5 58.45 -0.738
397.5 - 402.5 60.21 -0.599
402.5 - 407.5 57.81 -0.545
407.5 - 412.5 59.99 -I.129
412.5 - 417.5 56.51 0.001
417.5 -422.5 58.12 -!.208

* The quantity a is the temperature coefficient of t_ as defined in the equation

_(t) = t_(0 °) + a • t, where t is in degrees Celsius.

The earlier recommendation for quantum yields was based on the work of Harker et al. [ 114] and of Davenport

[80] for the atmospherically important 375-470 nm region. The work by Gardner et al. [97] yields values that are in
much better agreement with the values reported earlier by Jones and Bayes [147]. The recommended quantum yield
values, listed in Table 14, are in agreement with the recommendation of Gardner et al. [97]; they are based on a
smooth fit to the data of Gardner et al. [97] for the wavelength range from 334 to 404 nm; Harker et al. [I 14] for

397-420 nm (corrected for cross sections); Davenport [80] for 400-420 nm; and Jones and Bayes [ 147] for 297-412
nm. Direct measurements of the solar photodissociation rate of NO2 in the troposphere by Parrish et al. [241 ] and

by Shetter et al. [280] agree better with theoretical estimates based on this recommendation than with the earlier one.
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Table14.QuantumYieldsforNO2Photolysis

Z,, nm _ _, nm

< 285 1.000 393 0.953
290 0.999 394 0.950
295 0.998 395 0.942
300 0.997 396 0.922
305 0.996 397 0.870
310 0.995 398 0.820
315 0.994 399 0.760
320 0.993 400 0.695
325 0.992 401 0.635
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
382 0.973 414 0.070
383 0.972 415 0.059
384 0.971 416 0.048
385 0.969 417 0.039
386 0.967 418 0.030
387 0.966 419 0.023
388 0.964 420 0.018
389 0.962 421 0.012
390 0.960 422 0.008
391 0.959 423 0.004
392 0.957 424 0.000
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No3 +by _ NO2 _ O(_2)

The absorption cross sections of the nitrate free radical, NO3, have been studied by (1) Johnston and Graham

[1421, (2) Graham and Johnston [1091, (3) Mitchell et al. [198], (4) Marinelli et al. [179], (5) Ravishankara and
Wine [251], (6) Cox et al. [69], (7) Burrows et al. [43], (8) Ravishankara and Mauldin [249], (9) Sander [267], (10)
Cantrell et al. [51], (11) Canosa-Mas et al. [49], and (12) Yokelson et al. [333]. The 1st and 4th studies required
calculation of the NO3 concentration by modeling a complex kinetic system. The other studies are more direct, and

the results in terms of integrated absorption coefficients are in good agreement. The recommended value at 298 K

and 662 nm, (2.00 + 0.25)x 10-17 cm 2, is the average of the results of studies (4), (5), and (7) through (11). The
values in the wavelength range 600-670 nm, shown in Figure 2 and listed in Table 15, were calculated using the

spectra measured in studies (8), (9), and (I i), and with the 662 nm value normalized to the above average. The
spectra obtained in other studies are consulted for a more extended wavelength range. The temperature dependence of
the 662 nm band has been studied by Ravishankara and Mauldin, Sander, Cantrell et al., and Yokelson et al. Except
for Cantrell et al., these studies all showed that the cross section at 662 nm increases with decreasing temperature.

The reason for this discrepancy is not clear.
The quantum yields _1 and tlr2 have been measured by Graham and Johnston [109], and under higher

resolution by Magnotta and Johnston [ 168], who report the product of the cross section times the quantum yield in
the 400 to 630 nm range. The total quantum yield value, O I + O2, computed from the results of this latter study
and the cross sections of Graham and Johnston [109], is above unity for _, <610 nm, which is, of course,

impossible. Hence, there is some systematic error, and it is most likely in the primary quantum yield
measurements. More recently, Orlando et al. [239] measured the photolysis quantum yields between 570 and 635
rim.

Johnston et al.[ 140] have recently re-analyzed the available laboratory data relevant to NO3 photolysis,

including quantum yield studies, chemiluminescence, LIF studies, and molecular beam scattering experiments. Their
model reproduces the wavelength dependent quantum yield data reasonably well. The new recommendation is based
on the J-values calculated by Johnston et al. for overhead sun in the stratosphere:

JI(NO + O2) = 0.0201 s-1

J2(NO2 + O) = 0.156 s"1

Wavelength-specific quantum yields over the temperature range 190-298 K may be found in the tabulation by
Johnston et al.

The spectroscopy of NO3 has been reviewed by Wayne et al. [326]. The reader is referred to this work tbr a
more detailed discussion of the cross section and quantum yield data and for estimates of the photodissociation rates

as a function of zenith angle.
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Table 15. Absorption Cross Sections of NO3 at 298 K

_. 1020o 3. 1020o _. 1020_

(rim) (cm 2) (nm) (cm 2) (nm) (cm 2)

600 258 625 796 648 60
601 263 626 703 649 51
602 302 627 715 650 49
603 351 628 702 651 52
604 413 629 672 652 55
605 415 630 638 653 61
606 322 631 470 654 76
607 225 632 344 655 93
608 170 633 194 656 131
609 153 634 142 657 172
610 192 635 128 658 222
611 171 636 159 659 356
612 202 637 191 660 658
613 241 638 193 661 1308
614 242 639 162 662 2000
615 210 640 121 663 1742
616 190 641 99 664 Iii0
617 189 642 91 665 752
618 208 643 93 666 463
619 229 644 92 667 254
620 292 645 85 668 163
621 450 646 72 669 113
622 941 647 69 670 85
623 1407
624 1139

N20 + hv ---> N 2 + O(ID)

The recommended values are taken from the work of Selwyn et al. [277], 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 16; Table 17 presents the room temperature data. Hubrich and Stuhl [127]
remeasured the N20 cross sections at 298 K and 208 K and Merienne et al. [191] in the range from 220 K to 296 K.
The results of these two sets of measurements are in very good agreement with those of Selwyn et al. The quantum

yield for photodissociation is unity, and the products are N2 and O(ID) (Zelikoff and Aschenbrand [343],

Paraskevopoulos and Cvetanovic [240], Preston and Barr [244], Simonaitis et al. [285]). The yield of N(4s) and

NO(2FI) is less than 1% (Greenblatt and Ravishankara [112]).
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Table16.MathematicalExpressionforAbsorptionCrossSections
ofN20asaFunctionofTemperature

4
Ina(_,T)= Y.

n=o

Where T: temperature K;

A 0 = 68.21023

A I = -4.071805

A 2 = 4.301146 x 10 -2

A 3 = -I.777846 x 10 -4

A4 = 2.520672 x 10-7

3
An kn + (T-300) exp( ]_ B nk n)

n=o

7_: rim;

B 0 = 123.4014

BI =-2.116255

B 2 = 1.111572 x 10 -2

B 3 = -1.881058 x 10-5

Range 173 to 240 nm; 194 to 320 K

Table 17. Absorption Cross Sections of N20 at 298 K

_, 10200 % 10200 K 10200

(nm) (cm 2) (nm) (cm 2) (nm) (cm 2)

173 11.3 196 6.82 219
174 11.9 197 6.10 220
175 12.6 198 5.35 221
176 13.4 199 4.70 222
177 14.0 200 4.09 223
178 13.9 201 3.58 224
179 14.4 202 3.09 225
180 14.6 203 2.67 226
181 14.6 204 2.30 227
182 14.7 205 1.95 228
183 14.6 206 1.65 229
184 14.4 207 1.38 230
185 14.3 208 1.16 231
186 13.6 209 0.980 232
187 13.1 210 0.755 233
188 12.5 211 0.619 234
189 11.7 212 0.518 235
190 11.1 213 0.421 236
191 10.4 214 0.342 237
192 9.75 215 0.276 238
193 8.95 216 0.223 239
194 8.11 217 0.179 240
195 7.57 218 0.142

0.115
0.0922
0.0739
0.0588
0.0474
0.0375
0.0303
0.0239
0.0190
0.0151
0.0120
0.00955
0.00760
0.00605
0.00478
0.00360
0.00301
O.00240
0.00191
0.00152
0.00123
0.00101
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N205 + hv --) Products

The absorption cross sections of dinitrogen pentoxide, N20 5 have been measured at room temperature by

Jones and Wulf [146] between 285 and 380 nm, by Johnston and Graham [142] between 210 and 290 nm, by
Graham [108] between 205 and 380 rim, and for temperatures in the 223 to 300 K range by Yao et al. [332], between
200 and 380 nm. The agreement is good, particularly considering the difficulties in handling N205. The
recommended cross section values, listed in Table 18, are taken from Yao et al. [332]. For wavelengths shorter than

280 nm there is little or no temperature dependence, and between 285 and 380 nm the temperature effect is best
computed with the expression listed at the bottom of Table 18. Recent measurements of the cross sections and their
temperature dependence by Harwood et al. [! 16] yield values in excellent agreement with this recommendation except
at the longest wavelengths (380 nm) and lowest temperatures (233 K), where the new values are about 30% lower.
However, the contribution to solar photodissociation from these longer wavelengths is negligible, and the differences

between the predicted photolysis rates from the two sets of data are smaller than 3% (Harwood et al. [I 16]).

There are several studies on the primary photolysis products of N205: Swanson et al. [297] have measured

the quantum yield for NO3 production at 249 and at 350 nm, obtaining a value close to unity, which is consistent
with the observations of Burrows et al. [42] for photolysis at 254 nm. Barker et al. [15] report a quantum yield for

O(3p) production at 290 nm of less than 0.1, and near unity for NO3. For O-atom production Margitan (private
communication, 1985) measured a quantum yield value of 0.35 at 266 nm, and Ravishankara et al. [252] report
values of 0.72, 0.38, 0.21 and 0.15 at 248, 266, 287, and 289 nm, respectively, with a quantum yield near unity for

NO 3 production at all these wavelengths. It appears, then, that NO3 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 NO2 yield. The

study of Oh et al. [233] indicates that, besides NO3, the primary photolysis products are a wavelength-dependent

mixture of NO2, NO2* and NO + O, where NO2* represents one or more excited electronic states, most likely the

2B 1 state.

Table 18. Absorption Cross Sections of N205

_, 1020o _. 1020o

(nm) (cm 2) (nm) (cm 2)

200 920 245 52
205 820 250 40
210 560 255 32
215 370 260 26
220 220 265 20
225 144 270 16.1
230 99 275 13.0
235 77 280 11.7
240 62

For 285 nm< _, < 380 nm; 300 K > T > 225 K:

1020 o = exp[2.735 + ((4728.5 - 17.127 _,)/T)]
where o is in cm2/molecule; L in nm; and T in K.
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HONO + hv --4 OH + NO

The ultraviolet spectrum of HONO between 300 and 400 nm has been studied by Stockwell and Calvert [295]
by examination of its equilibrium mixtures with NO, NO2, H20, N203 and N204; the possible interferences by

these compounds were taken into account. More recently, Vasudev [317] measured relative cross sections by
monitoring the OH photodissociation product with laser-induced fluorescence; and Bongartz et al. [26] determined
absolute cross section values at 0.1 nm resolution in a system containing a highly diluted mixture of NO, NO2,

H20, and HONO, by measuring total NOx (NO and NO2). There are some discrepancies between these two recent
sets of results in terms of relative peak heights; however, both yield essentially the same photodissociation rate
provided Vasudev's relative data are normalized to match the cross section value reported by Bongartz et al. at 354
nm. At this wavelength the value reported earlier by Stockwell and Calvert is about 20% smaller. The recommended
values, listed in Table 19, are taken from Bongartz et al.

Table 19. Absorption Cross Sections of HONO

_, 1020ff _, 1020ff 3. 1020ff

(nm) (cm 2) (nm) (cm 2) (nm) (cm 2)

310 i.3 339 18.8 368 52.0
311 1.9 340 10.0 369 38.8
312 2.8 341 17.0 370 17.8
313 2.2 342 38.6 371 11.3
314 3.6 343 14.9 372 10.0
315 3.0 344 9.7 373 7.7
316 1.4 345 10.9 374 6.2
317 3.1 346 12.3 375 5.3
318 5.6 347 10.4 376 5.3

319 3.6 348 9.1 377 5.0
320 4.9 349 7.9 387 5.8
321 7.8 350 11.2 379 8.0
322 4.9 351 21.2 380 9.6
323 5.1 352 15.5 381 11.3
324 7.1 353 19.1 382 15.9
325 5.0 354 58.1 383 21.0
326 2.9 355 36.4 384 24.1
327 6.6 356 14.1 385 20.3
328 11.7 357 11.7 386 13.4
329 6.1 358 12.0 387 9.0
330 i1.1 359 10.4 388 5.6
331 17.9 360 9.0 389 3.4
332 8.7 361 8.3 390 2.7
333 7.6 362 8.0 391 2.0
334 9.6 363 9.6 392 1.5
335 9.6 364 14.6 393 1.1
336 7.2 365 16.8 394 0.6
337 5.3 366 18.3 395 1.0
338 10.0 367 30.2 396 0.4

HNO3 + hv --> products

The recommended absorption cross sections and their temperature dependency, listed in Table 20, are taken
from the work of Burkholder et al. [39]. The temperature effect is very important for estimates of atmospheric
photodissociation; the results of Burkholder et al. agree well with those of Rattigan et al. [245,246], except at 238
K, where these latter authors report significantly smaller values.
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Thenew cross section values agree reasonably well at room temperature with the data of Molina and Molina
[203], which provided the basis for the earlier recommendation. These data are also in good agreement throughout
the 190-330 nm range with the values reported by Biaume [21]. They are also in very good agreement with the data
of Johnston and Graham [ 141 ], except towards both ends of the wavelength range. Okabe [235] has measured the
cross sections in the 110-190 nm range and his results are 20-30% lower than those of Biaume and of Johnston and
Graham around 185-190 nm.

Johnston et al. [ 139] measured a quantum yield value of -I for the OH + NO2 channel in the 200-315 nm

range, using end product analysis. The quantum yield for O-atom production at 266 nm has been measured to be
0.03, and that for H-atom production less than 0.002, by Margitan and Watson [174], who looked directly for these

products using atomic resonance fluorescence. Jolly et al. [145] measured a quantum yield for OH production of
0.89 + 0.08 at 222 nm. Turnipseed et al. [308] have measured a quantum yield near unity for OH production at 248
and 222 nm. However, at 193 nm they report this quantum yield to be only -0.33, and the quantum yield for

production of O-atoms to be about 0.8. Thus, it appears that HONO is a major photolysis product at 193 nm.
These results are qualitatively in agreement with those reported by Schiffman et al. [273], namely a quantum yield
for OH production of 0.47 at 193 rim, and of 0.75 at 248 nm.

Table 20. Absorption Cross Sections and Temperature Coefficients of HNO 3 Vapor

1020_ 103 B _, 1020_ 103 B _, 1020a 103 B

(nm) (cm 2) (K-I) (nm) (cm 2) (K-I) (nm) (cm 2) (K-I)

190 1360 0 244 2.16
192 1225 0 246 2.06
194 1095 0 248 2.00
196 940 !.70 250 1.97
198 770 1.65 252 1.96
200 588 1.66 254 1.95
202 447 !.69 256 1.95
204 328 1.74 258 1.93
206 231 1.77 260 1.91
208 156 1.85 262 1.87
210 104 1.97 264 1.83
212 67.5 2.08 266 1.77
214 43.9 2.17 268 !.70
216 29.2 2.17 270 1.62
218 20.0 2.21 272 1.53
220 14.9 2.15 274 1.44
222 !1.8 2.06 276 1.33
224 9.61 1.96 278 1.23
226 8.02 1.84 280 1.12
228 6.82 1.78 282 !.01
230 5.75 1.80 284 0.909
232 4.87 1.86 286 0.807
234 4.14 1.90 288 0.709
236 3.36 1.97 290 0.615
238 2.93 1.97 292 0.532
240 2.58 1.97 294 0.453
242 2.34 i.88 296 0.381

.75 298 0.316 2.92
.61 300 0.263 3.10
.44 302 0.208 3.24
.34 304 0.167 3.52
.23 306 0.133 3.77
.18 308 0.105 3.91
.14 310 0.0814 4.23
.12 312 0.0628 4.70
14 314 0.0468 5.15
14 316 0.0362 5.25
18 318 0.0271 5.74

1.22 320 0.0197 6.45
1.25 322 0.0154 6.70
!.45 324 0.0108 7.16
1.49 326 0.00820 7.55
1.56 328 0.00613 8.16
1.64 330 0.00431 9.75
1.69 332 0.00319 9.93
1.78 334 0.00243 9.60
1.87 336 0.00196 10.5
1.94 338 0.00142 10.8
2.04 340 0.00103 11.8
2.15 342 0.00086 11.8
2.27 344 0.00069 9.30
2.38 346 0.00050 12.1
2.52 348 0.00042 11.9
2.70 350 0.00042 9.30

a (k, T) = _ (k, 298) exp [B (_,) (T - 298)]; T in K
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HO2NO2 + hv --> Products

There are five studies of the UV spectrum of HO2NO2 vapor: Cox and Patrick [72], Morel et al. [219],

Graham et al. [i 10], Molina and Molina [203], and Singer et al. [286]. The latter three studies are the only ones
covering the gas phase spectrum in the critical wavelength range for atmospheric photodissociation (k > 290 nm).
The recommended values, listed in Table 21, are an average of the work of Molina and Molina [203] and of Singer et
al. [286], which are the more direct studies. The cross sections appear to be temperature independent between 298
and 253 K (Singer et al. [286]). MacLeod et ah [ 1671 report that photolysis at 248 nm yields one third OH and NO3
and two thirds HO2 + NO2.

Table 21. Absorption Cross Sections of HO2NO2 Vapor

g, 1020 ff _, 1020

(nm) (cm 2) (rim) (cm 2)

190 1010 260 28.5
195 816 265 23.0
200 563 270 18.1
205 367 275 13.4
210 239 280 9.3

215 161 285 6.2
220 118 290 3.9
225 93.5 295 2.4
230 79.2 300 1.4
235 68.2 305 0.9
240 58.1 310 0.5
245 48.9 315 0.3
250 41.2 320 0.2
255 35.0 325 0.1

CH20 + hv --> H + HCO (_1)

CH20 + hv --_ H2 + CO (_2)

The earlier recommendation for the formaldehyde absorption cross sections was based on the work carried out
by Bass et al. [17] with a resolution of 0.05 nm at 296 K and 223 K, and by Moortgat et al. [214, 216] with a
resolution of 0.5 nm in the 210-360 K temperature range. More recently, Cantrell et al. [50] measured the cross
sections in the 300-360 nm range between 223 K and 293 K, and Rogers [260] measured the cross sections in the
235-365 nm range at 296 K, both groups using Fourier transform spectrometry at a resolution of up to 0.011 nm

(1 cm-I). The agreement between these two reports is very good. The recommended values are those given by
Cantrell et al. as a function of temperature; the reader is referred to the original article to obtain the high-resolution
data. Table 22 lists the low-resolution cross sections-taken from that work, that are suitable for atmospheric
photodissociation calculations.

The quantum yields have been reported with good agreement by Horowitz and Calvert [I 24], Clark et al. [60],
Tang et al. [301], Moortgat and Warneck [218], and Moortgat et al. 1214, 216]. The recommended values listed in
Table 22 are based on the results of these investigators, as evaluated by S. Madronich (private communication,
1991). The quantum yield for the production of H2 and CO is pressure- and temperature-dependent for wavelengths
longer than about 330 nm (Moortgat et ah [216]). Table 22 gives the values at atmospheric pressure and room
temperature; the reader is referred to the Moortgat et al. publication for information on values at lower pressures and
temperatures.

165



k

 nm)

Table 22. Absorption Cross Sections and Quantum Yields for Photolysis of CH20

1020 o(cm 2) T-Parameters*

223 K 293 K A B

OI

(H + HCO)

O2

(H2 + CO)

301.25 !.38 1.36 1.37 -0.21 0.749 0.251
303.75 4.67 4.33 4.43 -4.73 0.753 0.247
306.25 3.32 3.25 3.27 - 1.06 0.753 0.247
308.75 2.27 2.22 2.24 -0.724 0.748 0.252
3 i 1.25 0.758 0.931 0.882 2.48 0.739 0.26 I
313.75 3.65 3.40 3.47 -3.64 0.724 0.276
316.25 4.05 3.89 3.94 -2.30 0.684 0.316
318.75 1.66 1.70 1.69 0.659 0.623 0.368
321.25 1.24 I. i 3 I. 16 - 1.52 0.559 0.423
323.75 0.465 0.473 0.471 0. I !8 0.492 0.480
326.25 5.06 4.44 4.61 -8.86 0.420 0.550
328.75 2.44 2.29 2.34 -2.15 0.343 0.634

331.25 1.39 1.28 1.31 - 1.53 0.259 0.697
333.75 0.093 0.123 0.114 0.432 0.168 0.739
336.25 0.127 0.131 0.130 0.050 0.093 0.728
338.75 3.98 3.36 3.54 -8.96 0.033 0.667
341.25 0.805 0.936 0.898 1.86 0.003 0.602
343.75 1.44 1.26 1.31 -2.64 0.001 0.535
346.25 0.004 0.071 0.052 0.957 0 0.469
348.75 0.009 0.040 0.031 0.438 0 0.405
351.25 0.169 0.235 0.216 0.948 0 0.337
353.75 1.83 1.55 1.63 -4.05 0 0.265
356.25 0.035 0.125 0.099 ! .27 0 0. i 97

Note: The values are averaged for 2.5 nm intervals centered on the indicated wavelength.

* Cross section for -50°C < T < 20°C calculated as o(T) = A + Bxl0 -3 T; T in °C, and ¢r in 10 -20 cm 2.

CH302 + hV .-* P_ducts

C2H502 + hv-_ Products

The absorption cross sections have been reviewed by Wallington et al. [321] and by Lightfoot et al. [161].
Table 23 lists the recommended values, obtained as follows: the cross section value at 250 nm was set to 400 x

10 -20 cm 2, which is the value we used previously in connection with rate constant recommendations; then, the

average of the recommendations of Wallington et al. and Lightlbot et al. was used to determine the shape of the
CH30 2 spectrum (these two sets of values agree very well with each other); finally, the cross section values at the

other wavelengths were obtained by scaling the spectrum to the 250 nm value. The cross sections for C2H50 2 were

taken from Lightfoot et al., who included in their evaluation the data of Bauer et al. [ 19], that was not published in
time to be included in the evaluation of Wallington et al. Recent studies of these spectra by Maricq and Wallington
[177](CH302 and C2H502), Fenter et al. [891 (C2H502), and Roehl et al. [258] are in excellent agreement with
the recommended values.
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Table23.AbsorptionCrossSectionsofCH302andC2H502

_- 1020olcm2)
(nm) CH302 C2H502

210.0 213
215.0 273 251
220.0 335 310
225.0 392 361
230.0 438 402
235.0 452 428
240.0 450 436
245.0 432 427
250.0 400 400
255.0 366 361
260.0 322 315
265.0 278 265
270.0 231 214
275.0 170 167
280.0 141 126
285.0 98 91
290.0 63 65
295.0 43
300.0

CH3OOH+ hv --> Products

Vaghjiani and Ravishankara [310] measured the cross sections of CH3OOH by monitoring the CH3OOH
concentration via trapping and titration. These results are recommended and are listed in Table 24. The earlier
results of Molina and Arguello [210] are consistently 40% higher than the values shown in Table 24; this difference

is believed to be due to difficulty in trapping CH3OOH and measuring its concentration. CH3OOH dissociates upon
light absorption to give CH30 with unit quantum yield (Vaghjiani and Ravishankara, [31 I]); these authors also

observed some production of H and O atoms at shorter wavelengths (i.e., 193 nm). Thelen et al. [302] report unit
quantum yield for OH production at 248 and 193 nm, in agreement with the results of Vaghjiani and Ravishankara.

Table 24. Absorption Cross Sections of CH3OOH

2_ 1020 o 2_ 1020 o

(nm) (cm 2) (nm) (cm 2)

210 31.2 290 0.69
220 15.4 300 0.41
230 9.62 310 0.24
240 6.05 320 0.14
250 3.98 330 0.079
260 2.56 340 0.047
270 1.70 350 0.027
280 1.09 360 0.016
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HCN + hv --_ Products

Herzberg and Innes [122] have studied the spectroscopy of hydrogen cyanide, HCN, that starts absorbing

weakly at _ < 190 nm.

The solar photodissociation rate for this molecule is rather small, even in the upper stratosphere; estimates of
this rate would require additional studies of the absorption cross sections and quantum yields in the 200 nm region.

CH3CN + hv ---> Products

McEIcheran et ai. [ 187] have reported the spectrum of acetonitrile or methyl cyanide, CH3CN; the first

absorption band appears at Z, < 220 nm. More recently, Suto and Lee [296] and Zetzsch [344] have measured the
cross sections around 200 nm; solar photodissociation is unimportant compared to reaction with OH radicals.

Absorption spectra of CH3C(O)O2NO2 (PAN) have been measured by Senum et al. [278] over the range 200-
300 nm, Libuda and Zabel [160] over the range 220-325 nm, and Talukdar et al. [300] over the spectral range 195-

345 nm and temperature range 250-298 K. The three studies are in excellent agreement over their range of overlap,
with the values of Senum et al. being slightly smaller (15-20%) beyond 250 nm. Libuda and Zabel carried out
simultaneous infrared absorption studies that showed that the measured cross sections need to be corrected for

impurities that are transparent in the ultraviolet but contribute to the sample pressure in the absorption cell. These
corrections are on the order of 20%. The recommended cross sections (Table 25) are based on the measurements of

Talukdar et al. because of the good agreement with Libuda and Zabel and the wider spectral coverage and temperature

range of this study. The uncertainties in the reported cross sections are probably quite large (on the order of a factor
of 2), decreasing to about 30% at shorter wavelengths. The only PAN quantum yield studies are those of Mazely et
a1.[184, 185]. In these studies, PAN was photolyzed at 248 nm, with NO 2 and NO3 products being observed by
laser induced fluorescence at 298 K. Quantum yields of 0.83_+0.09 were obtained for the CH3C(O)O2 + NO2 channel

and 0.3_+0. I for the CH3C(O)O + NO3 channel.
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Table 25, Absorption Cross Sections of PAN

(m)
103B

(nm)

196 430 2.02
198 400 1.73
200 360 1:36
202 320 1,07
204 290 0.86
206 260 O.75

208 230 0.71
210 200 0.75
212 170 0.84
214 140 0.97
216 120 1.12
218 100 1.29
220 90 ! .47
222 78 1,64
224 68 1.81
226 59 1.98
228 52 2.14
230 46 2.30
232 40 2,46

234 35 2.63
236 31 2.80
238 28 2.96
240 24 3.1l

274
276

278
28O
282
284
286
288
290
292
294

1020 o(298K)

(cm 2)

2.4
2.1
1,7
1,5
1.2
1.0

0.81
0.65
0.54
0,45
0,37

103B

(K-I)

5.55
5.76
5.98
6.20
6.43
6.67
6,90
7.15
7,39
7.63
7.86

296 0,30 8.08
298 0.24 8,27
300 0.19 8.44
302 0.15 8,61
304 0.12 8.76
306 0,10 8.87
308 0.082 9.01
310 0,067 9,13
312 0.054 9.3
314 0.046 9.46
316 0.036 9.57
318 0.030 9.75

242
244
246
248
250
252
254
256
258

264
266

272

2I 3.25 320 0.025
19 3,39 322 0,020
17 3,52 324 0.017
15 3.64 326 0.014
13 3.76 328 0.012
11 3.87 330 0.011
10 3.98 332 0.0086
8.9 4,10 334 0.0068
7,8 4.23 336 0,0061
6,8 4.38 338 0.0053
6.0 4.53 340 0.0050
5.2 4.68 342 0,0036
4.5 4.82 344 0.0024
3.9 4.97 346 0.0023
3,4 5.14 348 0.0025
2.9 5.34 350 0.0016

10.0
10.2
10.4
10.6
10.7
10.9
11.2
11.5
11.7
1 !.9
12.2
12.4
12.5

Cross sections in the temperature range 250-298 K are calculated using the equation,

In[o(T)/o(298K)] = B(T-298).
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C!2 + hv --_ Ci + CI

The recommended absorption cross sections are taken from the work of Marie et al. [I75]; they can be
calculated at various temperatures with the expression given at the bottom of Table 26. For convenience, some
room temperature values are also listed in the table. Ganske et al. [96] have also measured the cross sections at
room temperature, and the agreement with the recommended values is excellent. These two sets of data also agree
well with the earlier recommendation, which was based on the work of Seery and Britton [276], which is in turn in
good agreement with the results reported by Gibson and Bayliss [98], Fergusson et ai. [90], and Burkholder and Bair
[34]. The estimated atmospheric photodissociation rate is only weakly affected by the temperature dependency of the
cross sections.

Table 26. Absorption Cross Sections of CI2

3, 1020 o, 298K _, !020 _, 298K

(rim) (cm 2) (rim) (cm 2)

260 0.20 370 8.4
270 0.82 380 5.0

280 2.6 390 2.9
290 6.2 400 1.8
300 11.9 410 1.3
310 18.5 420 0.96
320 23.7 430 0.73
330 25.5 440 0.54
340 23.5 450 0.38
350 18.8 460 0.26
360 13.2 470 0.16

329.5 2 _ 2t_ = 10-20 ct 0.5 {27.3 exp [-99.0 a (in -----_----) ] + 0.932 exp [-91.5 a (In ,,_ ) ]}

where oc = tanh (402.7/T); _ in nm, and T in K; 300 K > T > 195 K.

CIO + hv ---> CI + 0

The absorption cross sections of chlorine monoxide, CIO, have been reviewed by Watson [324]. There are
more recent measurements yielding results in reasonable agreement with the earlier ones, (!) Mandelman and
Nicholls [172] in the 250-310 nm region; (2) Wine et al. [329] around 283 nm; (3) Rigaud et al. [254], (4) Jourdain
et al. [148], (5) Sander and Friedl [268], (6) Trolier et al. [303] in the 270-310 nm region, and (7) Simon et al. [282]

between 240 and 310 rim. The peak cross section at the top of the continuum is 5.2xl0 -18, based on the average of
studies (4) - (7) and Johnston et al. [143]. Figure 3 shows a spectrum of CIO. It should be noted that the cross
sections on the structured part are extremely dependent on instrument resolution, and the figure is only a guide to the
line positions and approximate shapes. The cross sections of the continuum are independent of temperature (Troller
et al. [303]), while the structured part is extremely temperature dependent. The bands sharpen and grow with a

decrease in temperature.

The calculations of Coxon et al. [74] and Langhoff et al. [154] indicate that photodecomposition of CIO
accounts for at most 2 to 3 percent of the total destruction rate of CIO in the stratosphere, which occurs
predominantly by reaction with oxygen atoms and nitric oxide.
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CIO0 + hv -->CIO+ 0

Johnston et al. [ 143] measured the absorption cross sections of the CIOO radical using a molecular

modulation technique that required interpretation of a complex kinetic scheme. More recently, Mauldin et al. [ i 83]
reported cross section measurements in the range from 220 to 280 nm, and Baer et al. [ 11 ] from 240 to 300 nm.
These two studies are in very good agreement, yielding cross section values that are more than twice as large as the
older Johnston et al. values. The recommended cross sections are listed in Table 27, and are taken from the work of
Mauidin et al.

Table 27. Absorption Cross Sections of CIOO

_, 1020 o _, 1020 o

(nm) (cm 2) (nm) (cm 2)

220 611 252 2630
222 670 254 2370
224 747 256 2120
226 951 258 1890
228 !100 260 1610
230 1400 262 1370
232 1650 264 1120
234 1960 266 905
236 2240 268 725
238 2520 270 596
240 2730 272 435

242 2910 274 344
244 2960 276 282
246 2980 278 210
248 2950 280 200
250 2800

000+ hv_O CIO :

The spectrum of OCIO 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 [324]. Birks et al. [23] have estimated a half-life against atmospheric photodissociation of OCIO of a few
seconds.

The recommended absorption cross section values are those reported by Wahner et al. [320], 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. Table 28
lists the cross section values at the peak of the bands [a(0) to a(26)]. Figure 4, from Wahner et al., shows the OCIO

spectrum at 204 K and at room temperature. Hubinger and Nee [125] have extended the measurements of OCIO
cross sections over the spectral range 125-470 nm. Frost et al. [95] have studied the spectrum at very high spectral

resolution (0.1 cm -1) and at low temperature (200 K) in molecular beam expansion. In both of these studies, cross
sections were measured relative to values obtained by Wahner et al.

The photochemistry of OCIO is extremely complex, with several electronic excited states involved in the
photodissociation dynamics. Several channels have been observed at wavelengths important in the stratosphere,
including O + CIO, CI + 02 and isomerization to CIOO. Colussi [63] measured the quantum yield for chlorine

atom production to be less than 0.01, and for oxygen atom production to be unity (within experimental error), both
at 308 nm. Vaida et al. [313] and Ruhl et al. [265] reported chlorine atom production at 362 nm; and Bishenden et
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al.[24,251measuredthequantumyieldforthisprocesstobe0.15+ 0.10 around that same wavelength. In contrast,

Lawrence et al. [155] report a quantum yield for Cl-atom production in the 359-368 nm region of less than 5x10 -4.

This conclusion is supported by photofragment studies of Davis and Lee [82], who report CI yields <0.2% below
370 nm, rising to a maximum of 4% near 404 nm. The recommendation is to use a quantum yield value of unity
for the production of O-atoms. While accurate absorption cross section values are valuable for atmospheric
measurements of OCIO levels, the identity of the photodissociation products is only of minor importance in the
context of atmospheric processes.

Table 28. Absorption Cross Sections of OCIO at the Band Peaks

1020 c_(cm 2)

k(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
296.42 190 160 167
291.77 138 114 130
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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The previous recommendation for absorption cross sections was based on the work of Goodeve and Richardson

[I 07]. Lopez and Sicre [166] have shown that the spectrum reported by Goodeve and Richardson is most likely that
of C1206. Thermochemical estimates by Colussi et al. [64] further corroborate this assignment• No
recommendation is given at present for the CIO3 cross sections.

Grothe and Willner (1994; 1995) have reported UV and IR spectra of CIO 3 trapped in a neon matrix. By

monitoring the amount of C10 formed as a photolysis product, they estimated UV absorption cross sections of the
2

order of 2x 10-18 cm around 400-450 nm.

The preferred absorption cross sections, listed in Table 29, are those reported by Knauth et al. [150] at 298 K.
They are in very good agreement with the cross sections measured by Lin [I 63] and by Molina and Molina [201]; the
discrepancy is largest at the longest wavelengths. Nee [223] has recently reported cross section measurements in the
150-200 nm wavelength region.

Sander and Friedl [268] have measured the quantum yield for production of O-atoms to be 0.25 + 0.05, using
a broadband photolysis source extending from 180 nm to beyond 400 nm. The main photolysis products are CI and
CIO. Using a molecular beam technique, Nelson et al. [224] found CI + CIO to be the primary photodissociation
channel at 193, 248, and 308 nm. More recently, Nickolaisen et al. [227] reported that broadband photolysis at
wavelengths beyond 300 nm results in pressure-dependent CIO quantum yields. Furthermore, these authors detected

a transient absorption spectrum, that they assigned to a metastable triplet state of CI20; the implication is that the

photodecomposition quantum yield is less than unity at atmospherically relevant wavelengths, in spite of the
continuous nature Of the absorption spectrum. Additional experimental work is needed to corroborate this
interpretation.

Table 29. Absorption Cross Sections of CI20

1020 _ L 1020

(nm) (cm 2) (rim) (cm 2)

200 71.0 330 8.40
210 23.8 340 3.58
220 8.6 350 1.54
230 28.1 360 0.73
240 103 370 0.40
250 191 380 0.36
260 195 390 0.51
270 151 400 0.79
280 126 420 1.26
290 103 440 I.II
300 71.0 460 0.63
310 40.3 480 0.32
320 19.5 500 0.22
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CIOOCI ÷ hv

Recommended absorption cross sections in the wavelength range 190-450 nm for CIOOCI are listed in Table
30. The values for the wavelength range 200 - 360 nm are the average of experimental results reported by Cox and
Hayman [71], DeMore and Tschuikow-Roux [83], Permien et a1.[243], and Burkholder et al. [361. For the 190 -
200 nm range the data are from DeMore and Tschuikow-Roux, these being the only data available in that range. Data
at wavelengths greater than 360 nm were obtained from a linear extrapolation of the logarithm of the cross sections,

using the expression log[ 1020¢_(cm2)] = -0.01915 x L(nm) + 7.589. For Z, > 360 nm the extrapolated data are
considered to be more reliable than the experimental measurements because of the very small dimer cross sections in
this region. While the results of Cox and Hayman, DeMore and Tschuikow-Roux, Permien et al., and Burkholder et
al. are in good agreement at wavelengths below 250 nm, there are significant discrepancies at longer wavelengths,
which may be attributed to uncertainties in the spectral subtraction of impurities such as CI20, CI2 and CI203.

Huder and DeMore[ 129] measured CIOOCI cross sections over the 190-310 nm range using a method that
minimized the corrections required for impurities such as CI20. The cross sections from this study are significantly

smaller (up to a factor of 2) than the current recommendation, particularly when extrapolated beyond 400 nm
Additional measurements are needed, particularly at the longer wavelengths, to validate the results of Huder and
DeMore.

These studies also indicate that only one stable species is produced in the recombination reaction of CIO with

itself, and that this species is dichlorine peroxide, CIOOCI, rather than CIOCIO. Using submillimeter wave
spectroscopy, Birk et al. [22] have further established the structure of the recombination product to be CIOOCI.
These observations are in agreement with the results of quantum mechanical calculations (McGrath et al. [189, 190];
Jensen and Odershede [138]; Stanton et al. [292]). The experiments of Cox and Hayman [71] indicate that the main
photodissociation products at 253.7 nm are CI and CIOO. Molina et al. [21 i] measured the quantum yield _ for this
channel to be unity at 308 rim, with no CIO detectable as a product, with an experimental uncertainty in ¢ of about
+ 25%. These results are also supported by quantum mechanical calculations (Stanton et al. [292]; Stanton and
Bartlett [291 ]). In contrast, Eberstein [85] suggested a quantum yield of unity for the production of two CIO
radicals, based merely on an analogy with the photolysis of H202 at shorter wavelengths. For atmospheric

photodissociation calculations the recommended quantum yield value is based on the work of Molina et al. [21 I],
i.e., a quantum yield of unity for the CI + CIOO channel.
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Table30. AbsorptionCrossSectionsofCIOOCIat200-250K

(rim) 1020_(cm2) _(nm) 1020_(cm2)_,(nm) 1020_(cm2) _,(nm) 1020o(cm2)

190 565.0 256 505.4 322 23.4 388 1.4
192 526.0 258 463.1 324 21.4 390 1,3
194 489.0 260 422.0 326 19.2 392 1.2
196 450.0 262 381.4 328 17.8 394 I.I
198 413.0 264 344.6 330 16.7 396 !.0
200 383.5 266 311.6 332 15.6 398 0.92
202 352.9 268 283.3 334 14.4 400 0.85
204 325.3 270 258.4 336 13.3 402 0.78
206 298.6 272 237.3 338 13.1 404 0.71
208 274.6 274 218.3 340 12.1 406 0.65
210 251.3 276 201.6 342 !1.5 408 0.60
212 231.7 278 186.4 344 10.9 410 0.54
214 217.0 280 172.5 346 10.1 412 0.50
216 207.6 282 159.6 348 9.0 414 0.46
218 206.1 284 147.3 350 8.2 416 0.42
220 212.1 286 136.1 352 7.9 418 0.38
222 227.1 288 125.2 354 6.8 420 0.35
224 249.4 290 114.6 356 6.1 422 0.32
226 280.2 292 104.6 358 5.8 424 0.29
228 319.5 294 95.4 360 5.5 426 0.27
230 365.0 296 87.l 362 4.5 428 0.25
232 415.4 298 79.0 364 4.1 430 0.23
234 467.5 300 72.2 366 3.8 432 0.21
236 517.5 302 65.8 368 3.5 434 0.19
238 563.0 304 59.9 370 3.2 436 0.17
240 600.3 306 54.1 372 2.9 438 0.16
242 625.7 308 48.6 374 2.7 440 0.15
244 639.4 310 43.3 376 2.4 442 0.13
246 642.6 312 38.5 378 2.2 444 0.12
248 631.5 314 34.6 380 2.1 446 0.11
250 609.3 316 30.7 382 1.9 448 0.10
252 580.1 318 28.0 384 1.7 450 0.09
254 544.5 320 25.6 386 1.6

TheabsorptioncrosssectionsofCI203havebeenmeasuredbyHaymanandCox[I 18],Burkholderetal.
[35],andHarwoodetal.[I 17].Theresultsfromthesestudiesaresignificantlydifferentinthespectralregionsbelow
240nmandinthelong-wavelengthtailbeyond300nm.Table31liststherecommendedvalues.Thesearederived
byaveragingthespectraofBurkholder et al. and Harwood et al., which are obtained by the most direct methods.
Additional work is needed, particularly in the spectral region beyond 300 nm.
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Table31.AbsorptionCrossSectionsof CI203

_,(rim) 1020_ (cm2) _,(nm) 1020_ (cm2)

230
235
24O
245
250
255
260
265
270

1200 275 1470
1130 280 1240
I060 285 990
1010 290 760
1020 295 560
1120 300 400
1270 305 290
1450 310 210
1610 315 160

1680 320 140
i 630

CI204 + hv ---> Products

The absorption cross sections of C1204 have been measured by Lopez and Sicre [165]; their results are given
in Table 32.

Table 32. Absorption Cross Sections of C1204

)_ (rim) 1020 o.(cm 2) _. (nm) 1020 c_cm 2)

200 161 255 42
205 97 260 31
210 72 265 22
215 64 270 14
220 71 275 8.8
225 75 280 5.5
230 95 285 4.0
235 95 290 2.7
240 87 295 2.2
245 72 300 1.7
250 56 305 1.2

310 0.7

CI206 + hv ---> Products

The absorption cross sections for CI206 are listed in Table 33 and are taken from the work of Lopez and Sicre

[166]. These authors show that the spectrum originally attributed to CIO 3 by Goodeve and Richardson [107] was

most likely that of CI206. The cross section values measured by Lopez and Sicre are several times larger than those

reported by Goodeve and Richardson, but the shape of the spectrum is similar.
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Table33.AbsorptionCrossSectionsofCI206

L 1020 _ _. !020

(nm) (cm 2) (nm) (cm 2)

200 1230 300 980
210 1290 310 715
220 1230 320 450
230 1080 330 285
240 1010 340 180
250 1010 350 112
260 1290 360 59
270 1440 370 28
280 1440 380 12
290 1290

HF + hv ---> H + F

The ultraviolet absorption spectrum of HF has been studied by Safary et al. [266]. The onset of absorption
occurs at _ < 170 nm, so that photodissociation of HF should be unimportant in the stratosphere.

HCI + hv ---> H + CI

The absorption cross sections of HCI, listed in Table 34, are taken from the work of Inn 1134].

Table 34. Absorption Cross Sections of HCI Vapor

_, 1020 _ _, 1020

(nm) (cm 2) (nm) (cm 2)

140 211 185 31.3
145 281 190 14.5
150 345 195 6.18
155 382 200 2.56
160 332 205 0.983
165 248 210 0.395
170 163 215 0.137
175 109 220 0.048
180 58.8

HOCI:÷ hv _ OH+ C!

The absorption cross sections of HOC1 vapor have been measured by several groups. Molina and Molina
[201] and Knauth et al. [150] produced this species using equilibrium mixtures with CI20 and H20; their results

provided the basis for the earlier recommendation. More recently, Mishalanie et al. [ 197] and Permien et al. [243]
used a dynamic source to generate the HOCI vapor. The cross section values reported by Molina and Molina [201],
Mishalanie et al. [197], and Permien et al. [243] are in reasonable agreement between 250 and 330 nm. In this
wavelength range, the values reported by Knauth et al. [ 150] are significantly smaller, e.g., a factor of 4 at 280 nm.
Beyond 340 nm, the cross sections of Mishalanie et al. are much smaller than those obtained by the other three
groups: at 365 nm, the discrepancy is about an order of magnitude.
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TherecentresultsbyBurkholder [33] are in excellent agreement with the work of Knauth et al. [ 150], but in

poor agreement with the more recent measurements of Mishalanie et al. [197] and Permien et al. [243]. The
discrepancies can be attributed mostly to difficulties in correcting the measured absorptions for the presence of CI2
and CI20. The recommended values, taken from the work of Burkholder [33], are listed in Table 35. In this work,

several control experiments were carried out in order to check the internal consistency of the data. More recent work
by Jungkamp et al. [149] yields cross section values in excellent agreement with this recommendation.

Molina et al. [212] observed production of OH radicals in the laser photolysis of HOCI around 310 nm, and
Butler and Phillips [45] found no evidence for O-atom production at 308 nm, placing an upper limit of -0.02 for the
primary quantum yield for the HCI + O channel. Vogt and Schindler [318] used broadband photolysis in the 290 -
390 nm wavelength range, determining a quantum yield for OH production of >0.95.

Table 35. Absorption Cross Sections of HOCI

_, 1020 a _, 1020 t_ L 1020 o

(nm) (cm 2) (nm) (cm 2) (nm) (cm 2)

200 7. I 262 9.3 322 4.6
202 6.1 264 8.3 324 4.3
204 5.6 266 7.4 326 4.2
206 5.4 268 6.6 328 3.8
208 5.5 270 6.0 330 3.5
210 5.7 272 5.5 332 3.3
212 6.1 274 5.2 334 3. I
214 6.6 276 4.9 336 2.7
216 7.5 278 4.8 338 2.5
2 ! 8 8.4 280 4.7 340 2.4
220 9.7 282 4.8 342 2. I
222 10.9 284 4.8 344 1.8
224 12.2 286 4.9 346 1.8
226 ! 3.5 288 5. I 348 1.7
228 15.0 290 5.3 350 1.5
230 16.4 292 5.4 352 1.3
232 17.7 294 5.6 354 1.3
234 18.7 296 5.8 356 1.2
236 19.7 298 5.9 358 1.0
238 20.3 300 6.0 360 0.8
240 20.7 302 6.0 362 1.0
242 21.0 304 6. I 364 1.0
244 20.5 306 6.0 366 0.9
246 19.6 308 6.0 368 0.8
248 18.6 310 5.9 370 0.8
250 17.3 312 5.7 372 1.0
252 15.9 314 5.6 374 0.8
254 14.6 316 5.4 376 0.8

256 13.2 318 5.1 378 0.6
258 I 1.8 320 4.9 380 0.8

260 I 0.5
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FNO _ hv:_ F_NO

The absorption cross sections have been measured by Burley et al. [41], who report their results in graphical
form as well as in tabular form in 1 nm intervals, between 180 and 350 nm. The spectrum shows vibronic structure
at wavelengths longer than 250 nm. The cross section values are listed in Table 36 in 2 nm intervals. The quantum
yield for decomposition is expected to be unity (Brandon et al., [27]; Reid et al., [253]).

Table 36. Absorption Cross Sections of FNO

(nm)

180
182
184

186
188
190
192
194
196

198
200
2O2
204
206
208
210

216
218
220
222
224
226
228
230
232
234

10200 _" 10200 _ 10200

(era2) (nm) (cm2) (nm) (cm2)

52.4 236 3.09 292 1 i.9
51.7 238 2.76 294 7. i !
50.7 240 2.25 296 9.15
49.4 242 2.08 298 22.0
47.5 244 1.74 300 15.6
45. I 246 1.65 302 25.4
42.7 248 1.41 304 8.85
40.0 250 1.54 306 I 1.8
37.3 252 1.25 308 32.2
33.8 254 1.23 310 15.5
30,5 256 1.36 312 31.6
27.7 258 1.58 314 12.3
24.8 260 1.30 316 I 1.0
22.2 262 1.64 318 25.5
19.9 264 2,03 320 15.2
17.6 266 1.96 32.3 40.2
15.8 268 2.10 324 17.8
I3.9 270 2.81 326 12.1
12.3 272 4.47 328 9.39
!0.7 274 3.97 330 12.9
9.35 276 4.24 332 13.0
8.32 278 3.41 334 19.3
7.22 280 8.26 336 13.1
6.30 282 7.58 338 8.96
5.44 284 7.26 340 5.65
4.68 286 5.17 342 3.81
4.10 288 10.4 344 2.68
3.52 290 17.0 346 1.96

348 1.48
350 I. 18

CINO + hv _ CI + NO

Nitrosyl chloride has a continuous absorption extending beyond 650 nm. There is good agreement between
the work of Martin and Gareis [ 180] tbr the 240 to 420 nm wavelength region, of Ballash and Armstrong [ 14] for the
185 to 540 nm region, of Illies and Takacs [133] for the 190 to 400 nm region, and of Tyndall et al. [309] for the
190 to 350 region except around 230 nm, where the values of Ballash and Armstrong are larger by almost a factor of
two. Roehl et al. [259] measured the absorption cross sections between 350 and 650 nm at several temperatures
between 223 and 343 K. Their room temperature results agree to within 15% with those of Martin and Gareis [ 180],
Ballash and Amstrong [14], and Tyndall et al. [309]. Table 37 lists the recommended cross sections: these are taken
from the work of Tyndall et al. [309] between 190 and 350 nm (unchanged from the previous recommendation), and
from Roehl et al. [259] beyond 350 nm.
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ThequantumyieldfortheprimaryphotolyticprocesshasbeenreviewedbyCalvertandPitts[47].It isunity
overtheentirevisibleandnear-ultravioletbands.

Table37.AbsorptionCrossSectionsofCINO

1020er _, 1020_ _, 1020_ _ 1020o"
(nm) (cm2) (nm) (cm2) (nm) (cm2) (nm) (cm2)

190 4320 246 45.2 302 10.3 370 11.0
192 5340 248 37.7 304 10.5 375 9.95
194 6150 250 31.7 306 10.8 380 8.86
196 6480 252 27.4 308 11.1 385 7.82
198 6310 254 23.7 310 il.5 390 6.86
200 5860 256 21.3 312 11.9 395 5.97
202 5250 258 19.0 314 12.2 400 5.13
204 4540 260 17.5 316 12.5 405 4.40
206 3840 262 16.5 318 13.0 410 3.83
208 3210 264 15.3 320 13.4 415 3.38
210 2630 266 14.4 322 13.6 420 2.89
212 2180 268 13.6 324 14.0 425 2.45
214 1760 270 12.9 326 14.3 430 2.21
216 1400 272 12.3 328 14.6 435 2.20
218 1110 274 11.8 330 14.7 440 2.20
220 896 276 11.3 332 14.9 445 2.07
222 707 278 10.7 334 15.1 450 1.87
224 552 280 10.6 336 15.3 455 1.79
226 436 282 10.2 338 15.3 460 1.95
228 339 284 9.99 340 15.2 465 2.25
230 266 286 9.84 342 15.3 470 2.50
232 212 288 9.71 344 15.1 475 2.61
234 164 290 9.64 346 15.1 480 2.53
236 120 292 9.63 348 14.9 485 2.33
238 101 294 9.69 350 14.2 490 2.07
240 82.5 296 9.71 355 13.6 495 1.78
242 67.2 298 9.89 360 12.9 500 1.50
244 55.2 300 10.0 365 12.0

CINO2 + hv --_ Products

The absorption cross sections of nitryl chloride, CINO2, have been measured between 230 and 330 nm by

Martin and Gareis [180], between 185 and 400 nm by Illies and Takacs [133], and between 270 and 370 nm by
Nelson and Johnston [226], and by Ganske et al. [96] between 200 and 370 nm. A major source of discrepancies in
the data results from the presence of impurities. Table 38 lists the recommended values, which are taken from
Ganske et al. Nelson and Johnston [226] report a value of one (within experimental error) for the quantum yield for

production of chlorine atoms; they also report a negligible quantum yield for the production of oxygen atoms.
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Table38. AbsorptionCrossSectionsofCINO2

_, 1020o X 1020o
(nm) (cm2) (nm) (cm2)

190 2690 290 17.3
200 468 300 14.9
210 320 310 12.1
220 339 320 8.87
230 226 330 5.84
240 133 340 3.54
250 90.6 350 2.04
260 61.3 360 1.15
270 35.3 370 0.69
280 22.0

CIONO + hv _ Products

Measurements in the near-ultraviolet of the cross sections of chlorine nitrite (CIONO) have been made by
Molina and Molina [200]. Their results are listed in Table 39. The characteristics of the spectrum and the
instability of CIONO strongly suggest that the quantum yield for decomposition is unity. The CI-O bond strength
is only about 20 kilocalories, so that chlorine atoms are likely photolysis products.

Table 39. Absorption Cross Sections of CIONO at 231 K

K 1020 o k 1020 o

(nm) (cm 2) (nm) (cm 2)

235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310

315

215.0
176.0
137.0
106.0
65.0
64.6
69.3
90.3
10.0
32.0
44.0
44.0
42.0
29.0
14.0
05.0
98.1

320 80.3
325 75.4
330 58.7
335 57.7
340 43.7
345 35.7
350 26.9
355 22.9
360 16.1
365 11.3
370 9.0
375 6.9
380 4.1
385 3.3
390 2.2
395 1.5
400 0.6
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CIONO2 + hv --* Products

The recommended cross sections are taken from the work of Burkholder et al. [38]; the values are listed in

Table 40, together with the parameters needed to compute their temperature dependency. These values are in very
good agreement with those reported by Molina and Molina [202], which provided the basis for the previous
recommendation, and which supersedes the earlier work of Rowland, Spencer, and Molina [263].

The identity of the primary photolytic fragments has been investigated by several groups. Smith et al. [287]
report O + CIONO as the most likely products, using end product analysis and steady-state photolysis. The results
of Chang et al. [52], who employed the "Very Low Pressure Photolysis" (VLPPh) technique, indicate that the
products are CI + NO 3. Adler-Golden and Wiesenfeld [2], using a flash photolysis atomic absorption technique, find

O-atoms to be the predominant photolysis product and report a quantum yield for CI-atom production of less than
4%. Marineili and Johnston [178] report a quantum yield for NO 3 production at 249 nm between 0.45 and 0.85,

with a most likely value of 0.55; they monitored NO3 by tunable dye-laser absorption at 662 nm. Margitan [173]
used atomic resonance fluorescence detection of O- and Cl-atoms and found the quantum yield at 266 and at 355 nm

to be 0.9 + 0.1 for CI-atom production and -0. I for O-atom production, with no discernible difference at the two
wavelengths. These results were confirmed by Knauth and Schindler [151], who used end-product analysis to infer

the quantum yields. Burrows et al. [44] report also C1 and NO 3 as the photolysis products at 254 nm, with a

quantum yield of unity within experimental error. In contrast, Nikolaisen et al. [228] report relative branching ratios
of 0.44 for production of CIO and NO2 and 0.56 for production of CI and NO 3 at wavelengths beyond 300 nm.
Minton et al. [ 196], Nelson et al. [225], and Moore et al. [213] measured comparable yields for these two channels at
193,248 and 308 nm, using a molecular beam technique.

The recommended quantum yield values for production ofCI + NO3 (t_l) and CIO + NO2 (¢P2) are given at
the bottom of Table 40 and are based on the work of Nelson et al. [2251, Moore et al. [213], Nickolaisen et al.

[228], and Ravishankara [248]. For wavelengths shorter than 308 nm the value of 01 is 0.6, and for 02 it is 0.4.

For longer wavelengths _1 increases linearly to 0.9 at 350 nm, with the corresponding decrease in _2 to 0.1. There
is no evidence for production of O + CIONO in the more recent work; the production of O-atoms reported in some of

the earlier studies might have resulted from decomposition of excited NO 3.

Recent work by Nickolaisen et al. [228] indicates that the photodissociation quantum yield is less than unity
at wavelengths longer than about 330 nm, because of the formation of a long-lived intermediate that might be
quenched under atmospheric conditions (a situation analogous to that of C120). Additional work is needed to address

these issues, which have potentially important atmospheric consequences.
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Table40.AbsorptionCrossSectionsof CIONO2

k 1020o(L,296) AI A2 X 1020_(_,296) AI A2

(nm) (cm2) (nm) (cm2)

196 310 9.90(-5) -8.38(-6) 316 1.07 5.07(-35 !.56(-5)
198 294 6.72(-5) -8.03(-6) 318 0.947 5.24(-3) 1.69(-5)
200 282 -5.34(-6) -7.64(-6) 320 0.831 5.40(-3) 1.84(-5)
202 277 -1.19(-4) -7.45(-6) 322 0.731 5,55(-3) 2.00(-5)
204 280 -2.60(-4) -7.50(-6) 324 0.647 5.68(-3) 2.18(-5)
206 288 -4.12(-4) -7.73(-6) 326 0.578 5.80(-35 2.36(-55
208 300 -5.62(-4) -8.05(-6) 328 0.518 5.88(-3) 2.54(-5)
210 314 -6.96(-4) -8.41(-6) 330 0.466 5.92(-3) 2.70(-5)
212 329 -8.04(-4) -8.75(-6) 332 0.420 5.92(-3) 2.84(-5)
214 339 -8.74(-4) -9.04(-6) 334 0.382 5.88(-3) 2.96(-5)
216 345 -9.03(-4) -9.24(-6) 336 0.351 5.80(-3) 3.(}5(-5)
218 341 -8.86(-4) -9.35(-6) 338 0.326 5.68(-3) 3.10(-5)
220 332 -8.28(-4) -9.38(-6) 340 0.302 5.51(-3) 3.II (-5)
222 314 -7.31(-4) -9.34(-6) 342 0.282 5.32(-3) 3.08(-5)
224 291 -6.04(-4) -9.24(-6) 344 0.264 5.07(-3) 2.96(-5)
226 264 -4.53(-4) -9.06(-6) 346 0.252 4.76(-3) 2.74(-5)
228 235 -2.88(-4) -8.77(-6) 348 0.243 4.39(-3) 2.42(-5)
230 208 -1.13(-4) -8.33(-6) 350 0.229 4.02(-3) 2.07(-5)
232 182 6.18(-5) -7.74(-6) 352 0.218 3.68(-3) 1.76(-5)
234 158 2.27(-4) -7.10(-6) 354 0.212 3.40(-35 1.50(-5)
236 138 3.72(-4) -6.52(-6) 356 0.205 3.15(-3) 1.27(-5)
238 120 4,91(-4) -6.14(-6) 358 0.203 2.92(-3) 1.06(-5)
240 105 5.86(-4) -5.98(-6) 360 0.200 2.70(-3) 8.59(-6)
242 91.9 6.64(-4) -6.04(-6) 362 0.190 2.47(-3) 6.38(-6)
244 8i.2 7.33(-4) -6.27(-6) 364 0.184 2.22(-3) 3.66(-6)
246 71.6 8.03(-4) -6.51(-6) 366 0.175 1.93(-3) 2.42(-7)
248 62.4 8.85(-4) -6.59(-6) 368 0.166 1.62(-3) -3.62(-6)
250 56.0 9.84(-4) -6.40(-6) 370 0.159 1.33(-3) -7.40(-6)
252 50.2 i.10(-3) -5.93(-6) 372 0.151 1.07(-3) -I .07(-5)
254 45.3 1.22(-3) -5.33(-6) 374 0.144 8.60(-4) -1.33(-5)
256 41.0 !.33(-3) -4.73(-6) 376 0.138 6.73(-4) -1.54(-5)
258 37.2 1.44(-3) -4.22(-6) 378 0.129 5,01(-4) -1.74(-5)
260 33.8 1.53(-3) -3.79(-6) 380 0.121 3,53(-4) -1.91(-5)
262 30.6 1.62(-3) -3.37(-6) 382 0.115 2.54(-4) -2.05(-5)
264 27.8 1.70(-3) -2.94(-6) 384 0.108 2.25(-4) -2.I I (-5)
266 25.2 1.78(-3) -2.48(-6) 386 0.103 2.62(-4) --2.11(-5)
268 22.7 1.86(-3) -2,00(-6) 388 0.0970 3.33(-4) -2.08(-5)
270 20.5 1.94(-3) -1.50(-6) 390 0.0909 4.10(-4) -2.05(-5)
272 18.5 2.02(-3) -1.01(-6) 392 0.0849 5.04(-4) -2.02(-5)
274 16.6 2.I i (-3) -4.84(-7) 394 0.0780 6.62(-4) -1.94(-5)
276 14.9 2.02(-3) 9.02(-8) 396 0.0740 8.95(-4) -1.79(-5)
278 13.3 2.29(-3) 6.72(-7) 398 0.0710 I.14(-3) -1.61(-5)
280 11.9 2.38(-3) 1.21(-6) 400 0.0638 1.38(-3) -1.42(-5)
282 10.5 2.47(-3) 1.72(-6) 402 0.0599 1.63 (-3) -1.20 (-5)
284 9.35 2.56 (-3) 2.21 (-6) 404 0.0568 1.96 (-3) -8.97 (-6)
286 8.26 2.66 (-35 2.68 (-6) 406 0.0513 2.36 (-35 -5.15 (-6)
288 7.24 2.75 (-3) 3.09 (-6) 408 0.0481 2.84 (-3) -6.64 (-7)
290 6.41 2.84 (-3) 3.41 (-6) 410 0.0444 3.38 (-3) 4.47 (-6)
292 5.50 2.95 (-3) 3.74 (-6) 412 0.0413 3.96 (-3) 1.00 (-5)
294 4.67 3,08 (-3) 4.27 (-6) 414 0.0373 4.56 (-3) 1.60 (-5)

Continued on next page

185



Table 40. (Continued)

_. 1020o(_.,296)

(nm) (cm 2)

Ai A2 _. 10200(k,296)

(nm) (cm 2)

AI A2

296 4.09 3.25 (-3) 5.13 (-6)
298 3.57 3.45 (-3) 6.23 (-6)

300 3.13 3.64 (-3) 7.36 (-6)
302 2.74 3.83 (-3) 8.38 (-6)
304 2.39 4.01 (-3) 9.30 (-6)
306 2.09 4.18 (-3) 1.02 (-5)
308 1.83 4.36 (-3) I. 11 (-5)
310 1.60 4.53 (-3) 1.20 (-5)
312 1.40 4.71 (-3) 1.30 (-5)
314 1.22 4.89 (-3) 1.42 (-5)

416 0.0356 5.22 (-3) 2.28 (-5)
418 0.0317 5.96 (-3) 3.07 (-5)

420 0.0316 6.70 (-3) 3.87 (-5)
422 0.0275 7.30 (-3) 4.58 (-5)
424 0.0242 7.82 (-3) 5.22 (-5)
426 0.0222 8.41 (-3) 5.95 (-5)
428 0.0207 9. I 1 (-3) 6.79 (-5)
430 0.0189 9.72 (-3) 7.52 (-5)
432 0.0188 9.96 (-3) 7.81 (-5)

o (_,, T) = o (L, 296) [1 + Ai (T - 296) + A2 (T - 296)21; T in K

Quantum yields: CIONO2 + hv _ CI + NO 3

_1 = 0.6

_i = 7-143xl0-3 _, (nm) - 1.60

_1 = 1.0

(_, < 308 nm)

(308 nm < _, < 364 nm)

(_, > 364 nm)

CIONO 2+hv _ CIO + NO 2

_2 = l -_1

Halocarbon Absorption Cross Sections and Quantum Yields

The primary process in the photodissociation of chlorinated hydrocarbons is well established: absorption of
ultraviolet radiation in the lowest frequency band is interpreted as an n-o* transition involving excitation to a
repulsive electronic state (antibonding in C-CI), which dissociates by breaking the carbon chlorine bond (Majer and
Simons [ 169]). As expected, the chlorofluoromethanes, which are a particular type of chlorinated hydrocarbons,
behave in this fashion (Sandorfy [270]). Hence, the quantum yield for photodissociation is expected to be unity for
these compounds. There are several studies that show specifically that this is the case for CF2CI2, CFC13, and

CCI4. These studies, which have been reviewed in CODATA I62], also indicate that at shorter wavelengths two
halogen atoms can be released simultaneously in the primary process.

The absorption cross sections for various other halocarbons not listed in this evaluation have also been
investigated: CHCI2F by Hubrich et al. [128]; CCIF3, CHCi3, CH2CI2, CH2CIF, CF3CH2CI, and CH3CH2CI

by Hubrich and Stuhl [127]; CHC! 3, CHFCI 2, C2HC13, and C2H3CI 3 by Robbins [256]; CH2C12 and CHCI3 by
Vanlaethem-Meuree et al. [314]; CHCI2F, CCIF2CH2CI, and CF3CH2CI by Green and Wayne [I 11]; and CH2Br 2

and CBrF2CF3 by Molina et al. [208]. Simon and co-workers have reported absorption cross section measurements

over the temperature range 295-210 K for various other halocarbons not listed here. These include the following:
CHCI 3, CH2CI 2, CHFCI2, and CF3CI by Simon et al. [283]. Orkin and Kasimovskaya [236] have measured cross

sections at 295 K for CHF2Br, CHFBrCF3, CH2BrCF3, and CHCIBrCF 3 in the wavelength range 190-320 nm.
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As before, the recommendation for the photodissociation quantum yield value is unity for all these species.
CF4 and C2F 6 do not have any absorptions at wavelengths longer than 105 and 120 nm, respectively (Sauvageau et

al. [271,272]; Inn, [ 135]); therefore, they are not expected to photodissociate until they reach the mesosphere.

CCI 4 + hv ---> Products

CCI3F (CFC-I1) + hv ---> Products

CCI2F2 (CFC-12) + hv ---> Products

Tables 41, 42, and 43 list the present recommendations for the cross sections of CCI4, CCI3F and CCI2F 2,

respectively. These data are given by the mean of the values reported by various groups, i.e., Hubrich et al. [ 128],
Hubrich and Stuhl [ 127], Vanlaethem-Meuree et al. [314, 315], and Green and Wayne [ I I t l, as well as those referred
to in earlier evaluations (CODATA [62]). Absorption cross sections tbr these species over the temperature range
295-210 K have also been reported by Simon et al. [283]. These results are in generally good agreement with the
present recommendations. Expressions for the temperature dependence of the CCI3F and CCI2F2 cross sections are
given at the bottom of Tables 42 and 43, respectively. These expressions are valid in the wavelength range of
maximum solar photodissociation, i.e., about 190-210 nm, but may not exactly reproduce the experimental

temperature dependences outside this wavelength range. However, J-value calculations should not be affected.

Table 41. Absorption Cross Sections of CCI 4

_, 1020 o L 1020 o

(nm) (cm 2) (nm) (cm 2)

174 995 218 21.8
176 1007 220 17.0
178 976 222 13.t)
180 772 224 9.61
182 589 226 7.19
184 450 228 5.49
186 318 230 4.07
188 218 232 3.01
190 144 234 2.16
192 98.9 236 1.51
194 74.4 238 1.13
196 68.2 240 I).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./)661
210 46.6 260 0.0253
212 39.7 265 0.0126

214 33.3 270 0.0061
216 27.2 275 0.0024
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Table42. AbsorptionCrossSectionsof CCI3F

_, 1020 o _,

(nm) (cm 2) (nm)

1020 o

(cm 2)

170 316 208 21.2
172 319 210 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
184 260 222 1.60
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

OT = o298 exp[ 1.0x 10-4(k - 184.9)(T-298)]

Where o298 = cross section at 298 K
_L : nm

T " temperature, K

Table 43. Absorption Cross Sections of CCI2F 2

k 1020 o _, 1020 o

(nm) (cm 2) (nm) _cm 2)

170 124 200 8.84
172 151 202 5.60
174 171 204 3.47
176 183 206 2.16
178 189 208 1.52
180 173 210 0.80
182 157 212 0.48
184 137 214 0.29
186 104 216 0.18
188 84.1 218 0.12
190 62.8 220 0.068
192 44.5 225 0.022
194 30.6 230 0.0055
196 20.8 235 0.0016
198 13.2 240 0.00029

OT = o298 exp[4. I x /0-4(2_- 184.9)(T-298)1

Where o298 = cross section at 298 K
• nm

T : temperature, K
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CF2CICFCI2 (CFC-113) + hv -_ Products

CF2CICF2C! (CFC-114) + hv --> Products

CF3CF2CI (CFC-115) + hv ---> Products

The recommended absorption cross section values for these species at 295 K and at 210 K are presented in
Table 44, and are taken from Simon et al. [284]. These values are in good agreement with those reported by Hubrich
and Stuhl [127], who also carried out measurements at lower temperatures. They are also in good agreement with
the data of Chou et al. [58], except that these authors report cross section values tbr CF3CF2CI that are about 50%

higher. Also, for this species the temperature dependency is unimportant in the wavelength range of interest.

Table 44. Absorption Cross Sections for CF2CICFCI2, CF2CICF2CI and CF3CF2CI

X

(nm)

1020 o(cm 2)

CF2CICFC12 CF2CICF2CI CF3CF2CI

295 K 210 K 295 K 210 K 295 K

172 69 69
174 55 55
176 43 43
178 34 34
180 26 26
182 19.8 19.8
184 118 118 15.0 15.0
186 104 104 11.0 11.0
188 83.5 83.5 7.80 7.72
190 64.5 64.5 5.35 5.03
192 48.8 48.8 3.70 3.28
194 36.0 36.0 2.56 2.13
196 26.0 24.3 1.75 1.39
198 18.3 15.9 1.20 0.88
200 12.5 I0.1 0.80 0.55
202 8.60 6.54 0.54 0.34
204 5.80 4.09 0.37 0.22
206 4.00 2.66 0.24 0.13
208 2.65 1.68 0.16 0.084
210 1.8 1.12 0.104 0.051
212 1.15 0.696 0.068 0.03 I
214 0.760 0.452 0.044 0.020
216 0.505 0.298 0.029 0.012
218 0.318 0.184 0.019 0.007
220 0.220 0.125 0.012 0.004
222 0.145 0.081
224 0.095 0.053
226 0.063 0.034

228 0.041 0.022
230 0.027 0.014

5.65
4.05
2.85
2.05
1.45
1.05
0.75
0.53
0.38
0.27
0.19
0.13
0.090
0.063
O.044
0.031
0.021
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CCI20 + hv --_Products,CCIFO+ hv -_ Products,and CF20 + hv ---> Products

The recommended absorption cross sections are listed in Table 45, as averages over the 500 cm- I intervals

commonly employed for atmospheric modeling (the wavelength given in the table is the center of the interval). The
values for CCI20 are based on the work of Gillotay et al. [105], who measured the cross sections between 170 and

320 nm at temperatures ranging from 210 to 295 K; the temperature effect is significant only at wavelengths longer
than 250 nm. These cross section values are in good agreement with those recommended earlier, which were based
on the data of Chou et al. [57]. For CCIFO the recommended values are based on this latter work between 184 and

199 nm, and they are taken from the work of N611e et al. [231 ] at the longer wavelengths. These workers measured
the cross sections at temperatures ranging from 223 to 298 K; the temperature effect is not important for

atmospheric photodissociation calculations, as is the case with CC120. For CF20 the cross section values are taken
from Molina and Molina [204] between 184 and 199 nm, and from N611e et al. [232] at the longer wavelengths.
These authors measured the cross sections at 296 K between 200 and 230 nm.

The photodissociation quantum yield for CCI20 is unity (Calvert and Pitts [47]); the spectrum is a

continuum. Similarly, the quantum yield for CCIFO is taken as unity; the spectrum shows little structure. In
contrast, the CF20 spectrum is highly structured.Nnevertheless, its photodissociation quantum yield is also taken as

unity, as reported by NOlle et al. [232]. The self-reaction of the CFO photodissociation product regenerates CF20,

and hence the apparent quantum yield is less than unity.

Table 45. Absorption Cross Sections of CCI20, CCIFO and CF20 at 298 K

1020 _3/cm2 )

(nm) CCI20 CCIFO CF20

184.4 234
186.0 186 15.6 5.5
187.8 146 14.0 4.8
189.6 I 16 13.4 4.2
191.4 90.3 12.9 3.7
193.2 71.5 12.7 3.1
195.1 52.4 12.5 2.6
197.0 39.3 12.4 2. I
199.0 31.2 12.3 1.6
201.0 25.2 12.5 1.3

203.0 20.9 12.0 0.95
205.1 17.9 11.5 0.74
207.3 15.8 10.8 0.52
209.4 14.3 9.9 0.40
21 ! .6 13.3 9.0 0.28
213.9 12.6 7.9 0.20
216.2 12.3 6.8 0.12
218.6 12.2 5.8 0.08
221.0 12.2 4.8 0.049
223.5 12.4 3.8 0.035
225.7 12.7 2.9 0.024
228.6 13.1 2.2 0.018
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CF3OH + hv --> Products

An upper limit of 10 -21 cm 2 has been determined experimentally by Molina and Molina [207] for the

absorption cross sections of CF3OH in the 190 - 300 nm wavelength range. This upper limit is in agreement with
estimates based on similarities between CF3OH and CH3OH, as well as with quantum chemistry calculations, as

reported by Schneider et al. I275].

CH3Ci + hv --> Products

The preferred absorption cross sections, listed in Table 46, are those given by Vanlaethem-Meuree et al. [314].
These values are in very good agreement with those reported by Robbins [255] at 298 K, as well as with those given
by Hubrich et al, [128] at 298 K and 208 K, if the temperature trend is taken into consideration. The results recently
reported by Simon et al. [283] over the temperature range 295-210 K are in excellent agreement with the present
recommendation.

Table 46. Absorption Cross Sections of CH3CI

1020 _(cm 2)
7_

(nm_) 296 K 279 K
255 K

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.(19 1.09 1.09
204 0.691 0.691 0.691
206 0.483 0.475 0.469
208 0.321 0.301 {).286
210 0.206 0.189 0.172
212 (}.132 0.121 0.102
214 0.088 0.074 0.059
2 !6 0.060 0.048 0.033

CH3CCI 3 + hv --_ Products

The absorption cross sections have been measured by Robbins [256], Vanlaethem-Meuree et al. [316],
Hubrich and Stuhl [127], and Nayak et al. [222]. Hubrich and Stuhl corrected the results to account for the presence
of a UV-absorbing stabilizer in their samples, a correction that might account for the rather large discrepancy with
the other three sets of measurements, that are in good agreement with each other. The recommended values are taken
from Vanlaethem-Meuree et al. [316], who report values at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm,
and in a separate table at wavelengths corresponding to the wavenumber intervals generally used in stratospheric
photodissociation calculations. Table 47 lists the values at 210 K, 250 K and 295 K, every 5 nm, the odd
wavelength values were computed by linear interpolation. These values agree within 10% with those reported by
Nayak et al. at the atmospherically relevant 200-210 nm wavelength range; these authors carried out measurements
between 160 and 260 nm, from 220 to 330 K.
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Table 47. Absorption Cross Sections of CH3CCI 3

1020 o(cm 2)

295 K 250 K 210 K

185 265 265 265
190 192 192 192
200 81.0 81.0 81.0
205 46.0 44.0 42.3
210 24.0 21.6 19.8
215 10.3 8.67 7.47
220 4.15 3.42 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

CHCIF2 (HCFC-22) + hv --_ Products

The absorption cross sections of CHCIF2 (HCFC-22) have been measured at room temperature by Robbins
and Stolarski [257] and by Chou et al. [59], at 208 K and 218 K by Hubrich et al. [128], and between 210 and 295 K
by Simon et al. [283]. The agreement between these groups is reasonable. The preferred absorption cross sections,
listed in Table 48, are taken from work of Simon et al. Photolysis of CHCIF 2 is rather unimportant throughout the

atmosphere: reaction with OH radicals is the dominant destruction process.

Table 48. Absorption Cross Sections of CHCIF 2

1020er (cm 2)

L (nm) 295 K 270 K 250 K 230 K 210 K

174 5.72 5.72 5.72 5.72 5.72
176 4.04 4.04 4.04 4.04 4.04
178 2.76 2.76 2.76 2.76 2.76
180 !.91 1.91 1.91 1.91 1.91
182 1.28 1.28 1.28 1.28 1.28
184 0.842 0.842 0.842 0.842 0.842
186 0.576 0.576 0.576 0.576 0.576

188 0.372 0.372 0.372 0.372 0.372
190 0.245 0.245 0.245 0.245 0.242
192 0.156 0.156 0.156 0.152 0.148
194 0.103 0.102 0.099 0.096 0.093
196 0.072 0.069 0.067 0.064 0.062
298 0.048 0.045 0.043 0.041 0.039
200 0.032 0.029 0.029 0.0259 0.0159
202 0.0220 0.0192 0.0184 0.0169 0.0159
204 0.0142 0.0121 0.0114 0.0104 0.0096
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CH3CF2CI (HCFC-142b) + hv ---> Products

The preferred absorption cross sections at 298 K, listed in Table 49, are the mean of the values reported by
Gillotay and Simon [103] and Orlando et al. [238] over the wavelength range where the agreement is better than a
factor of 2. At lower wavelengths the agreement is much better; e.g., at 200 nm the agreement is within 5%. Green
and Wayne [111 ] and Hubrich and Stuhl [127] have also measured the cross sections in the ranges 185-200 nm and
160-230 nm, respectively. The results of Green and Wayne are very different from the recommended value and were
not considered for this evaluation. The results of Hubrich and Stuhl (reported at 5 nm intervals) are in reasonable
agreement with the more recent studies of Gillotay and Simon and of Orlando et al. The temperature dependence of
the cross sections has been measured by Orlando et al. and by Gillotay and Simon, but it has not been included in
this evaluation.

CF3CHC! 2 (HCFC-123) + hv ---> Products

The preferred absorption cross sections at 298 K, listed in Table 49, are the mean of the values reported by

Gillotay and Simon [103] and Orlando et al. [238]. The agreement is quite good over the entire wavelength range.
The measurements by Green and Wayne [111] over the range 185-205 nm are in reasonable agreement with the
recommended values. The temperature dependence of the cross sections has been measured by Orlando et al. and by
Gillotay and Simon, but it is not included here. Recent work by Nayak et al. ([221] yields values that are in good
agreement (within 10%) with this recommendation.

CF3CHFCI (HCFC-124) + hv--> Products

The preferred values are the average of those reported by Orlando et al. [238] and Gillotay and Simon [ 102],
these being the only available sets of measurements between 190 and 230 nm. The data are listed in Table 49. The
temperature dependence of the cross section has been measured by both groups but has not been evaluated here. The
quantum yield for the dissociation to give CI atoms is expected to be unity.

CH3CFCI2 (HCFC-141b) + hv --> Products

The preferred absorption cross sections listed in Table 49 are taken from the work of Fahr et al. [86], who
investigated the spectrum at 298 K both for the gas and liquid phases. The agreement with the values reported by
Gillotay and Simon [103] is very good; it is not as good with the results of Talkudar et al. [299]. These last two
groups also report the temperature dependence of the cross sections down to 210 K.

CF3CF2CHC! 2 (HCFC-225ca) + hv ---> Products

CF2CICF2CHFCI (HCFC-225cb) + hv--> Products

Table 50 lists the absorption cross sections for these molecules at 298 K, taken from the work of Braun et al.
[28]. These values have been fitted with a mathematical expression for the wavelength range from 170 to 250 nm,
for each of the two molecules. The expressions are listed in the original publication. The authors also measured the
cross sections in the liquid phase.
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Table49.AbsorptionCrossSectionsofHydrochlorofluoroethanesat298K

1020o'(cm2)at298K
_, CH3CFCI2 CH3CF2CI CF3CHCI2 CF3CHFCI

(nm) ( 141b) (142b) (123) (124)

190 83.8 0.94 59.0 0.77
192 64.1 0.66 44.5 0.55
194 47.4 0.46 32.9 0.39
196 34.0 0.31 23.6 0.27
198 23.8 0.21 16.9 O. 18
200 16.4 0.14 I !.9 0.13
202 ! 1.1 0.09 8.3 0.086
204 7.4 0.061 5.7 0.060
206 4.9 0.039 4.0 0.040
208 3.2 0.026 2.7 0.027
210 2.1 0.017 1.8 0.019
212 1.4 0.010 !.3 0.012
214 0.89 0.007 0.87 0.008
216 0.57 0.004 0.61 0.006
218 0.37 0.003 0.40 0.004
220 0.24 0.002 0.28 0.003

Table 50. Absorption Cross Sections of CF3CF2CHCI2 and CF2CICF2CHFCI

i

1020 cr_cm 2)

_. CF3CF2CHCI2 CF2CICF2CHFCI

(nm) (225ca) (225cb)

160 269
165 197
170 t83

175 191
180 177
185 129
190 74
195 37
200 16
205 6.9
210 2.9
215 1.2
220 0.46
225 0.17
230 0.065
235 0.025
239 0.011

188
145
91
47
21

9.1
3.5
1.4
0.63
0.33
0.25
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The absorption cross sections of CH3OCI have been determined by Crowley et al. [75] and by Jungkamp et

al. [149]. The preferred cross sections, listed in Table 51, are the mean of the values reported by these two groups.
The agreement between the two sets of measurements is excellent at wavelengths longer than 250 nm; at the
maximum near 230 nm the results of Jungkamp et al. are about 15% smaller.

Table 51 Absorption Cross Sections of CH3OCI

21, 1020 O" _' 1020 _ _' 1020 t_

(am) ........ (cm.2) (nm) (cm 2) (rim) (cm 2)

230 14.9 290 1.32 350 0.662
232 15.4 292 1.34 352 0.611
2_ I5.7 294 1.35 354 0.574
236 15.9 296 t .37 356 0.529
238 15.8 298 1.40 358 0.482
240 15.5 300 i .43 360 0.445
242 14.9 302 1.45 362 0.411
244 14,2 304 1.47 364 0.389
246 13.2 306 ! .48 366 0.356

248 12.2 308 1.49 368 0.331
250 1 !. 1 310 1.49 370 0.298
252 9.96 312 1.48 372 0.273
254 8.86 314 1.47 374 0.246
256 7.77 316 1.46 376 0.225
258 6.80 318 1.43 378 0.209
261) 5.87 320 1.41 380 0.202
262 5.05 322 1.37 382 0.186
264 4.31 324 1.33 384 0.17
266 3.69 326 1.30 386 0.16
268 .... 328 1.24 388 0.15
270 2.71 330 1.20 390 0.13
272 2.35 332 1.14 392 0.14
274 2.06 334 i.09 394 0.13
276 1.83 336 ! .04
278 1,64 338 0.980
280 1.53 340 0.918
282 1.42 342 0.875
284 1.37 344 0.822
286 1.33 346 0.760

288 1.32 348 0.709

BrO + hv --+ Br + 0

The BrO radical has a banded spectrum in the 290-380 nm range. The strongest absorption feature is around
338 nm. The measured cross sections are both temperature- and resolution-dependent. As an example, the spectrum
measured by Wahner et al. [319] is shown in Figure 5. The bands are due to a vibrational progression in the A _-- X
system, and the location of the bands, along with the assignments and cross sections measured using 0.4 nm
resolution, are shown in Table 52. BrO is expected to dissociate upon light absorption. As a guide, the cross
sections averaged over 5 nm wavelength intervals are taken from the work of Cox et al. [73], and are listed in Table
53. These authors estimate a BrO lifetime against atmospheric photodissociation of -20 seconds at the earth's
surface, for a solar zenith angle of 30°.
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TheearlierBrOcrosssectionmeasurementswerecarriedoutmostlyaround 338 nm, and these have been

reviewed by CODATA ([61, 62]).

Table 52. Absorption Cross Sections at the Peak of Various
Bands in the A ¢-- X Spectrum of BrO

lO20 ¢l(cm 2)

v', v" Z, 298 K 223 K

/nm)

13,0 313.5 712 938
12,0 317.0 1010 1360
11,0 320.8 1180 1570
10,0 325.0 1130 1430
9,0 329.1 1130 1390

8,0 333.5 1210 1470
7,0 338.3 1550 1950
6,0 343.7 935 II!0
5,0 348.8 703 896
4,0 354.7 722 1050
3,0 360.4 264 344
2,0 367.7 145 154
1,0 374.5 90 96

Spectral resolution is 0.4 nm, fwhm.

Table 53. Absorption Cross Sections of BrO

_, 1020 _(cm 2)

(nm) average

300-305 200
305- 310 259
310-315 454
315- 320 391
320- 325 600
325- 330 753
330-335 628
335-340 589
340- 345 515
345- 350 399
350-355 228
355- 360 172

360- 365 161
365- 370 92

370- 375 51
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HOBr + _hv -oProdue_i!!i!:!i_i_iii!!!!_ii!i!iiiii!__:

The absorption spectrum of HOBr has been measured by Orlando and Burkholder [237], Deters et al. [84|,
Benter et ai. [20], and Rattigan et ai. [247]. The spectra cluster into two groups. Orlando and Burkholder, Deters et
al., and Benter et al. agree reasonably well between 240 and 400 nm and show a sharp decrease in cross section above
400 nm. In contrast, the cross sections of Rattigan et al. are roughly 50% larger between 300 and 400 nm. Their

spectrum also shows a pronounced absorption tail beyond 400 nm, leading to atmospheric photolysis rates for HOBr
that are about a factor of 3 larger than those derived from the other studies. The long-wavelength tail observed by
Rattigan et al. confirms the observations of Barnes et al. [ 16], who showed that laser photolysis of HOBr between
440-600 nm gives rise to OH fragments, implying the existence of weak HOBr absorption bands. The presence of a
weak band beyond 400 nm is attributable to the presence of a forbidden transition from the ground electronic state to
a triplet state predicted in ab initio calculations by Francisco et al. [91]. The differences in the spectral shapes are
probably attributable to impurities such as Br20 and Br2. However, these cannot entirely explain the large
differences in cross sections at the peaks of the absorption bands.

Because there is strong evidence in support of an absorption tail beyond 400 nm the recommendation (Table

54) is based on the study of Rattigan et al. The discrepancies in the measured cross sections between this work and
the other studies throughout the measured spectral range require the assignment of large uncertainties (see Table 5).

Additional work is required to resolve the significant discrepancies between the published spectra.
Benter et al. measured quantum yields for HOBr photolysis at 261 and 363 nm (the peaks of the strongest

absorption bands). The observed quantum yield for Br formation at 363 nm was greater than 0.95. HBr was not
detected as a photolysis product. As indicated above, the laser photofragment study of Barnes et al. also showed that
OH was the major photolysis product at wavelengths beyond 400 nm.

Table 54. Absorption Cross Sections of HOBr

_, (nm) k (nm) 1020 _ (cm21 _ (nm) 1020 c Icm 2)

240 6.7 330 I 1 420 1.3
245 5.2 335 11.5 425 I. !
250 6.7 340 12 430 0.9
255 9.9 345 12.3 435 0.8
260 14.1 350 12.5 440 0.7
265 18.9 355 12.2 445 0.7
270 23.9 360 11.6 450 0.7
275 28 365 10.7 455 0.7
280 30.4 370 9.6 460 0.6
285 30.8 375 8.4 465 0.5
290 28.7 380 7.4 470 0.5
295 25.2 385 6.2 475 0.4
300 20.9 390 5.1 480 0.3

305 16.8 395 4.1 485 0.3
310 13.8 400 3.3 490 0.2
315 ! 1.8 405 2.6 495 0.1
320 10.8 410 2.0 500 0.1
325 10,6 415 1.6 505 .05
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BrON02_ hv_ Products

The bromine nitrate cross sections have been measured at room temperature by Spencer and Rowland [290] in
the wavelength region 186-390 nm, and by Burkholder et al. [37] from 200-500 rim. The results from both studies
are in excellent agreement over the range of spectral overlap. The recommended cross sections (Table 55) are taken
from Burkholder et al.

The only study of photolysis products is that of Nickolaisen and Sander [227]. In that study, quantum yields
for the Br + NO 3 and BrO + NO 2 channels were measured using broadband photolysis in quartz (_.>200 nm) and

pyrex (_,>300 nm) reaction cells with the assumption that these were the only reaction pathways. The quantum
yields were _BrO+NO2 = 0.71 and _Br+NO3 = 0.29.

Table 55. Absorption Cross Sections of BrONO 2

_, i 020 o _, 1020 o K 1020 o

(nm) (_cm2) (nm) _cm2) (nm) (cm 2)

200 530 305
205 440 310
210 340 315
215 290 320
220 260 325
225 240 330
230 210 335
235 180 340
240 140 345
245 I00 350
250 75 355
255 55 360

260 42 365
265 35 370
270 31 375
275 28 380
280 26 385
285 24 390
290 22 395

295 20 400
300 17 405

15
13
12
10

9,3
8.4
7.8
7,2
6,8
6,3
5,8
5,4
4.9

4,4
3,9
3,4
3,0
2.6
2,2
2.0
1.7

410 1.6
415 1.4
420 1.3
425 1.3
430 1.2
435 !.1
440 1.1
445 !.0
450 0.91
455 0.80
460 0.70
465 0.59
470 0.49

475 0.38
480 0.29
485 0.22
490 0.14
495 0.086
500 0.041
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The recommended absorption cross sections are given by the expression listed at the bottom of Table 56,
which is take from the work of Maric et al. [176]. For convenience, some room temperature values are also listed in

the table. Hubinger and Nee [126] have also measured the cross sections at room temperature. Their results are in
excellent agreement with the recommended values.

Table 56. Absorption Cross Sections of BrCI at 298K

1o2O0

200 2,4
:2t0: ,:_ 4.0
220 : 5,4

_O 6.0
5.1
3.7
2.5
1.5

: 1.2
0.63
0.61
1_2
2.8
7,4
14.2

22,9
360 • 33.3
°370 38.7
380 38,5

390 34.7
400 28,2
410 21.9
420 16.9
430 I4,2
440 12.4
450 I !.1
460 9.6
470 8.0
480 6.8
490 5.0
500 3.8
510 3,1
520 2,3
530 i .5

540 0.96
550 0.76
560 0.31

o = 10-20 a0"5 {7.34 exp[--68.6t_(In -2--_/21 + 43.5 expl- 123.6o_(1n-_)2 ] + 11.2 expl-84.8ot(In -_ 12 ] }

. (318.8_
where 0_ = tanh/_/; L in am and Tin K; 200 nm<k< 600 nm; 300K> T> 195K.

\TJ
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CH3Br + hv --* Products

Table 57 lists the recommended absorption cross sections at 298 K, taken from Gillotay and Simon [100].
These authors measured the cross sections down to 210 K; for < 210 nm the temperature effect is negligible.
Molina et al. [208] and Robbins [255] have also measured the absorption cross sections for this molecule at room
temperature; the agreement among the three studies is very good.

Table 57. Absorption Cross Sections of CH3Br

_, 1020 o _, 1020 o

(nm) (cm 2) (nm) (cm 2)

190 44 230 15
192 53 232 12
194 62 234 9.9
196 69 236 7.6
198 76 238 5.9
200 79 240 4.5

202 80 242 3.3
204 79 244 2.5
206 77 246 !.8
208 73 248 1.3
210 67 250 0.96
212 61 252 0.69
214 56 254 0.49
216 49 256 0.34
218 44 258 0.23
220 38 260 0.16
222 32
224 28
226 23
228 19
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CHBr 3 + hv --_ Products

The absorption cross sections have been measured by Gillotay et al. [99] in the wavelength range from 190 to
310 rim, between 295 K and 240 K, and more recently by Moortgat et al. [215] in the 245 - 360 nm range at
temperatures between 296 K and 256 K; the agreement in the overlap region is excellent. The recommended cross
sections at room temperature are listed in Table 58. This new recommendation combines the two sets of values:
between 190 and 285 nm they are taken from Gillotay et al. and at longer wavelengths from Moortgat et al. Table
58 also lists an expression, taken from Moortgat et al., that yields the cross sections as a function of temperature for
wavelengths longer than 290 nm, the atmospherically important range. At these longer wavelengths the cross
sections are relatively small; the presence of impurities as well as optical artifacts arising, e.g., from adsorption of

CHBr 3 on the cell windows complicate the measurements. Hence, additional investigations of the spectra would be
useful.

Table 58. Absorption Cross Sections of CHBr 3 at 296 K

2L 1020 a _, 1020 t_ 9_ 1020 a

(nm) (cm 2) (nm) (cm 2) (nm) (cm 2)

190 399 248 194 306 0.298
192 360 250 174 308 0.226
194 351 252 158 310 0.171
196 366 254 136 312 0.127
198 393 256 116 314 0.0952
200 416 258 99 316 0.0712
202 433 260 83 318 0.0529
204 440 262 69 320 0.0390
206 445 264 57 322 0.0289
208 451 266 47 324 0.0215
210 468 268 38 326 0.0162
212 493 270 31 328 0.0121
214 524 272 25 330 0.0092
216 553 274 20 332 0.0069
218 574 276 16 334 0.0052
220 582 278 12 336 0.0040
222 578 280 9.9 338 0.0031
224 558 282 7.8 340 0.0024
226 527 284 6.1 342 0.0018
228 487 286 4.81 344 0.0013
230 441 288 3.75 346 0.0010
232 397 290 2.88 348 0.00080
234 362 292 2.22 350 0.00064
236 324 294 1.70 352 0.0(054
238 295 296 1.28 354 0.00046
240 273 298 0.951 356 0.00032
242 253 300 0.719 358 0.0(_)24
244 234 302 0.530 360 0.00017
246 214 304 0.394 362 0.0(X)I3

c(_,,T) = exp [(0.06183 - 0.000241 _,) (273 - T) - (2.376 + 0.14757 _,)]
Z,: nm; T: K; _: cm 2

290 nm< t_ < 340 nm; 210 K < T < 300 K
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CF3Br (Halon-1301)÷ hv _ Products

The preferred absorption cross sections at 298 K, listed in Table 59, are the mean of the values reported by
Gillotay and Simon [101] at 2 nm intervals and Burkholder et al. [40] at I nm intervals over the wavelength range
where the agreement is acceptable, i.e., better than 70%. At longer wavelengths Burkholder et al. [40] measure
larger values than those reported by Gillotay and Simon. Molina et al. [208] have also measured these cross
sections, which agree better with Gillotay and Simon. However, the agreement in the wavelength range 190-230 nm
among the three studies is excellent. More recently, Orkin and Kasimovskaya [236] measured the cross sections at
room temperature; their results are in good agreement with the recommended values over the wavelength region
relevant for atmospheric photodissociation, i.e., ~ 200-220 nm. The temperature dependence of the cross sections
has been measured by Gillotay and Simon as well as Burkholder et al. [40]. The agreement between these two
studies is poor. We have not evaluated the temperature dependence of the cross sections, and the readers are referred

to the original publications for this information. For all the bromotluoromethanes, photolysis is expected to cleave
the C-Br bond with unit quantum efficiency. Orkin and Kasimovskaya measured the cross sections in the
wavelength range 190-320 rim, at 295 K; their results agree with the recommendation.

CF2Br2 (Halon-1202) + hv--4 Products

The preferred absorption cross sections at 298 K, listed in Table 59, are the mean of the values reported by
Gillotay and Simon [101] at 2 nm intervals and Burkholder et al. [40] at 1 nm intervals over the wavelength range
where the agreement is no more than a factor of 2. At wavelengths longer than ~250 nm, Burkholder et al. [40]
measured cross sections larger than those reported by Gillotay and Simon [101] and Molina et al. [208]. The
discrepancy increases with wavelength and is more than a factor of 2 beyond 280 nm. However, the agreement
between all three measurements is acceptable below 250 nm. The values of Molina et al. agree with those of
Gillotay and Simon over the entire range of wavelengths. The temperature dependence of the cross sections has been
measured by Gillotay and Simon as well as Burkholder et al. [40]. The agreement between these two studies is poor.
Orkin and Kasimovskaya [236] measured the cross sections in the wavelength range 190-320 mn at 295 K; their

results agree with the recommended values.

The quantum yield tbr the dissociation of CF2Br2 has been measured to be unity at 206, 248 and 308 nm by

Molina and Molina [205], independent of pressure, in contrast to an earlier report by Walton [3231 that the quantum
yield at 265 nm decreases from unity when the system pressure is raised to 50 torr of CO2. Orkin and

Kasimovskaya [236] measured the cross sections in the wavelength range 190-320 nm, at 295 K; their results agree
with the recommendation.

CF2BrCF2Br (Haion-2402) + hv --_ Products

The preferred absorption cross sections at 298 K, listed in Table 59, are the mean of the values reported by
Gillotay et al. [104] at 2 nm intervals and Burkholder et al. [40] at 1 nm intervals over the wavelength range where
the agreement is acceptable, i.e., -70%. At longer wavelengths, Burkholder et al. [40] measured larger cross sections
than those measured by Gillotay et al. Molina et al. [208] have also measured these cross sections, and they agree
with the results of Gillotay et al. at longer wavelengths. The agreement between the three studies at wavelengths
shorter than 250 nm is good. The results of Robbins [256] and of Orkin and Kasimovskaya 12361 are in good
agreement with the recommended values.

The temperature dependence of the cross sections has been measured by Gillotay et al. and Burkholder et al.
The agreement between the two studies is poor at longer wavelengths. We have not evaluated the temperature
dependence of the cross section, and the readers are referred to the investigators for the information. Orkin and
Kasimovskaya measured the cross sections in the wavelength range 190-320 nm, at 295 K; their results agree with
the recommendation.
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Table 59. Absorption Cross Sections of CF2CIBr, CF2Br2, CF3Br, and CF2BrCF2Br at 298 K

1020 o(cm 2)

(nm) CF2C1Br CF2Br2 CF3Br CF2BrCF2Br

( 1211 ) (1202) ( 1301) (2402)

190 47 I 14 6.4
192 58 109 7.5
194 70 100 8.5
196 83 91 9.5
198 96 82 10.4
200 112 75 I 1.2
202 ! 18 72 i !.8
204 121 74 12.2
206 122 81 12.4
208 12 i 93 12.4
210 117 I I0 12.0
212 112 136 I 1.4
214 106 155 10.7
216 98 180 9.8
218 90 203 8.8
220 81 224 7.7
222 72 242 6.7
224 64 251 5.7
226 56 253 4.7
228 49 250 3.8
230 42 241 3. I
232 36 227 2.4
234 31 209 1.9
236 26 189 ! .4
238 22 168 1.1
240 18 147 0.81
242 15 126 0.59
244 12 106 0.43
246 10 88 0.31
248 8.0 73 0.22
250 6.5 59 0.16
252 5.1 47 0. i I
254 4.0 37 0.076
256 3.2 29 0.053
258 2.4 23 0.037
260 1.9 18 0.026
262 1.4 13 0.018
264 1.1 I0 0.012
266 0.84 7.6 0.009
268 0.63 5.7 0.006

270 0.48 4.2
272 0.36 3.1

109
114
119
122
124
124

124
120
117
il2
106
100
92
85
77
69
61
54
47
40
35
29
24
20
16
13
I!
8.4
6.7
5.2
4.1

3.1
2.3
1.8
1.3
0.95
0.71
0.53
0.39
0.28
0.21
0.16

Continued on next page...
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Table59.(Continued)

1020o(cm2)

(nm) CF2CIBr CF2Br2 CF3Br
(1211) (1202} (13017

CF2BrCF2Br

(2402)

274 0.27 2.2
276 0.20 1.6
278 0.15 1.2
280 0.1 0.89
282 0.079 0.65
284 0.058 0.48
286 0.043 0.34
288 0.031 0.24
290 0.18
292 0.13
294 0.096
296 0.068
298 O.O5O
300 0.036

0.11
O.082
[).060
0.044

CF2CIBr (Halon_1211) + hv _ Products

The preferred absorption cross sections at 298 K, listed in Table 59, are the mean of the values reported by
Gillotay and Simon [101] at 2 nm intervals and Burkholder et al. [40] at I nm intervals. Molina et al. [208],
Giolando et al. [106], and Orkin and Kasimovskaya [236] have also measured the cross sections at 5 nm and 10 nm
intervals, respectively. The agreement among all these studies is quite good.

The temperature dependence ot" the cross sections has been measured by Gillotay and Simon, as well as
Burkholder et al. The agreement between the two studies is poor. We have not evaluated the temperature

dependence of the cross section, and the readers are referred to the original publications for this information. Orkin
and Kasimovskaya measured the cross sections in the wavelength range 190-320 nm, at 295 K; their results agree
with the recommendation.

CF3I + hv --_ CF3 + I

Table 60 lists the recommended absorption cross sections: The 298 K values are the average of the data from
Solomon et al. [288] and Fahr et al. [87]. The fit of the temperature dependent data of Fahr et al. agrees with that of
Solomon et al. to better than 15% at all temperatures and wavelengths. The B values in the table are from Solomon
et al. The temperature effect is significant at the longer wavelengths: at 350 nm, the cross sections decrease by
about 30% at 253 K and by about 40% at 233 K, compared to the room temperature value. Waiters et al. [322] have
also measured the cross sections as a function of temperature at the atmospherically important wavelengths beyond
300 nm. The Fahr et al. values are about 18% higher than those of Waiters et al.; however, at the longer
wavelengths and lower temperatures (253 K) the disagreement is larger.
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Table60.AbsorptionCrossSectionsofCF31at298KandtemperaturecoefficientB*

X 1020o(298)Bx103 _, 10200(298)Bx103
(nm) (cm2) (K_l) (nm) (cm2) /K-l)

240 13.7 0.582 294 16.3 3.565
242 16.6 0.466 296 13.4 3.978
244 20.1 0.344 298 10.9 4.405
246 24.0 0.219 300 8.9 4.876
248 28.5 0.093 302 7.2 5.361
250 33.4 -0.042 304 5.8 5.806
252 38.8 -0.176 306 4.6 6.201
254 44.2 -0.304 308 3.7 6.542
256 49.6 -0.425 310 2.9 6.824
258 54.7 -0.530 312 2.3 7.045
260 59.5 -0.613 314 1.8 7.220
262 63.1 -0.670 316 1.5 7.355
264 65.9 -0.701 318 1.2 7.459
266 67.5 -0.696 320 0.93 7.531
268 67.6 -0.650 322 0.73 7.584
270 66.5 -0.568 324 0.56 7.670
272 64.4 -0.444 326 0.44 7.742
274 61.0 -0.271 328 0.34 7.777
276 56.9 -0.056 330 0.27 7.906
278 52.3 0.206 332 0.21 8.046
280 47.0 0.520 334 0.16 8.105
282 41.9 0.878 336 0.13 8.276
284 36.8 1.280 338 0.10 8.484
286 32.5 1.729 340 0.08 8.522
288 27.9 2.215 342 0.06 8.533
290 23.6 2.715 344 0.05 8.384
292 19.9 3.169

* o(X,T)=0(_L,298)exp[B(X)(T-298)];T inK

300K>T>210K

S02 + hv _ Products

The UV absorption spectrum of SO2 is highly structured, with a very weak absorption in the 340-390 nm

region, a weak absorption in the 260-340 nm region, and a strong absorption extending from 180 to 235 nm; the
threshold wavelength for photodissociation is -220 nm. The atmospheric photochemistry of SO2 has been reviewed

by Heicklen et al. [120] and by Calvert and Stockwell [48]. Direct photo-oxidation at wavelengths longer than ~300
nm by way of the electronically excited states of SO2 appears to be relatively unimportant.

The absorption cross sections have been measured by McGee and Burris [188] at 295 and 210 K, between 300
and 324 nm, which is the wavelength region commonly used for atmospheric monitoring of SO2. Manatt and Lane

[I 71] have recently compiled and evaluated the earlier cross section measurements between 106 and 403 nm.
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CS2 + hv ---> CS + S

The CS 2 absorption spectrum is rather complex. Its photochemistry has been reviewed by Okabe [234].

There are two distinct regions in 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 nm. Absorption
cross section measurements have been reported recently by Xu and Joens [331 ] between 187 and 230 nm.

The photo-oxidation of CS 2 in the atmosphere has been discussed by Wine et al. [327], who report that
electronically excited CS2 may react with 02 to yield eventually OCS.

OCS +hv _ CO+S

The absorption cross sections of OCS have been measured by Breckenridge and Taube [29], who presented
their 298 K results in graphical form, between 200 and 260 nm; by Rudolph and Inn [264] between 200 and -300
nm (see also Turco et al. [306]), at 297 and 195 K; by Leroy et al. [ 157 ] at 294 K, between 210 and 260 nm, using
photographic plates; and by Molina et al. [199] between 195 and 260 nm, in the 195 K to 403 K temperature range.
The results are in good agreement in the regions of overlap, except for 7_> 280 nm, where the cross section values
reported by Rudolph and Inn [264] are significantly larger than those reported by Molina et al. [I 991. The latter
authors concluded that solar photodissociation of OCS in the troposphere occurs only to a negligible extent.

The recommended cross sections, given in Table 61, are taken from Molina et al. [199]. (The original
publication also lists a table with cross section values averaged over I nm intervals, between 185 and 300 nm.)

Rudolph and Inn [264] reported a quantum yield tbr photodissociation of 0.72, based on measurements of the
quantum yield for CO production.in the 220-254 nm range. Additional measurements would be useful.

Table 61. Absorption Cross Sections of OCS

_, 1020¢y/cm2 ) _, 1020cr(cm 2 )
(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
189.6 3.75 2.50 233.9 17.1 14.0
191.4 2.21 1.61 236.7 12.5 9.72
193.2 1.79 1.53 239.5 8.54 6.24
195. l 1.94 1.84 242.5 5.61 3,89
197.0 2.48 2.44 245.4 3.51 2.29
199.0 3.30 3.30 248.5 2.11 1.29
201.0 4.48 4.50 251.6 1.21 0.679
203. I 6.12 6.17 254.6 0.674 0.353
205.1 8.19 8.27 258. I 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 0.0199
213.9 21.8 21.8 272.1 0.0248 0.0101
216.2 25.5 25.3 275.9 0.0119 0.0048
218.6 28.2 27.7 279.7 0.0584 0.0021
221.5 30.5 29.4 283.7 0.0264 0.0009
223.5 31.9 29.5 287.8 0.0012 0.0005
226.0 30.2 27.4 292.0 0.0005 0.0002

296.3 0.0002
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SF6 + hv --_ Products

The species SF6 does not absorb at wavelengths longer than 130 nm; it is expected to have an atmospheric
residence time of thousands of years (Ravishankara et al. [250]; Ko et al. [ 152]).

NaOH + hv ---> Na + OH

The spectrum of NaOH vapor is poorly characterized. Rowland and Makide [261] inferred the absorption cross
section values and the average solar photodissociation rate from the flame measurements of Daidoji [78]. Additional
measurements are required.

NaCI + hv --> Na + CI

There are several studies of the UV absorption spectra of NaCI vapor. For a review of the earlier work, which

was carried out at high temperatures, see Rowland and Rogers [262]. The recommended cross sections, listed in
Table 62, are taken from the work of Silver et al. [28 i ], who measured spectra of gas phase NaCI at room
temperature in the range from ~190 to 360 nm by directly monitoring the product Na atoms.

Table 62. Absorption Cross Sections of NaCI Vapor at 300 K

_.(nm) 1020_(_cm 2 )

189.7 612
193.4 556
203. I 148
205.3 90.6
2O5.9 89.6
210.3 73.6
216.3 151
218.7 46.3
225.2 146
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
291.8 0.8
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HETEROGENEOUS CHEMISTRY

We have evaluated and tabulated the currently available information on heterogeneous stratospheric
processes. In addition, because of the increasing level of interest in tropospheric processes with a direct bearing on
the fluxes of reactive species into the stratosphere, such as heterogeneous loss processes for partially oxidized
degradation products of hydrohalocarbons and heterogeneous contrail and cloud processing of exhaust species from
aircraft, we have included kinetic data for selected heterogeneous interactions relevant to modeling cloud droplet and
aqueous aerosol chemistry in the free troposphere. However, both stratospheric and tropospheric heterogeneous
chemistry are relatively new and rapidly developing fields, and further results can be expected to change our
quantitative and even our qualitative understanding on a regular basis. The complexity is compounded by the
difficulty of characterizing the chemical and physical properties of atmospheric heterogeneous surfaces and then
reproducing suitable simulations in the laboratory [99].

Surface Types

To a first approximation there are three major types of surfaces believed to be present at significant levels in
the stratosphere. They are: 1) Type I - polar stratospheric clouds (PSCs), nominally composed of nitric acid
trihydrate (HNO3 ° 3H20); 2) crystals of relatively pure water ice, designated as Type II PSCs because they form at

lower temperatures than Type I and are believed to be nucleated by Type I (similar surfaces may form as contrails
behind high-altitude aircraft under some stratospheric conditions); and 3) sulfuric acid aerosol, which is nominally a
liquid phase surface generally composed of 60 - 80 weight percent H2SO4 and, concomitantly, 40-20 weight percent

H20. While PSCs, as their name suggests, are formed primarily in the cold winter stratosphere at high latitudes,

sulfuric acid aerosol is present year round at all latitudes and may influence stratospheric chemistry on a global basis,
particularly after large injections of volcanic sulfur episodically increase their abundance and surface area. There is
also increasing evidence that ternary H2SO4/HNO3/H20 liquid solutions may play a significant role in PSC
formation.

In addition to the major stratospheric surface types noted above, several other types of heterogeneous
surfaces are found in the stratosphere and may play a significant role in some stratospheric processes. For instance,
recent laboratory work has indicated that nitric acid dihydrate (NAD) may play an important role in the nucleation of
Type I PSCs (Worsnop et al. [i 80]; Fox et al. [44]) and that mixtures of solid nitric acid hydrates and sulfuric acid
tetrahydrate (SAT) (Molina et al. [122]; Zhang et al. [I 88]) and/or a more complex sulfuric acid/nitric acid hydrate
(Fox et al. [44]) may also be key to understanding Type I PSC nucleation and evolution. Analyses of the range of
atmospheric conditions possible in the polar stratosphere have also led to interest in solid SAT surfaces and possibly
other forms of frozen sulfuric acid aerosols (Toon et al. [164]; Middlebrook et al. [117]), as well as liquid sulfuric
acid aerosols significantly more dilute than the 60-80 weight percent normally present at lower latitudes (Wolff and
Mulvaney [ 179]; Hofmann and Oltmans [77]; Toon et al. [164]). Some modeling studies also suggest that certain
types of major volcanic eruptions transport significant levels of sodium chloride into the stratosphere (Michelangeli
et ai. [116]), so studies of stratospheric trace species interacting with solid NaCI or similar salts, as well as salt
solutions, have also been included. Finally, aircraft and rocket exhausts contribute small but measurable amounts of
carbonaceous soot (Pueschel et al. [ 133]) and aluminized solid propellant rocket exhausts and spacecraft debris
produce increasing levels of alumina (AI203) and similar metal oxide particles (Zolensky et al. [I 89]) in the

stratosphere. In the free troposphere the primary heterogeneous surfaces of interest are liquid or solid water (cloud
droplets, contrails) or aqueous sulfate solutions representative of background aerosols.

The detailed composition and morphology of each surthce type are uncertain and probably subject to a
significant range of natural variability. Certain chemical and physical properties of these surfaces, such as their
ability to absorb and/or solvate HCI and HNO3, are known to be strongly dependent on their detailed chemical

composition. Moreover, most heterogeneous processes studied under laboratory conditions (and in some cases
proceeding under stratospheric conditions) can change the chemical composition of the surface in ways that
significantly affect the kinetic or thermodynamic processes of interest. Thus, a careful analysis of the time-dependent
nature of the active surface is required in the evaluation of measured uptake kinetics experiments. Experimental
techniques which allow the measurement of mass accommodation or surface reaction kinetics with high time
resolution and/or with low trace gas fluxes are often more credible in establishing that measured kinetic parameters
are not seriously compromised by surface saturation or changing surface chemical composition.

The measured kinetic uptake parameters, mass accommodation coefficients, and surface reaction
probabilities are separately documented for relevant atmospheric trace gas species for the major and, where available,
the minor stratospheric surfaces noted above. Since these parameters can vary significantly with surface composition
(e.g., the H2SO4/H20 ratio for sulfate aerosol or the HNO3/H20 ratio tbr Type I PSC) the dependence of these

parameters on surface composition is reviewed where sufficient data are available. Furthermore, data are also
compiled for liquid water for several reasons. First, this surface is one asymptote of the H2SO4/H20 aerosol con-
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tinuum;second,theinteractionsofsometracespecieswithliquidwaterandwaterice(TypeII PSC)surfacesare
oftensimilar;andthird,theuptakeofsometracespeciesbywatersurfacesinthetropospherecanplayakeyrolein
understandingtheirtroposphericchemicallifetimesand,thus,thefractionthatmaybetransportedintothe
stratosphere.

Surface Porosity

The experimental techniques utilized to measure mass accommodation, heterogeneous reaction, and other
uptake coefficients generally require knowledge of the surface area under study. For solid surfaces, and most
particularly for water and acid ice surfaces formed in situ, the determination of how the molecular scale ice surface
differs from the geometrical surface of the supporting substrate is not easy. Keyser, Leu, and coworkers have
investigated the structure of water and nitric acid ice films prepared under conditions similar to those used in their
flow reactor for uptake studies (Keyser et al. [97]; Keyser and Leu [95]; Keyser and Leu [94]). They have
demonstrated that ice films grown in situ from the vapor can have a considerably larger available surface than that
represented by the geometry of the substrate; they have also developed a simple model to attempt to correct
measured uptake rates for this effect (Keyser et al. [97]; Keyser et al. [96]). This model predicts that correction fac-
tors are largest for small uptake coefficients and thick films. The application of the model to experimental uptake
data remains controversial (Keyser et al. [96]; Hanson and Ravishakara [71]; Kolb et al. [99]). Some experimenters
prefer to attempt growing ice surfaces as smooth as possible and to demonstrate that their measured uptake co-
efficients are only weakly dependent on surface thickness (Hanson and Ravishankara, [68]). Similar issues arise for
uptake experiments performed on powered, fused and single crystal salt or oxide surfaces (Fenter et al.[41]; Hanning-
Lee et al. [57]). The degree to which measured uptake parameters must be corrected for porosity effects will remain

in some doubt until a method is devised for accurately determining the effective surface area for the surfaces actually
used in uptake studies. Most studies evaluated in this review assume that the effective ice or salt surface area is the
geometrical area.

Temperature Dependence

A number of laboratory studies have shown that mass accommodation coefficients and, to some extent,
surface reaction probabilities can be temperature dependent. While these dependencies have not been characterized for
many systems of interest, temperature effects on kinetic data are noted where available. More work that fully
separates heterogeneous kinetic temperature effects from temperature controlled surface composition is obviously
needed.

Solubility Limitations

Experimental data on the uptake of some trace gases by various stratospherically relevant surfaces can be
shown to be governed by solubility limitations rather than kinetic processes. In these cases properly analyzed data
can yield measurements of trace gas solubility parameters relevant to stratospheric conditions. In general, such
parameters can be strongly dependent on both condensed phase composition and temperature. Such parameters may
be very important in stratospheric models, since they can govern the availability of a reactant for a bimolecular
heterogeneous process (e.g., the concentration of HCI available for the HCI + CIONO2 reaction on sulfuric acid

aerosols) or the gas/condensed phase partitioning of a heterogeneous reaction product (e.g., the HNO 3 tbrmed by the

reaction of N205 on sulfuric acid aerosols).

Data Organization

Data for trace gas heterogenous interactions with relevant condensed phase surfaces are tabulated in Tables
63, 64, and 65. These are organized into:

Table 63 - Mass Accommodation Coefficients

Table 64 - Surface Reaction Probabilities

Table 65 - Solubility Data

218



Parameter Definitions

Mass accommodation coefficients (_z), represen.t the probability of reversible uptake of a gaseous species

colliding with the condensed surface of interest. For liquid surfaces this process is associated with interfacial (gas-to-

liquid) transport and is generally followed by bulk liquid phase solvation. Examples include: simple surface

absorption, absorption followed by ionic dissociation and solvation (e.g., HC1 + nH20 _ H+(aq) + C1- (aq)), and

absorption followed by a reversible chemical reaction with a condensed phase substituent (e.g., SO2 + H20 _ H + +

HSO3- or CH20 + H20 _ CH2(OH)2).

The term "sticking coefficient" is often used tbr mass accommodation on solid surfaces where physisorption
or chemisorption takes the place of true interfacial mass transport.

Processes involving liquid surfaces are subject to Henry's law, which limits the fractional uptake of a gas
phase species into a liquid. If the gas phase species is simply solvated, a physical Henry's law constraint holds; if
the gas phase species reacts with a condensed phase substituent, as in the sulfur dioxide or formaldehyde hydrolysis
cases noted above, a "chemically modified" or "effective" Henry's law constraint holds (Clegg and Brimblecombe
[26]; Schwartz [ 149]; Watson et al. [174]). Henry's law constants relate the equilibrium concentration of a species in

the gas phase to the concentration of the same species in a liquid phase, and they have, in this report, units of M

atm -I . These are tabulated for liquid surfaces in Table 65. Effective Henry's law constants are designated H*, while

simple physical Henry's law constants are represented by H. Effective Henry's law constants are also employed to
represent decreased trace gas solubilities in moderate ionic strength acid or salt solutions with the use of a Setchenow
coefficient formulation which relates H* to the concentration of the acid or salt [81 ]. It is presently unclear whether
"surface solubility" effects govern the uptake on nominally solid water ice or HNO3/H20 ice surfaces in a manner

analogous to bulk solubility effects for liquid substrates.
For some trace species on some surfaces, experimental data suggest that mass accommodation coefficients

untainted by experimental saturation limitations have been obtained. These are tabulated in Table 63. In other cases
experimental data can be shown to be subject to Henry's law constraints, and Henry's law constants, or at least their
upper limits, can be determined. Some experimental data sets are insufficient to determine if measured "uptake"
coefficients are true accommodation coefficients or if the measurement values are lower limits compromised by
saturation effects. These are currently tabulated, with suitable caveats, in Table 63.

Surface reaction probabilities (g) are kinetic values for generally irreversible reactive uptake of trace gas

species on condensed surfaces. Such processes may not be rate limited by Henry's law constraints; however, the

fate of the uptake reaction products may be subject to saturation limitations. For example, N205 has been shown to

react with sulfuric acid aerosol surfaces. However, if the H2SO4/H20 ratio is too high, the product HNO3 will be

insoluble, and a large fraction will be expelled back into the gas phase. Surface reaction probabilities/br
substantially irreversible processes are presented in Table 64. Reaction products are identified where known..

The total experimental uptake coefficient measured in laboratory heterogeneous kinetic experiments are also
often symbolized by the symbol y. In those cases where surface and/or bulk reaction dominate the uptake, the total

uptake coefficient C/total) and reactive uptake coefficient 0'rxn) may well be identical. More formally, for cases

where bulk liquid phase reaction is facile and there are no gas phase diffusion constraints, the total uptake coefficient

can be approximated in terms of grxn and 7so I as [991:

where

1 l l
- +

a + Yrxn7total 7sol

_' tel/2sol

and
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4HRT (Okrxn)l/2
Yrxn - c

where t is the time the trace gas is exposed to the liquid surface, R is the gas constant, D is the liquid phase diffusion

coefficient, and _ is the mean trace gas molecular speed. In the limit of low solubility or long exposure time )'sol

becomes negligible and:

1 1 1
- +

)'total a )' rxn

Discussion of how to use this approach to model chemical reactions in liquid stratospheric aerosols can be
found in Hanson et al. [74] and Kolb et al. [99]. Note that these formulations are approximate. In cases where

separate terms are competitive, more rigorous solution of kinetic differential operations may be appropriate.
For solid surfaces, bulk diffusion is generally too slow to allow bulk solubility or bulk kinetic processes to

dominate uptake. For solids, reactive uptake is driven by chemisorption/chemical reaction at the interface, a process

that can also influence trace gas uptake on liquids. In these cases surface reaction ()'surf) occurs in parallel, rather
than in series with mass accommodation, thus:

)'total = )'surf + + Ysol + Yrxn

Examples where this more complex situation holds for liquid surfaces can be found in Hu et al. [78] and Jayne et
a1.[88]. In such cases )' may be significantly larger than a.

The data in Tables 63 and 64 are organized by trace gas species, since some systematic variation may be
expected for surface accommodation or reaction as the surface composition and/or phase is varied. Data presented for
one surface may be judged for "reasonableness" by comparing with data for a "similar" surface. In some cases it is
not yet clear if surface uptake is truly reversible (accommodation) or irreversibly reactive in nature. In such cases the
available uptake coefficients are generally tabulated in Table 63 as accommodation coefficients, a judgment yhat will
be subject to change if more definitive data become available.

Where a specific evaluated value for an accommodation coefficient or reaction probability has been obtained,
an estimated uncertainty factor is also tabulated. However, when the data evaluation yielded only a lower or upper
limit, no uncertainty factor can be reliably estimated and none is presented.

Description of and reference citations to many of the laboratory techniques used to obtain the data in the
following three tables can be found in Kolb et al. [99].
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Table63.MassAccommodationCoefficients(00

Gaseous
Species

Surface
Type

Surface Uncertainty
Composition T(K) o_ Factor Notes

O

03

OH

HO2

H20

H202

NO

Sulfuric Acid

Water Ice

Liquid Water
Nitric Acid Ice

Sulfuric Acid

H2SO4 ° nH20(I)

(97 wt.% H2SO4) 298 See Note 1

H20(s) 195-262 >0.04 2

H20(I) 292 >2 x 10-3:1: 3

HNO3 ° 3H20(s) 195 2.5 x 10 -41: 3 2

H2SO4 • nH20(I)

(50 wt.% H2SO4) 195 See Note 4

(97 wt.% H2SO 4) 196 See Note 4

H  s)2o5-253 >0;l
Liquid Water H20(I) 275 >4 x !0-3

Sulfuric Acid H2SO 4 • nH20(I)

(28 wt.% H2SO4) 275 >0.07
(97 wt.% H2SO4) 298 >5 x 10-4:]:

Alumina AI203(s) 253-348 0.04 5 8

Liquid Water H20(I) 275 > 0.02 9
Aqueous Salts NH4HSO4(aq) 293 > 0.2 9

and LiNO3(aq)

Sodium Chloride NaCl(s)

Pot_si_ _oride KCI_S)295: 2x10_ 2 5 ]0

Water Ice H20(s) 200 0.5

_,nH200) ...... 278 >0:3

Nitric Acid Ice HNO3 ° 3H20(s) 197 See Note

Sulfuric Acid H2SO4 ° nH20
(96 wt.% H2SO 4) 298 > 2 x 10-3:1:

-298 See Note

!1

13

14

15
16

Liquid Water H20(1) 273 0.18*

Sulfuric Acid H2SO 4 • nH20(I)
(96 wt.% H2SO4) 298 > 8 x 10-4:_

18

19

Water Ice H20(s) 195 See Note

Sulfuric Acid H2SO 4 • nil2 O See Note
(70 wt.% H2SO4) 193-243 See Note

(97 wt.% H2SO 4) 298 See Note

20

21

21
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Table63.(Continued)

Gaseous Surface Surface Uncertainty
Species Type Composition T_K} o_ Factor Notes

NO2 Water Ice H20(s) 195 See Note 22

HNO3 Water Ice

Liquid Water
Nitric Acid Ice

Sulfuric Acid

H20(s) 200 0.3

H20(I) 268 0.2*
HNO: 19 ! -200 0.4

0.6
H2SO4 ° nH20(l)
(57.7 wt.% H2SO4) 191-200 >0.3
(73 wt.% H2SO4) 283 0. I

(75 wt.% H2SO4) 230 >2 x 10-3

(97 wt.% H2SO4) 295 >2.4 x 10 -3

Sulfuric Acid H2SO4 • 4 H20(s) -192 >0.02*

Tetrahydrate

HO2NO2 Water Ice H20(s) "200 0. ! :1:

Sulfuric Acid H2SO4 • nH20(I)

(97 wt.% H2SO4) 298 See Note

..............: ::::_:: _ :: :::::::: :::: :::: :: ::: : H200) 0

CH3OH Liquid Water H20(I)

CH3CH2OH Liquid Water H20(I)

CH3CH2CH2OH Liquid Water H20(I)

CH3CH(OH)CH 3 Liquid Water H20(1)

HOCH2CH2OH Liquid Water H20(I)

CH20

:_H302 : :

CH3CHO Liquid Water H20(I)

CH3C(O)CH3 Liquid Water H20(I)

HC(O)OH Liquid Water H20(I)

CH3C(O)OH Liquid Water H20(I)

260-291 0.12-0.02*

260-291 0.13-0.02*

260-291 0.08-0.02*

260-291 0.10-0.02"

260-291 0.13-0.04*

3 24

2 25

2 26

Liquid Water H20(1)
Sulfuric Acid H2SO4 ° nH20(I)

_ NaCl(s)296 >4x 10_3:

28

2 28

28

28

28

3 29

30

2

2

2

2

2

32

33

34

35

35

36

2_270 3:37

38

267 >0.03* 39

260-285 0.07-0.01 * 2 40

260-291 0.10-0.02" 2 41

260-291 0.15-0.03" 2 42
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Table63.(Continued)
Gaseous Surface Surface

Species Type Composition T(K)

Uncertainty
Factor Notes

CI2 Water Ice H20(s)

OCIO Water Ice H20(s)

HCI Water Ice

Liquid Water
Nitric Acid Ice

Sulfuric Acid

CC120

CCI3CC10

HBr

HOBr

CHBr3

HF

CF20

Sulfuric Acid

Tetrahydrate

Liquid Water

Liquid Water

Water Ice

Nitric Acid Ice

Sulfuric Acid

Water Ice

Sulfuric Acid

Water Ice

Nitric Acid Ice

Water Ice

Liquid Water
Nitric Acid Ice

Sulfuric Acid

CF3CFO

CF3COOH

CF3CCIO

SO2

Liquid Water

Liquid Water

Liquid Water

Liquid Water
Sulfuric Acid

200 See Note

100,i89, See Note

200

H20(s) 191- 211 0.3

H20(I) 274 0.2*

HNO3 • 3H20(s) 191- 211 0.3

H2SO 4 ° nH20(I) 283 0.15*

(n>8, <40 wt.% H2SO4) 218 >0.005*

(n<8, >40 wt.% H2SO4)

H2SO4 • 4H20(s)

H20(1)

H20(I)

H20(s)

HNO3 ° 3H20(s)

H2SO 4 in H20(I)

(58 wt. % H2SO4)

H20(I)

H2SO 4 ° nH20(l)

(97 wt.% H2SO4)

H20(s)

HNO 3 • 3H20(s )

H20(s)

H20(I)

HNO3 " 3H20(s)

H2SO 4 • nH20(l)

(40 wt.% H2SO4)

(60 wt.% H2SO4)

H2o0)

H20(I)

H20(1)

H20(I)

H2SO4 ° nH20(I)

(97 wt.% H2SO4)
C(s)

(No data - all measurements

limited by HCI solubility)

192-201 See Note

260-290 See Note

260-290 See Note

200 > 0.2

200 > 0.3

-228 >0.05_t

43

220 See Note

220 >3 x i0 -3:_

200 See Note

200 See Note

192 See Note

260-290 See Note

192 See Note

215-230

>3 x 10-6:1:

>6 x 10-55

260-290 See Note

263-288 0.2-0. I *

260-290 See Note

260-292 0. I 1

298 See Note
298 3 x 10" 3

3 45

2 46

3 47

2 48

49

50

50

51

52

53

53

54

54

55

50

55

55

55

50

2 56

50

2 57

58

5 59
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Table63.(Continued)

Gaseous Surface Surface Uncertainty

Species Type Composition T(K) ot Factor Notes

CH3S(O)CH 3 Liquid Water H20(I) 262-281 0.16-0.08" 2 60

CH3S(O2)CH 3 Liquid Water H20(l) 262-281 0.27-0.08* 2 60

CH3S(O2)OH Liquid Water H20(1 ) 264-278 0.17-0. I i * 2 60

*Varies with T, see Notes

:l:May be affected by surface saturation

I.

.

.

.

.

.

Notes to Table 63

O on H2SO4 ° nH20 - Knudsen cell experiment of Baldwin and Golden [9] measured an uptake coefficient
limit of <10-6; this result probably cannot be equated with an accommodation coefficient due to surface
saturation.

0 3 on H20(s) and HNO 3 • nH20 - Undoped ice surfaces saturate too quickly for reliable measurements.

When ice is doped with Na2SO3 to chemically remove absorbed 03 the apparent _ increases to 1 x 10-2

(0.1M) or up to 4 x 10 -2 (1M) (Dlugokencky and Ravishankara [34]). Limit of T< 10-6 for undoped ice is
consistent with earlier measurement by Leu [103] of <1 x 10-4 and with < 6 x 10 -5 obtained by Kenner et al.

[93]. Dlugokencky and Ravishankara also measured the tabulated value of an uptake coefficient for 03 on a

NAT "like" surface, but the data were difficult to reproduce and the surfaces were not well characterized.
Kenner et al. also measured a lower limit for an uptake coefficient of 8 x 10 -5 on NAT at 183 K, but this

measurement is also certainly limited by surface saturation.

03 on H20(I) - Utter et al. [165] used a wetted wall flow tube technique with various chemical scavengers to
measure a lower limit for et of 2 x 10-3. The stopped flow measurement technique using an SO 3 = scavenger

(Tang and Lee [157]) is subject to saturation effects, so their quoted ct of 5.3 x 10 -4 is also taken as a lower
limit.

03 on H2SO 4 ° nil2 O - Recent flow tube measurements (Dlugokencky and Ravishankara [34]) of an uptake

coefficient limit of <10-6 on both 50 and 97 wt. % H2SO4 surfaces are consistent with earlier, but probably

less quantitative, static systems measurements of Olszyna et al. [129] and aerosol chamber measurements of
Harker and Ho [75], who report uptake coefficients of the order 10 -8 or less for a variety of sulfuric acid

concentrations and temperatures. In these earlier experiments, doping the H2SO4 with Ni2+, Cr2+, AI3+,

Fe3+ and NH4 + (Olszyna et al. [1291) or AI_203 or Fe203 (Harker and Ho [75]) did not significantly increase
measured 03 loss. A lower limit of 1 x 10-° was also reported by Baldwin and Golden [8] for 97 wt %
H2SO4 at 295 K. All measurements are subject to solubility limitations and probably do not reflect true
limits on mass accommodation.

OH on H20(s) - Cooper and Abbatt[27] analyzed uptake rates in a wall-coated flow tube to determine an

initial T- 0. I over the temperature range of 205 - 230 K. Uptake coefficients decreased at longer exposure

times, indicating surface saturation. These data indicate that et is at least 0. I and possibly much larger. This

is confirmed by an earlier experiment using a coated insert/flow tube technique by Gerhenzon et al. [50],

which yielded ot > 0.4 at 253 K.

OH on H20(i) - see Note for HO2 on H20(I). The OH and HO2 measurements of Hanson et al. [60] are

subject to same analysis issues.
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8°

.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

OH on H2SO4.nH20 - See Note for HO2 on H20(I) for measurement (28 wt.% H2SO4) by Hanson et al.

[60] and Note for O on H2SO 4 for measurement (97 wt. % H2SO4) by Baldwin and Golden [9].

OH on A1203(s) - Measured value is from flow tube experiment with native oxide on aluminum as the active

surface. An uptake coefficient of 0.4 + 0.2 independent of temperature over the range of 253-348 K was
measured (Gershenzon et al. [50]).

HO 2 on H20(I) - Determination of _ in liquid-wall flow tube (Hanson et al. [60]) is dependent on gas-phase

diffusion corrections; measured limit (_ >0.02) is/consistent with ot = I. In the aqueous salt aerosol

measurements of Mozurkewich et al. [125], HO 2 Was chemically scavenged by Cu ++ from added CuSO4 to
avoid Henry's law constraints; the measured limit of >0,2 is also consistent with _ = I.

HO 2 on NaCl(s) and KCI(s) - Measured values ofqt= 1.8 x 10-2 for KCI and 1.6 x 10 -2 tbr NaCI, both at

295 K by Gersherzon et a1.[52] supplementing an earlier value of_'- 8 x 10 -3 measured by Gersherzon and

Purmal [51], results have not been calibrated with a competitive technique.

H20 on H20(s ) - Measurements are available from Leu [ 104] giving 0.3 (+0.7, -0. I) at 2(X) K and Haynes et

al. [76] (1.06 + 0.1 to 0.65 + 0,08) from 20 to 185 K. Brown et al.[ 181 used molecular beam reflection

techniques to measure a value of _ = 0.99 + 0.03 between 85 and 150 K and optical interference methods to
obtain oc = 0.97 + 0.10 between 97 and 145 K.

H20 on HNO3/H20(I) - Rudolf and Wagner[ 147] used aerosol expansion chamber techniques to illustrate that

on liquid water/nitric acid aerosols c_ is greater than 0.3 and is consistent with 1.0 at 278 K.

H20 on HNO3°nH20(s ) - Middlebrook et al. [ I 18] measured an uptake coefficient of .002 for water vapor co-
depositing with nitric acid over NAT at 197 K.

H20 on H2SO 4 • nH20 - Baldwin and Golden [8] measured 7 -2 x 10 -3, which is ahnost certainly affected

by surface saturation. See Note 15 for H202 on H2SO 4 • nH20.

H20 on NaCl(s) - Fenter et al.[40] used Knudsen cell/mass spectrometry methods to measure _' < 2 x 104 for

H20(g) uotake on NaCI powders, an observation confirmed by Beichert and Finlayson-Pitts[ 13], who found ]'
< 1 x 10--L However, Dai et a1.[28] used FTIR spectroscopy on NaCI crystallite films at 240 and 296 K to
determine that a water adlayer does adhere to dry salt and that a small fraction of surface sites (< 1%) cause

H20 dissociation. It is likely that the measurements of Fenter et al. and Beichert and Finlayson-Pitts were

affected by surface saturation.

H20 on NaCl(aq) - Fung et a1.[46] used Mie resonance scattering techniques to quantity aqueous NaCI droplet
growth (5.8 to 7.8 lam), yielding fitted values of c_ > 0.5 and consistent with 1.0,

H20 on C(s) - Rogaski el al.[ 142] used initial Knudsen cell uptake measurements to estimate ot = (4 +_2) x

10 -4 for H20 vapor on amorphous carbon at 298 K. Pretreatment of the carbon surface with gaseous 03,

NO2, and SO2 made little change in _. However, pretreatment with HNO3 and H2SO4 increased uptake
coefficients dramatically to (I I +1) x 10 -3 and.(27 +1) x 10-3, respectively.

H202 on H20(1) - Measured accommodation coefficient (Worsnop et al. [1811) has a strong negative temper-

ature dependence over the measured range of 260-292 K, with oc = 0.3 at 260 K decreasing to 0. I at 292 K.

H202 on H2SO4.nH20 - Knudsen cell uptake measurements are subject to surf'ace saturation, thus uptake
coefficient value of 7.8 x 10 -4 quoted by Baldwin and Golden [8] is almost certainly a lower limit for o_. This

effect is probably also responsible for the lack of measured uptake ()' <10 -6) i'br NO, NO 2, SO 2, CI2, and

other species reported in this reference and Baldwin and Golden [9].

NO on H20(s) - NO data (Leu [103], Saastad et al. [1481) subject to same concerns as NO 2. See Note for

NO 2 on H20(s).
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21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

NOonH2SO4°nH20- SeeNotesforH202onH2SO4°nH2SO4andNO2onH2SO4°nH20.NOis
subjecttothesameconcernsasNO2forbothreportedmeasurements(Saastadetal.[148];BaldwinandGold-
en[8]).

NO2onH20(s)- Intheabsenceofachemicalsink,Leu[I03]measurednosustaineduptakeofNO2onice
yieldinganapparento_<1 x 10-4. Saastad et al. [148] measured a lower limit of 5 x 10-5 tor temperatures

between 193 and 243 K. However these values are probably influenced by surface saturation.

HONO on H20(s) - Fenter and Rossi[42] measured reversible uptake on water ice between 180 and 200 K
using a Knudsen cell technique. An initial uptake coefficient of I x 10- 3 suggests that tx equals or exceeds
this value.

HNO3 on H20(s) - Leu [104] reports 0.3 (+0.7, -0.1). Some additional uncertainty is introduced by effective
ice surface area in fast-flow measurement (see Keyser et al. [97]). Hanson [58] measured an uptake coefficient
of > 0.3 at 191.5 and 200 K.

HNO3 on H20(I) - Measured ot has a strong negative temperature dependence varying from 0.19 + 0.02 at

268 K to 0.07 + 0.02 at 293 K (Van Doren et al. [167]). Ponche et al. [ 132] measured an accommodation
coefficient of 0.05 + 0.01 at 297 K.

HNO3 on HNO3 ° nH20(s) - Hanson [58] measured uptake coefficients of > 0.3 and >0.2 on NAT surfaces at

191 K and 200 K, respectively. Middlebrook et al. [I 18[ measured an uptake coefficient of 0.7 on NAT at

197 K under conditions where both nitric acid and water vapor were co-depositing.

HNO 3 on HNO 3 • nH20(I) - Rudolf and Wagner used aerosol expansion chamber techniques to deduce that tx

for HNO 3 on 278 K H20/HNO 3 droplets is > 0.3 and probably close to 1. The consistency of this value

with smaller (-0.2) values measured for uptake on pure water by Van Doren et al. [ 167] is unclear, since the

mechanism of co-condensation is unknown and the composition of the surface in the aerosol expansion

chamber experiments may be kinetically controlled and has not been well determined.

HNO3 on H2SO4.nH20 and H2SO4 ° 4H20(s) - Initial uptake at 73 wt. % H2SO4 allows a measurement of

ot = 0.11 -t- 0.01 at 283 K (Van Doren et al. [ 167]). This value is expected to increase at lower temperatures,

in a manner similar to H20(I) uptake (Van Doren et al. [1661). Total HNO 3 uptake is subject to Henry's

law solubility constraints, even at stratospheric temperatures (Reihs et al. [135]). Solubility limitations also

affected the earlier "sticking coefficient" measurements of Tolbert et al. [I 61] for 75 wt % H2SO4 at 230 K.
Hanson [58] measured an uptake coefficient of >0.3 for frozen 57.7 wt. % sulfuric acid at 191.5 and 200 K.

Baldwin and Golden [8] reported a lower limit of 2.4 x 10-4 on 97 wt. % H2SO4 at 295 K, also reflecting

solubility limits. Iraci et al. [83] monitored nitric acid trihydrate growth on sulfuric acid tetrahydrate with

infrared techniques, measuring HNO3 uptake coefficient limits of >0.03 at 192.5 K and >0.08 at 192 K.

These measurements involved co-deposition of water vapor.

HO2NO2 on H20(s) - Li et al. [106] measured an uptake coefficient of 0.15 +0.10; uptake may be limited by
surface saturation.

HO2NO2 on H2SO4°nH20(I) - Baldwin and Golden measured _(= 2.7 x 10 -5, which is probably solubility

limited; see Note 15 for H202 on H2SO4 ° nH20.

NH3 on H20(I) - Ponche et al. [ 132] used a droplet train technique to obtain o_= (9.7 _+0.9) x 10 -2 at 290 K,

and Bongartz et al.[16] used a liquid jet technique to obtain ot = 4.0 (+3.0, - 0.05) x 10 -2. Earlier levitated

droplet evaporation experiments [ 158] on NH4CI obtained a larger evaporation coefficient of ot = 0.29 _.03,
which is discounted because of the indirect nature of the experiment.

CO2 on H20(1) - Noyes et al.[128] used a dynamic stirring technique to monitor pressure decreases in a closed

cylinder. They inferred o_= (5.5_H3.5) x 10- 8 at 293 K. This technique is uncalibrated against more widely
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38.

39.

40.

41.
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44.

usedproceduresandprobablysuffersfromsurfacesaturationeffects.Measuredocisprobablymanyordersof
magnitudetoosmall.

CH3OHonH20(I)- Jayneetal.[86]measureduptakefrom260-291Kandderivedaccommodation
coefficientsfittingoJ(I-ct) = exp(-AG_:obs/RT ), where AG:]:obs = -8.0 kcal/mol + 34.9 cal mo1-1 K -1
T(K).

CH3CH2OH on H20(I) - Jayne et al. [861 measured uptake from 260-291 K and derived accommodation
coefficients fitting o7(1-o0 = exp(-AG:l:obs/RT), where AG_obs = -I 1.0 kcal/mol + 46.2 cal mol-1 K-1

T(K). Similar, but somewhat larger values were reported for chloro-, bromo-, and iodo-ethanols.

CH3CH2CH2OH and CH3CH(OH)CH 3 on H20(I) - Jayne et al. [86] measured uptake coefficients between
260 and 291 K and derived accommodation coefficients fitting oJ(l-o0 = exp (-AG:I:obs/RT), where AG:I:nb_

= -9.2 kcal tool- I + 40.9 cal roof I K- I T(K) for l-propanol and -9.1 kcal roof I + 43.0 cal mof I K- ! T('I(')

for 2-propanol. Similar data for t-butanol were also reported.

HOCH2CH2OH on H20(1) - Jayne et al. [86] measured uptake coefficients for ethylene gycol between 260
and 291 K and derived accommodation coefficients fitting _.,'(I-oc) = exp(-AG_:obs/RT), where AG:l:ob s =
-5.3 kcal mol -I + 24.5 cal mol -I K -I T(K).

CH20 + H20(1), H2 SO4 * mHNO 3 ° nH20(I) - Jayne et a1.[88] report uptake measurements for 0 - 85 wt

% H2SO4 and 0 - 54 wt% HNO3 over a temperature range of 241 - 300 K. Measured uptake coefficients vary

from 0.0027 - 0.027, increasing with H + activity (Jayne et al ([88]; Tolbert et al., [160]), and with increasing

pH above 7 (Jayne et al., [87]). Reversible uptake is solubility limited through reactions to form H2C(OH)2

and CH30.+ Model of uptake kinetics (Jayne et al., [88]) consistent with ot = 0.04 + 0.01 for all

compositions. A chemisorbed surface complex dominates uptake at 10 - 20 wt % H2SO4, and CH3 O+

formation dominates above 20 wt % (Tolbert et al., [94/1564]; Jayne et a1.[88]). These chemical mechanisms

allow "t'to greatly exceed ot tbr strong acid and basic solutions. A full uptake model for acid solutions is

presented in Jayne et al. [88], and for basic solutions in Jayne et al. [87].

CH302 + NaCl(s) - Gershenzon et al.[52J measured the uptake of CH302 on crystalline NaCl(s) in a central
rod flow apparatus. They determined a value of_' = (4 +1) x 10-3 at 296 K, suggesting that et > 4 x
10-3.

CH3CHO on H20(I) - Jayne et al. 187] measured a lower accommodation coefficient limit of > 0.03 at

267 K. Uptake can be limited by Henry's law and hydrolysis kinetics effects - see reference.

CH3C(O)CH3 on H20(I) - Duan et al. 136[ measured uptake between 260 and 285 K, deriving ot = 0.066 at

the lower temperature and 0.013 at the higher, with several values measured in between. Measured values fit
et/(I-o¢) = exp(-AG:l:obs/RT ) where AGt:obs = - 12.7 kcal/mol + 53.6 cal mof I K- I T(K).

HC(O)OH on H20(I) - Jayne et al. [86] measured uptake coefficients for formic acid between 260 and 291 K
and derived accommodation coefficients fitting oJ(l-s) = exp(-AG:]:obs/RT), where AG:l:ob s = -7.9 kcal mol-
l + 34.9 cal tool-1 K-1 T(K).

CH3C(O)OH on H20(I) - Jayne et al. [86] measured uptake coefficients for acetic acid between 260 and
291 K and derived an accommodation coefficient fitting ct/(l-ct) = exp(-AG:l:obs/RT), where AG:l:ob s =

-8.1 kcal mol -i + 34.9 cal mol -I K-I T(K).

C12 on H20(s) - Measurement of Leu [1041 yielded a limit of <1 x 10-4 for CI2 and is subject to same

concern as NO2 (see note 18). A similar limit of < 5 x 10-5 has been measured by Kenner et al. [93], which

is also probably limited by surface saturation.

OCIO + H20(s ) - Brown et al.[ 19] and Graham et a1.[56] used complementary ultra high-vacuum (UHV) and

coated-wall flow tube techniques to show sub-monolayer reversible absorption of OCIO on water ice at 100 K
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46.

47.

48.

49.

50.

51.

(UVH)and189and200K (flowtube). No kinetic data are available at stratospheric temperatures but the

mass accommodation coefficient for 100 K ice surfaces is near unity, with values of 0.8 + 0.2 reported for

amorphous ice and 0.6 +0.2 for crystalline ice [56].

HCI on H20(s) - Leu [104] (0.4; +0.6, -0.2) and Hanson and Ravishankara, [66] (t_ > 0.3) are in reasonable

agreement at stratospheric ice temperatures. More recently, a great deal of experimental eftbrt (Abbatt et al.

[4], Koehler et al. [98], Chu et al. [25], Graham and Roberts [54], Graham and Roberts[55]; Rieley et

a1.[136]) has gone into understanding the uptake of HCI by ice surfaces. Rieley et al. measured _ =

0.95!-0.05 at 80 - 120 K. Water ice at stratospheric temperatures can take up a large fraction of a monolayer

even at HCI partial pressures typical of the stratosphere. Both the thermodynamic and spectroscopic
properties of this absorbed HCI indicate that it has dissociated to ions, forms ionic hydrates, and is highly

reactive. These experimental results contrast with initial theoretical calculations that predicted undissociated

HCI hydrogen bonded to the ice surface and a very small adsorption probability at stratospheric temperatures

(Kroes and Clary [ 100]); more recent simulations result in higher adsorption energies and theoretical

accommodation coefficients of one for 190 K surfaces [Wang and Clary [173]]. Recent molecular dynamics

calculations by Gertner and Hynes[53] also show that ionic absorption is thermodynamically favorable by

about 5 kcal/mole. At HCi partial pressures significantly above those typical of the stratosphere, a liquid

surface layer forms on the ice, greatly enhancing the total amount of HCI that the surface can absorb.

HCI on H20(I ) - Recommendation is based on Van Doren et al. [166]. Measured o_'s decrease from 0.18

_+0.02 at 274 K to 0.064 i-0.01 at 294 K, demonstrating a strong negative temperature dependence. Tang and

Munkelwitz [158] have measured a larger (0.45 _+0.4) HC1 evaporation coefficient for an aqueous NH4CI

droplet at 299 K.

HCI on HNO3 ° nH20 - There was previously severe disagreement between Hanson and Ravishankara [66]

(oL>0.3) for NAT (54 wt. % HNO3), and Leu and coworkers (Moore et al. [ 123], Leu et ah [ 105]).

However, subsequent experiments at lower HCI concentrations by Leu and coworkers (Chu et al. [25]) as

well as Abbatt and Molina [5] are generally consistent with Hanson and Ravishankara. In particular, Abbatt

and Molina [5] report a large uptake coefficient (o_ >0.2). The measurements of Hanson and Ravishankara are

consistent with _ = 1. The experiments at stratospherically representative HCI concentrations show that

HNO3 rich NAT surfaces adsorb significantly less HCI than H20 rich surfaces.

HCI on H2SO4°nH2 O - Measurements by Watson et al. [174] at 284 K show o_= 0.15_-/-0.01 independent of

n for n > 8. Experimental uptake and, therefore, apparent _ falls off for n <8 (_>40 wt. % H2SO4). This

behavior is also observed at stratospheric temperature (218 K) by Hanson and Ravishankara [66]. More recent

measurements by Robinson et al. (to be published) extend mass accommodation measurements to lower

temperatures, yielding significantly higher values. Solubility constraints also controlled earlier low
temperature uptake measurements of Tolbert et al. [161]. A review of the most recent solubility data is

presented in Table 60.

HCI on H2SO4 • 4H20(s) - Uptake is a strong function of temperature and water vapor partial pressure

(relative humidity) (Zhang et al. [ 188]), both of which affect adsorbed surface water.

Halocarbonyls on H20(l) - Uptake is limited by Henry's law solubility and hydrolysis rate constants (De

Bruyn et al. [31, 33] and George et al. [47,491. See Table 60.

HBr on H20(s) and HNO3 ° nH20 - Hanson and Ravishankara [67, 69] have reported large uptake

coefficients for HBr on 200 K ice and NAT. Lower limits of >0.3 and >0.2 for ice are reported in the two

referenced publications, respectively, and a limit of >0.3 is reported for NAT. No surface saturation was
observed, leading to the supposition that HBr, like HCI, dissociates to ions on ice surfaces at stratospheric

temperatures. Abbatt [1] measured an uptake coefficient lower limit of >0.03 on water ice at 228 K in

agreement with Hanson and Ravishankara. Rieley et al. measured an _ of 1.0 + 0.05 for water ice at 80 -

120K and Chu and Heron[23] report equilibrium HBr coverages for ice at 188 and 195 K.
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HOBronH2SO4°nH20(I)- Abbatt[1] measuredanuptakecoefficientof0.06+(0.02) by measuring HOBr
gas phase loss at 228 K. This result may well be a lower limit due to surface saturation effects.

CHBr3 on H20(s ) and H2SO4°nH20(I) - Hanson and Ravishankara [69] investigated the uptake of bromoform

on ice and 58 wt.% sulfuric acid at 220 K. No uptake on ice was observed, with a measured uptake coefficient
of<6 x 10 -5. Reversible uptake by the sulfuric acid surface was observed with an initial uptake coefficient of

>3 x 10-3; both measurements are probably limited by surface saturation.

HF on H20(s) and HNO 3 ° nH20(s) - Hanson and Ravishankara [67] attempted to measure the uptake of HF

by 200 K water ice and NAT surfaces but were unable to observe measurable adsorption. They surmise that,
unlike HCI and HBr, HF does not dissociate to ions on ice or NAT surfaces at 200 K. Lack of measurable

uptake is probably due to surface saturation.

CF20 on H20(s ), HNO 3 • nH20 and H2SO 4 • nH20 - Uptake coefficient measurements by Hanson and

Ravishankara [64] on stratospheric surfaces are probably subject to surface and/or bulk saturation effects and.

may not represent accommodation coefficient measurements, particularly the lower limits of >3 x 10-6
reported for water and nitric acid ices.

CF3COOH on H20(I) - Hu et al. [79] measured mass accommodation coefficients for five haloacetic acids,

including trifluoroacetic acid (TFA); the others were mono-, di-, trichloro-, and chlorodifluoro-acetic acids.

All displayed a negative temperature dependence and values for c_ of about 0.1 at 273 K.

SO 2 on H20(1) - Measured _ of 0. I I + 0.(12 has no significant temperature variation over a temperature
range of 260 - 292 K (Worsnop et al. ] 181 l). Ponche et al. [ 132] measured 0.13 + 0.01 at 298 K, in

agreement with the earlier measurement. Shimono and Koda[ 151 ] estimated an oc of 0.2 at 293.5 K from

analysis of pH-dependent uptake coefficients in a novel liquid impingement technique that has not been

calibrated with other gases. Donaldson et al. ([35]) have used second harmonic generation spectroscopy to
detect a chemisorbed SO2 surface species which was predicted from earlier uptake measurements by Jayne et

a1.[85]; this surface complex may play a role in SO2 heterogeneous reactions on aqueous surfaces.

SO2 on H2SO4 ° nH20. See Note for H202 on H2SO 4 • nH20.

SO 2 on C(s) - Initial and longer-term uptake Knudsen cell values of Rogaski et al. yielded "/= 3(+1) x 10 -3

for room temperature amorphous carbon, suggesting ot - 3 x 10-3 since no reaction products were observable

with gas phase mass spectrometry.

CH3S(O)CH3, CH3S(O2)CH3 and CH3S(O2)OH on H20(I) - De Bruyn et al. [321 measured uptake over

the temperature range-262-281 K and derived accommodation coefficients fitting oc/(I- o0 =exp(-
AG:I:obs/RT), where AGl:ob s = -0.12 kcal mol -I + 23. I cal mol -I K -1 T(K) for dimethylsulfoxide, - 10.7
kcal mol- 1 + 43.0 cal mol- [ K- I T(K) for dimethylsulfone and -3.50 kcal mol- I + 16.7 cal tool- I K- 1 T(K)
for methanesulfonic acid.
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Table 64. Gas/Surface Reaction Probabilities (Y)

Gaseous

Species

Surface

Type

Surface

Composition T(K)

Uncertainty
_' Factor Notes

03 + Surface --_ Products

03 Alumina AI203(s) :I

Carbon/Soot C(s) =300 20

Sodium Chloride NaCl(s) =300 1

NO2 + C(s)--_ Products

NO 2 Carbon/Soot

2NO 2 + NaCl(s) _ CINO + NaNO3

C(s)

NO 2 Sodium Chloride NaCl(s) 298 See Note

_:_ _ Wat_ I-i20(1)273 2x:lO 20

12

13

23O



Table64.Continued

Gaseous

Species

Surface

Type

Surface

Composition T(K) 7

Uncertainty
Factor Notes

N205 + H20 _ 2HNO3

N205 Water Ice

Liquid Water
Nitric Acid Ice

Sulfuric Acid

H20(s) 195-200 0.01
H20(I) 0:05*

HNO3 ° 3H20(s) 200 3 x 10 -4

H2SO4 • nH20(I) =0. I

H2S04" n20 s) 200-3 : see Note

3 14

2 I5
3 16

See Note |7

3

Sulfuric Acid

Tetrahydrate

Ternary Acid

N205 + HCI(s) _ CINO2 + HNO 3

N205 Water Ice
Nitric Acid Ice

H2SO4 ° 4H20(s) 195-207 0.006

H2SO4 ° nHNO3 ° 195_218 See Note

nH20(I)

H20(s) • HCI(s) 190-220 0.03

HNO3 ° 3H20(s) • 200 0.003
HCI(s)

H2SO4*H20(s) : 195 :: <l:xl_ 4

19

See Note 20

2 21

N205 + NaCl(s) _ C1NO 2 + NaNO3(s)

N205 Sodium Chloride

N205 + HBr(s) --o BrNO2 + HNO3

N205 Nitric Acid Ice

NaCl(s) -300 : 5x:: 10 -4

NaCl(aq) >0.02

20 :
231i

HNO3 • 3H20(s) 200 0.005 I 0 24

N205 Sodium Bromide NaBr(s)
Potassium Bromide KBr(s)

HONO ÷ H20 _ :Products

-300
-300 4 x 10"3

247-297 0.04HONO Mquid Water H20(I)

See Note 25
10 25

5 26

HONO " _ : ....: i.: Sulfuric Acid H2SO4(1)

HONOI+ :HCI_ CiNO !+ H20

Water Ice H20(s)

180-200 See Note

180-200 0.05

27

3 28
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Table64.Continued

Gaseous Surface Surface Uncertainty
Species T_,pe Composition T(K) "/ Factor Notes

HONO + NaCI _ Products

_o._ __!-_:_i_ii!_!_i___! _.. Na_(s) •_300 <| x 10 -4 29

HNO 3 Sodium Chloride

,,:_.-_ , , ._i,#_.;i_"_,

C(S) :

NaCl(s)

KCl(s)

H2SO4 • nH20

lSt0_40 0,04 _ - 5 30

o:o2
0.02

3 31
10 31

10 31

10 31

2,88-300 0,4 2.5 32

CI + Surface _ Products

CI Sulfuric Acid

CI 2 + HBr(s) --+ BrCI + HCI

CI2 Water Ice • HBr(s)

(
(71 wt % H2SO4)

225 4 x 10 -3 3 33

33
246. 3x 10;3_ 3

223 • l::x 10_3! :: 3

298 Ix 10":3 " 3

H2SO 4 ° nH20(I) 221-296 2 x 10-4 10 34

H20(s) 200 >0.2 35

................_ P_tim Bromi_ _r(s) : .... _295 _;1

CI2 + NaX (aq) ---) CIX + NaCi (aq)

................... ....

36
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Table64.Continued

Gaseous Surface

Species Type

Surface

Composition x(K)
Uncertainty

7 Factor Notes

CIO + Surface ---) Products

CIO Water Ice
Nitric Acid Ice

Sulfuric Acid

H20(s)

HNO3 • 3H20(s)

H2SO4 " nH20(1)

(60 to 95 wt.% H2SO4)

HOCI + HCI(s) ---) CI 2 + H20

HOCI Water Ice

Nitric Acid Ice

Sulfuric Acid

CINO:_aCI(S) _ Products

H20(s) • HCI(s)

HNO3-3H20(s).HCI(s)

H2SO4"nH20(I)

Clbl0_!_i_! ):/Jll Sodium Chloride NaCl(s)

cit'q_ 74-_aCi(s)_ ::Products

Sodium Chloride NaCl(s)

CIONO2 + H20(s) _ HOCI + HNO 3

CINO2 Water Ice H20(s)

Nitric Acid Ice HNO3 ° 3H20(s)

Sulfuric Acid H2SO 4 ° nH20(I)
H2SO4 • H20(s)

Sulfuric Acid H2SO4 ° 4H20(s)

Tetrahydrate

CIONO 2 + HCI(s) --_ CI 2 + HNO 3

CIONO 2 Water Ice

Nitric Acid Ice

Sulfuric Acid

Sulfuric Acid

Monody&ate

190 See Note
183 See Note

221-296 See Note

Sulfuric Acid

Tetrahydrate
Alumina

38

38

39

C1ONO 2 + MX(s) _ XCI + MNO3

CIONO 2

195-200 0.3 3 40
195-200 0. I 3 40

198-209 See Note 41

298 >! x 10 -5

298 <! x 10-5

42"

42

18o-2oo 0.s 3
2oo-2o2 o.ool* lo
200-265 See Note 4-5
195 <1 x 10, 3

196°206 See Note

H20(s) 180-202 0.3

HNO3°3H20.HCI 200-202 0. I

H2SO4.nH20(I)°HCI(I ) See Note
H2SO4"H20(s) 195 <1 x t0 -4

46

H2SO4 • 4H20(s)

A1203

Sodium Chloride NaCl(s)
Potassium Bromide KBr(s)

Sodium Bromide NaBr(s)

5 47

3 48

49

5O

195-206 See Note 50

180-200 0,3 3 51

200-300 5 x 10"2

-295 5 x 10"2

-295 See Note

10 52
10 52

52
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Table64.Continued

Gaseous Surface Surface Uncertainty
Species T_'pe Composition T(K) Y Factor Notes

CIONO2 + HBr(s) ---) BrCI + HNO 3

CIONO2 Water Ice H20(s) • HBr(s) 200 >0.3 53
Nitric Acid Ice HNO3.3H20(s)'HBr(s) 200 >0.3 53

CIONO2 + HF(s) _ Products

CIONO 2 Water Ice H20(s ) • HF(s) 200 See Note 54
Nitric Acid Ice H20(s).HNO3(s)-HF(s) 200 See Note 54

CFxCly + AI203(S)"--) Products

CC14 ,,:.

CFCI3

CF2C12 "

CF3CI Alumina

Ai203(s) 120-300 1 x 10 .5 10 55

A1203(s) 120-300 1 x 10_5 10 55
AI203(s) 120-300 1 x 10 -5 10 55

A1203(s) 120-300 1 x 10 -5 10 55

BrCI +KBr(s)---) Br2+ KCI(s)

BrC1 Potassium Bromide KBr(s)

Br2 +Nal(aq) _ Brl + NaBr(aq)

Br2 o . Nal(aq)

-295 >0. ! 36

See Note 37

2BrO ..-_ Br2+ 02 "

BK) Wat_Ie¢ H20(s) 213
Sulfuric Acid H2SO4 • nH20

(60 wt% H2SO4) 213
": " (70 wt% H2SO4) 213

Aqueous Sodium NaCl(aq)
ChlOdde (23 wt% NaCI) 253

HOBr + HCI(s) ---) BrCI + H20

HOBr Water Ice
Sulfuric Acid

HOBr ÷ HBr(s) _ Br2 + H20

HOBr Water Ice
Sulfuric Acid

H20(s) • HBr(s) 228

H2SO4 • nH20

(60-69 wt% H2SO4) 228

See Note 56

SeeNo_ 56
SeeNote 56

See Note 56

0.3 3 57

0.2 3 57

H20(s) • HBr(s) 228 0. I 3 58

H2SO4 • nH20 228 See Note 58
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Table64.Continued

Gaseous Surface Surface Uncertainty
Species Type Composition TIK ) Y Factor Notes

BrONO2 + H20 --_ HOBr + HNO 3

BrONO2 Water Ice H20(s) 200 >0.3 59
S_(furi_ Acid H2SO4 • nH20 210-298 018: ....

BrONO2 + HCI _ BrCI + HNO3

BrONO2/HCI Water Ice H20(s) 200 See Note 59
 id:  2so4. 229 0:9 2

CF2Br 2 + AI203(s) _ Products

CF2Br 2 Alumina

CF30H +H20-'_ Products

A1203 210, 315 2 x 10 -5 10 55

Water Ice

Sulfuric Acid
H20(1) 274 >0.01

H2SO4 ° nH20

(40 wt% H2SO4) 210-250 0.07

(45 wt% H2SO4) 210-250 0.04

(50 wt% H2SO4) 210-250 0.01
(50 wt% H2SO4) 210-250 0.001

61

3 6!
3 6i
3 61
3 61

*y is temperature dependent

Notes to Table 64

. 0 3 + A1203(s) and NaCl(s) - Very low ozone decomposition efficiencies for reaction on coarse (3 lam dia.)

and fine (0. ! lum dia., partially hydroxylated) y-alumina and course (3 lam dia.) _-alumina were measured

in flowing and static systems by Hanning-Lee et a1.[57] at temperatures ran_ing between 212 and 473 K.
Based on measured BET surface areas, ys ranged from 2 x 10-I I to 4 x 10 -_0 over the 212 to 298 K

temperature range, ys for y-alumina at lower temperatures exceeded those for a-alumina. Results are

roughly consistent with earlier, unpublished flow tube data tYom L.F. Keyser and from fluidized bed reactor

studies of Alebic'-Juretic' et al. [7]. Note that ys based on geometic surface particle surface areas would be
significantly (104 - 107) larger. Alebic'-Juretic' et al. also studied ozone decomposition on small (<180

l.tm) NaCI crystals in their fluidized bed reactor and observed no effect, indicating y for 03 decomposition

on NaCl(s) is much smaller than that for a-alumina.

2, 03 + C(s) - Fendel et al. [38] expand on earlier work reported by Fendel and Ott [39] showing large uptake

coefficients for 03 on small C(s) particles (<'10 - 100 nm) formed from C(g) and added to an atmospheric
pressure flow containing 03. A yof 3.3 x 10-3 was measured for the lowest 0 3 concentration (160 ppbv)

studied. Smaller values, ranging down to ~2 x t0 -4, were measured for higher O 3 concentrations.

Rogaski et al. [142] used initial Knudsen cell uptake measurements to yield y = 1 (_+0.5) x 10 -3 for

amorphous carbon at room temperature. Smith et al. [I 52] report that the ozone/soot reaction is first order

in ozone, with CO, CO2, and H20 the only stable gaseous products. Stephens et al. [153] measured CO,

CO2, and 02 as_roducts, with an 02 produced for each 03 reacted; they measured uptake coefficients which
varied from 10-ato 10-5 depending on carbon sample and 03 exposure. The O3/C(s) reaction probability is

clearly dependent on the C(s) surface history.

. OH + H20(s) - Cooper and Abbatt [27] measured initial irreversible OH uptake coefficients of - 0.1 for

water ice between 205 - 230 K; these decayed to y = 0.03 _+0.02 after repeated exposure to OH. Self
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reaction to form H20 or H202 was indicated by the lack of observable gas phase products despite
observation of first order OH loss.

OH + HCI • nH20(I) - Cooper and Abbatt [27] demonstrated significant enhancement of OH uptake

(to 7 > 0.2) after HCI doping of 220 K ice surfaces sufficient to melt the surface layer. It is unclear

whether OH is lost to self-reaction or reaction with hydrated CI- ions.

OH + HNO3 ° 3H20 - Cooper and Abbatt [27] measured 7 > 0.2 for nitric acid doped ice surfaces under

conditions suitable for NAT formation at 200 and 228 K. Increase over pure ice uptake rates is probably

due to HNO 3 + OH --_ H20 + NO3 reaction.

OH + H2SO4 ° nH20 - Lower limits of 0.2 for uptake coefficients on 45-65 wt % H2SO 4 between 220

and 230 K and for 96 wt % H2SO 4 at 230 and 298 K by Cooper and Abbatt [27] are consistent with a

lower limit of 0.07 on 28 wt % H2SO4 at 275 K in similar experiments by Hanson et al. [60] and a
probable surface saturated value of (4.9 _+0.5) x 10-4 from Knudsen cell measurements by Baldwin and

Golden [9] and an estimate of 7 = 1 on -96 wt % H2SO 4 at 298 K by Gerhenzon et ai. [50] using a coated

insert flow tube technique. Uptake is probably reactive with OH + HSO4- ---) H20 + SO4- the

hypothesized process.

OH + NaCl(s) - Ivanov et al. [84] used a fast flow reactor with a central salt coated rod to measure

heterogeneous loss of OH between 245 and 339 K. Their fit for NaCl(s) yielded 7 = ( 1.2 _+0.7) x 10-5

exp[(1750 +200)/T]. Similar data for NH4NO 3 yielded 7- (1.4 _+0.5) x 10-4 exp [(1000 +!00)1. Since

uptake was irreversible, it is assumed that the loss was self-reaction.

HO2 on H20(s) and H2SO 4 ° nH20(I) - Uptake of HO2 on ice and super-cooled 55 wt % sulfuric acid at

223 K has been demonstrated to be limited by HO2 surface saturation by Cooper and Abbatt [27]. They

argue that self-reaction, presumably 2HO 2 --_ H20 2 + 0 2 is limiting measured uptake coefficients of
0.025 -t-0.005 for ice and 0.055 _+0.020 for 55 wt % H2SO 4. However, Gersherzon et al. [52] measured

7 > 0.2 for 80 and 96 wt % H2SO 4 at 243 K and Hanson et al. [60] measured a lower limit for 28 wt %

H2SO 4 at 275 K of 0.07. However, large gas phase diffusion corrections mean this value is consistent

with 7 = I.

NO2 + H20(I) - Value for 7of (6.3 + 0.7) x 10 -4 at 273 K (Tang and Lee, [157]) was achieved by

chemical consumption of NO 2 by SO3=; their stopped-flow measurement was probably still affected by

surface saturation, leading to the measurement of a lower limit. Ponche et al. [ 132] measured an uptake
coefficient of 1.5 (:L-0.6) x 10 -3 at 298 K, which was also probably subject to saturation limitations.

Mertes and Wahner[ ! 15] used a liquid jet technique to measure a lower limit ofT> 2 x 10-4 at 278 K, and

they observed partial conversion of the absorbed NO2 to HONO. Msibi et al. [127] used a
cylindrical/annular flow reactor to derive g = (8.7 +0.6) x 10 -5 on pH = 7 deionized water surfaces and (4.2

+ 0.9) x 10 -4 on pH -- 9.3 wet ascorbate surfaces; it seems likely that these results are also subject to

surface saturation given the gas/surface interaction times involved in the experiment. Data are consistent
with an oc > 1 x 10-3 for 278 - 298 K and a liquid phase second-order hydrolysis of NO2 to HONO and

HNO3 which depends on temperature and pH. However, the interplay between accommodation, possible

surface reaction, and bulk reaction may be complex.

NO2 + H2SO4°nH2 O - Saastad et al. [148] measured a lower limit of 5 x 10-5 for an uptake coefficient on

70 wt % H_,SO4 between 193 and 243 K. Baldwin and Golden [8] measured an uptake coefficient limit of
<i.0 x 10-°on 96 wt. % H2SO4. See Note 15 for H202 on H2SO 4 nH20. Both measurements were

probably limited by surface saturation.

NO2 + C(S) - Tabor et al. [ 156] extended their previously published study (Tabor et al. [ 155]) to three types

of amorphous carbon particles exposed to NO 2 in a low pressure Knudsen cell reactor. All three types of

C(s) particles were reported to show initial 7 values of (5.1 +1.7), (8.3 +2.7), and (5.7 +1.3) x 10- 2

compared with (4.8 + 0.6) x 10- 2 reported in Tabor et al., all assuming a geometrical surface area tor the

bulk C(s) powder. NO was observed as a product from all samples, and some samples evolved CO, CO2,

236



12.

13.

14.

15.

16.

17.

andamassspectrometricpeakconsistentwithNO3orN205uponthermaldesorption.TheamountofNO
evolvedvariedwidelywiththetypeofC(s)particle.Co-depositionofH2Ovaporhadnomajoreffecton
NO2uptake.Ontheotherhand,roomtemperatureKnudsencellstudiesofamorphouscarbonbyRogaski
etal.reportaninitialTof0.I 1_+0.04,althoughTforlongertimesagreesreasonablywellwithTaboret
al.[156].However,13NO2uptakestudieswithsuspendedsmallaerosolparticlesofgraphiticoramorphous
carbonbyKalbereretal.[90]measureduptakecoefficientsbetween(0.3_+0.19)x 10-4and(4.0+1,0) x
10-4. NO was determined to be the principal gaseous product observed in these studies, and first-order

absorbed NO 2 reaction rates of (4 to 9) x 10 -4 s-I were obtained. The large discrepancy between these

measured uptake rates may be due to the difficulty of properly specifying the reactive surface area for bulk

powders and the time-dependent nature of reactive uptake.

NO2 + NaCl(s), NaBr(s) - Vogt and Finlayson-Pitts [170, 172] used diffuse reflectance infrared spectroscopy

to study the reaction of NO2 with NaCl(s) at 298 K, and Vogt et a1.[169] used the same technique to study

NO 2 + NaBr(s) at 298 K. Both reactions were shown to be approximately second order in NO2. Assuming
that adsorbed N20 4 is the reactant leads to T = (I .3 +0.6) x 10-4 for NaCl(s) and 2 (+4, -I .3) x 10 -4 for-

NaBr(s). Peters and Ewing [131] measured reactive uptake for single-crystal NaCI(100) surfaces and

observed both NO3-(c) and CINO products. The value of _N204) measured by Peters and Ewing at 298 K
was only (I.3 :L-0.3) x 10 -6. They noted that small amounts of water vapor (9.5 mbar) cause y to increase

by two orders of magnitude.

NO3 + H20(I) - Rudich et al. [I 45, 146] used wetted-wall flow tube techniques to measure uptake

coefficients for NO 3 on pure water and aqueous NaCI, NaBr, Nal, and NaNO2 solutions. These studies

were extended to other aqueous solutions by Imamura et a1.[82]. Uptake on pure water was consistent with

reaction of NO 3 to produce HNO3 and OH. Uptake coefficients with solutions containing I-, CI-, Br -,

NO2- and other anions were larger and scaled with anion concentration, indicating electon transfer reactions

to produce NO3-. The 7 of (2.0 +1.0 x 10- 4) at 273 K determined for pure water by Rudich et al. is
significantly lower than the lower limit of 2.5 x 10-3 quoted by Mihelcic et al. [I 19]. A detailed analysis

of uptake coefficients for KI aqueous solutions indicated that the NO3 mass accommodation coefficient is
>0.04 [ 146].

N205 + H20(s) - Leu [103] and Hanson and Ravishankara [63] have measured nearly identical values of

0.28 (_+0.11) and 0.24 (+30%) near 200 K. Hanson and Ravishankara [68] presented new and re-analyzed

data as a function of ice thickness, with a value of -0.008 for the thinnest ice sample, rising to -0.022 for

the thickest. Quinlan et al. [134] have measured a lower limit for T on fresh ice surfaces of 0.03 at 188 K.

N205 + H20(I ) - Reaction on liquid water has a negative temperature dependence. Van Doren et al. [ 166]

measured _'s of 0.057 _+0.003 at 271 K and 0.036 _+0.004 at 282 K. Mozurkewich and Calvert [124[

studied Ton NH3/H2SO4/H20 aerosols. For their most water-rich aerosols (RH = 76%) they measured 7s

of 0.10 _+0.02 at 274 and 0.039 +0.012 at 293 K. George et al. [48] use droplet train/ion chromotography
techniques to measure ys of (3.0 _+0.2) x 10- 2 (262 K), (2.9 +1.2) x 10-2 (267 K), 2.0 _+0.2) x 10-2 (273

K), (I.6 _+0.8) x 10-2 (276 K), and (I.3 +0.8) x 10 -2 (277 K). Msibi et a1.[126]] measured a smaller ]t of

2.5 x 10-3 for water adsorbed on a denuder flow tube well under 66-96% relative humidity conditions at

room temperature.

N205 + HNO3 ° 3H20(s) - Hanson and Ravishankara [63] have measured T = 0.0006 (+30%) at 200 K.
They presented re-analyzed and additional data as a function of ice thickness (Hanson and Ravishankara [68]),
deriving a value of 3 x 10-4 for the thinnest NAT covered ice layer, with values up to three times higher for

thicker NAT-covered ice layers. This is in very poor agreement with y = 0.015 (_+0.006) reported by

Quinlan et al. [134]. This latter measurement may have been biased by a super-cooled nitric acid surface
rather than NAT.

N205 + H2SO 4 • nH20(1) - This reaction has been intensively studied between 195 and 296 K for a wide

range of H2SO 4 wt % values using four complementary experimental techniques. Data are available from
aerosol flow tube studies (Fried et al. [45], Hanson and Lovejoy [61 ], and Lovejoy and Hanson [ 108]),

coated wall flow tube studies (Hanson and Ravishankara [66], Zhang et al. [186]), stirred Knudsen cell
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studies(Williamsetal.[178],Manionetal.[i 111)anddroplettrainstudies(VanDorenetal.[I66],
Robinsonetal.[141]). All studieshaveyieldedysbetween-0.05and0,20withmodestdependenceon
surfaceH2SO4wt%andtemperature.AerosolflowtubestudiesathigherN205exposureandtheternary
H2SO4/HNO3/H20studiesofZhangetal.bothillustratethatsignificantlevelsof HNO3inthe
H2SO4/H20solutionswill reduceymeasurably;thisfactexplainssomeofthescatterinaerosolflowtube
studies[45,61,108].Theeffectof5.0x 10-7torrHNO3tbr_'(N205)asafunctionoftemperatureattwo
watervaporconcentrationsareplottedinZhangetal.;thedecreasein_'isgreatestatlowtemperatures,
approachingafactorof2-5between200and195K.

Robinsonetai.havebinnedthedatabelievedtobetreeofsuspectedHNO3dilutionandsurfacesaturation
effectsfromthestudiescitedaboveintogroupswithsimilarH2SO4concentration,andtheyhavefit a
temperature-dependentuptakemodel,takingintoaccounttemperatureandcompositiondependenceofthe
effectiveHenry'sLawconstant,liquidphasediffusioncoefficient,andtheliquidphasehydrolysisrate
constant.Thehydrolysisreactionwastreatedbymodelingtworeactionchannels,adirecthydrolysis
processdominatingreactionatlowH2SO4concentrationswithareactionrateproportionaltowater
activity,andaproton-catalyzedreactionwitharateproportionaltoH+activity,whichdominatesathigher
acidconcentrations.A parameterizedfit for30to80wt%H2SO4totheuptakemodelgives

_,=k0 +kl/T + k2/T,whereki= Y'.aij (wt% H2SO4)J, j = 0 to 3

i= 0, j: -11.548 0.65252 -0.013183 0.000081293

i = I,j: 5521.6 -316.68 6.4268 -0.039527

i = 2, j: -587410 34601 -712.3 4.3833

18.

19.

20.

21.

22.

23.

N20 5 + H2SO4 ° H20(s) - Zhang et al. [ 185] used coated flow tube techniques to measure the uptake of

N20 5 on solid sulfuric acid monohydrate over a temperature range of 200 to 225 K. The measurement

values of T were significantly higher at 200 K (_, - I x 10-3) than at 225 K (_/-10-4) and were well fit by

log _"= [4.78 - 0.0386 T(K)]. Acid rich H2SO4 • H20 surfaces had a lower "/than water rich surfaces (log

y = 0. !62 - 0.789 x log PH20] where PH20 is their experimental water vapor partial pressure.

N20 5 on H2SO 4 • 4H20(s) - Hanson and Ravishankara [71] studied N205 uptake by frozen 57.5 and

60 wt % H2SO 4 as a function of temperature and relative humidity. The 57.5 wt % surface was not

sensitive to relative humidity and was slightly more reactive (y = 0.008 vs 0.005) at 205 K than at 195 K.

Reaction probabilities on the 60 wt % surface dropped off with temperature and relative humidity.

N20 5 + HCI on H20(s) - Leu [1031 measured _' = 0.(128 (_+0.01 I) at 195 K, while Tolbert et al. [I 62]

measured a lower limit of I x 10-3 at 185 K. These experiments were done at high HCI levels probably

leading to a liquid water/acid surface solution (Abbatt et al. [4]). The reaction probability may be much

smaller on HCI/H20 ice surfaces characteristic of the stratosphere.

N205 + HCI on HNO 3 ° 3H20(s) - Hanson and Ravishankara [63] measured y = 0.0032 (+30%) near
200 K.

N205 + HCI on H2SO4 ° H20(s) - Zhang et al. 1185] saw no increase in N205 uptake on sulfuric acid
monohydrate at 195 K upon exposure to HCI, setting y < 10-4.

N205 + NaCI (s,aq) - Using FTIR analysis, Livingston and Finlayson-Pitts [107] have demonstrated that

N205 reacts with crystalline NaCI to form NaNO3(s), and they report y > 2.5 x 10 -3 at 298 K.

However, Leu et al.[102] used flow tube/mass spectrometric techniques to obtain y < I x 10-4 for dry salt

at 223 and 296 K; they also noted that exposing salt surfaces to small amounts of H20 vapor increased 7

significantly. Fenter et al.[41] measured _,= (5.0 _+0.2) x 10-4 on fused salt surfaces at room temperature,

assuming the geometrical surface area is the only surface accessed. Msibi et al. [126] measured NO3-
deposition on an annular flow reactor to determine y = I x 10-3 for salt surfaces between 45 and 96%

relative humidity at room temperature, rising to "f = 1.5 x 10-2 at 96/97% relative humidity, but they argue
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28.

29.

30.

31.

thatmostof the uptake is due to reaction with H20. On aqeous NaCi solutions, Zetzsch, Behnke, and co-

workers [11, 12, 182] have studied the reaction of N20 5 with aqueous NaC1 aerosols in an aerosol chamber.

The relative yields of C1NO2 and HNO 3 rise with the NaCI concentration. A reaction probability of -0.03

is measured with a 50% CINO2 yield at the deliquescence point (Zetsch and Behnke). This picture is
confirmed by droplet uptake studies on I M NaCI solutions reported by George et al. [48] which confirm

that uptake on salt solutions in the 263 - 278 K temperature range is larger than that on pure water droplets.

N20 5 + HBr on HNO 3 • 3H20(s) - This reaction, yielding y-0.005, was investigated on NAT surfaces

near 200 K by Hanson and Ravishankara [67]. Under some conditions a much higher reaction coefficient of
-0.04 was observed.

N205 + MBr - Finlayson-Pitts et al. [43] used FTIR techniques to demonstrate that BrNO2(ads ) is a major
product of the N205(g ) + NaBr(s) reaction. However, Fenter et al. [41] failed to measure gas phase

evolution of BrNO2 using Knudsen cell/mass spectrometry techniques, detecting Br2(g) instead. They

propose that BrNO2 reacts with KBr(s) to yield KNO2(s ) + Br2(g ). A '/of (4.0 +2.0) x 10-3 at room
temperature was determined for fused KBr surfaces with well-defined surface areas.

HONO + H20(I ) - Bongartz et al. I 15] present uptake measurements by two independent techniques, the

liquid jet technique of Schurath and co-workers and the droplet train/flow tube technique of Mirabel and co-

workers (Ponche et al. [ 132]). With a surface temperature of-245 K the droplet train techniques yielded

0.045<_'<0.09, while the liquid jet operating with a surface temperature of 297 K obtained 0.03<'/< 0.15.

Mertes and Wahner used a liquid jet technique to measure 4 x 10- 3 < y< 4 x 10-2 at 278 K. Since

HONO uptake by liquid water probably involved hydrolysis, an increase in Henry's law solubility with

decreasing temperature may be offset by a decreasing hydrolysis rate constant, leaving the uptake

coefficient's temperature trend uncertain. Measured uptake coefficients will not correspond to the mass
accommodation coefficient.

HONO + H2SO 4 • nH20(I ) - Zhang et a1.[187] measured uptake coefficients for HONO on suffuric acid
that increased from (I.6_+0.1) x 10 -2 tbr 65.3 wt % H2SO4 (214 K) to (9.1 +1.6) x 10-2 lot 73 wt %

H2SO4 (226 K). Fenter and Rossi[42] measured uptake coefficients rising from 1.8 x 10-4 for 55 wt %

H2SO 4 (220 K) to 3.1 x 10 -I for 95 wt % H2SO 4 (220 K and 273 K). In general, the values measured by

Zhang et al. are a factor of 2 to 5 higher than those of Fenter et al. for comparable acid concentrations.
Since the reaction probably depends on both temperature and acid concentration and since the data scatter is

high in both experiments, further independent data will be required to define "/as a function of acid

concentration and temperature. These data are generally consistent with the effective Henry's law constant

measurements of Becker et al. [ 10] who illustrate that HONO solubility decreases exponentially with
H2SO4 concentration until -53 wt %, at which point reaction to form nitrosyl sulfuric acid increases H*
dramatically as H2SO4 concentration increases.

HONO + HCI + H20(s) - Knudsen cell uptake studies for HONO/HC! co-deposited on ice ( 180-200 K) and

for HONO on 0. I to 10 m HCI frozen solutions (- 190 K) by Fenter and Rossi showed HONO uptake

coefficients in the 0.02 to 0.12 range as long as surface HCI concentrations significantly exceed HONO
concentrations. CINO was evolved quantitatively with HONO consumption.

HONO + NaCl(s) - Diffuse reflectance experiments by Vogt and Finlayson-Pitt [ 171 ] on room temperature
NaCl(s) and Knudsen cell uptake experiments by Fenter and Rossi on room temperature NaCl(s) and frozen

0.1 M NaCI aqueous solutions, all failed to show HONO uptake. The latter results yield "/< I x 10-4.

HNO 3 + C(s) - Knudsen cell/mass spectrometry measurements by Rogaski et al. yielded ], = 3.8 (_+0.8) x

10 -2 on one type of amorphous carbon over a temperature range of 190-440 K. Gas phase NO and NO 2
equivalent to -2/3 of the HNO 3 uptake were observed as reaction products.

HNO3 + NaX(s)/KX(s) - Vogt and Finlayson - Pitts [170, 172] used diffuse infrared reflectance

spectroscopy to characterize the process. There was absorption of HNO 3, but no reaction was observed on

completely dry NaCl(s); however, NaNO3 forms in the presence of very low (well below the deliquescence
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point)levelsofH20(g).UsingXPSspectroscopytoidentifysurfaceproductsandadryHNO3source,
Lauxetal. [101](alsoseeVogtetal.)measuredT= (4+__2)x 10-4at298K.Fenteretal.[40]measured
theroomtemperatureuptakeofHNO3onsolidpowdersof NaCI,NaBr,KCI,KBr,andNaNO3,using
Knudsencell/massspectrometrytechniques.Theysawsimilaruptakeforallsurfaces,includingunreactive
NaNO3,andrecommendT = (2.8 _+0.3) x 10-2 for all salts. HCI or HBr was produced with -100% yield

from the halide surfaces. There is some concern about the effective surface area of the powders used by

Fenter et ai. (see Leu et al.[102]). Fenter et al. report new HNO3 data to support their argument that

"sticky" gases such as HNO 3 cannot penetrate below the top surface layer of the powders used in their
experiments. Leu et al. used flow tube/mass spectrometry techniques to measure T = (I .3 _+0.4) x 10 -2 at

296 K and T > 8 x 10-3 at 223 K, both in the presence of low levels of H20(g). They determined that

uptake at 296 K was reactive, producing HCI but that at 223 K reaction was suppressed and uptake was
largely absorptive. Beichert and Finlayson-Pitts [13] measured T= (1.4 _+0.6) x 10-2 at 298 K with a

Knudsen cell technique, and, using D20, demonstrated that chemisorbed water, presumably retained on

defect sites, was crucial for NaNO3 formation. This suggests that low levels of defect-retained water are

responsible for the small uptake values measured by Laux et al.

NH 3 + H2SO 4 • nH20 - Robbins and Cadle [I 37], Huntzicker et al. [80], McMurry et al. l 114], and

Daumer et al. [30] all studied NH 3 uptake by sulfuric acid aerosols in near room temperature flow reactors

(T = 281 - 300 K). Uptake coefficients varied between 0. i and 0.5. Rubel and Gentry [ 1441 used levitated

H3PO 4 acid droplets to show that heterogeneous reaction does control the initial NH3 uptake on strong acid
solutions. Both Rubei and Gentry and D_iumer et al. also explored the effect of organic surface coatings.

CH 3 C(O)O2 + H20(I) and H2SO 4 ° nH20 - Villalta et al. [168] used wetted-wall flow tube techniques to
measure T = 4.3 (+ 2.4/-I.5) x 10-3 for water at 274 + 3K. They also measured uptake for 34 wt %

H2SO4 at 246 K (T = (2.7 +1.5) x 10-3), 51 wt % at 273 K (T = (0.9 _-L-0.5)x 10-3), and 71 wt % at

298 K (T= (1.4 _+0.7) x 10-3). They suggest that products subsequent to hydrolysis are HO 2 and

CH3C(O)OH.

C! + H2SO4 ° nH20 - Measured reaction probability (Martin et al. [i 13]) varies between 3 x 10-5 and 7 x

10-4 as H20 and T co-vary. Reaction product is claimed to be HCI.

CI2+HBr + H20(s) - Hanson and Ravishankara [67] measured a reaction probability of >0.2 on water ice
near 200 K. BrCI was not detected, presumably due to rapid reaction with excess HBr.

CI 2 and BrCI + KBr(s) - Caloz et al. measured T > 0. I tbr reactive uptake of C12 and BrCI on KBr(s) in a

room temperature Knudsen cell experiment.

C!2 and Br2 + NaBr(aq) and NaI(aq) - Hu et a1.,[78] measured large uptake coefficients for C12 on dilute

aqueous droplets of NaBr and NaI solutions and Br2 on NaI solutions using a droplet train technique.

Reaction was demonstrated to proceed through both a chemisorbed surface complex and normal bulk
solution second-order kinetics. Second-order bulk reaction rate constants near the diffusion limit and

consistent with bulk-phase kinetic measurements were obtained between 263 and 293 K.

CIO + H20(s) and HNO3 ° nH20 - Proposed reaction (Leu [103]) is 2 CIO ---) C12 + 02; reactive uptake

may depend on CIO surface coverage, which in turn may depend on gas phase CIO concentrations. Kenner
et al. [93] measured reaction probabilities of (8 +2) x 10-5 for ice at 183 K which is far lower than the
limit of >1 x 10 -3 obtained by Leu et al. [103]. Abbatt [3], using nearly the same low levels of CIO as

Kenner et al., obtained T< I x 10-5 at 213 K. The difference may lie in the level of CIO or other

adsorbable reactive species present. The lower value of Abbatt is probably closer to the expected reactivity
under stratospheric conditions. Kenner et al. also measured a reaction probability limit of < (8 +4) x 10-5

for NAT at 183 K.

CIO + H2SO4 ° nH20- Measured reaction probability (Martin et al. [113]) varies between 2 x 10-5 and 2 x

10 -4 as H20 content is varied by changing wall temperature. Reaction product is claimed to be HCI, not
5 or eCI 2. Abbatt[3]measuredT<i x 10- f 60 and 70 wt °/,, H2SO4at213K.
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HOC!+HC1+H20(s)andHNO3° 3H20(s)-HansonandRavishankara[66]andAbbattandMolina[5]
haveinvestigatedtheHOCI+ HCIreactiononwatericeandNAT-likesurfaces,andChuetal.[24]studied
waterice.ProductyieldmeasurementssupporttheidentificationofCI2andH20asthesoleproducts.The
highreactionprobabilitiesmeasuredindicatethatthisreactionmayplayasignificantroleinreleaseof
reactivechlorinefromtheHC!reservoir.ThereactionprobabilityonNAT-likesurfacesfailsoff
dramatically(afactorof 10)onwater-poor(HNO3-rich)surfaces(AbbattandMolina).Themeasuredyield
ofproductC!2is0.87_+0.20(AbbattandMolina[5]).

HOCi+HCI+H2SO4 ° nH20 - This process has been studied in coated flow tubes near 200 K by Zhang
et al. [1841 and Hanson and Ravishankara [70]. Both studies measured large _ for [HCI] > [HOCI].
Hanson and Ravishankara [70] deduced a second-order reaction rate constant of - I x 105 M- 1 s" 1 in 59.6 wt

% H2SO4 at 201-205 K. A model of this and related sulfuric acid aerosol reactions tailored to stratospheric

conditions has been published by Hanson et al. [74]. Zhang et al. held the water vapor partial pressure at
3.8 x 10 -4 torr and showed T increased by a factor of 50 as the temperature was lowered from 209 to 198 K,

showing that the reaction rate is strongly dependent on water activity.

CINO and CINO 2 + NaCl(s) - Using a Knudsen cell technique Beichart and Finlayson-Pitts set upper limits
of T < -10-5 for reaction uptake of CINO and CINO2 on NaCl(s) powders at 298 K.

CIONO2 + H20(s) - Measurement of T = 0.3 (+0.7, -0.1) (Hanson and Ravishankara [65]) significantly

exceeds previous measurements of Molina et al. [ 121 ], Tolbert et al. [ 163], Leu [ 104] and Moore et al.

[123] and subsequent measurements by Chu et al. [24] and Zhang et al. [183]. Previous measurements were

probably impeded by NAT formation on surface (Hanson and Ravishankara, [66], Chu et al.). Lower levels

of CIONO2(g) used by Hanson and Ravishankara [63] minimized this surface saturation problem. Also,

using lower CIONO 2 concentrations, Zhang et al. obtained a reaction probability of 0.08 + 0.02 at 195 K,

in fair agreement with the range of 0.03 to 0.13 measured by Chu et al. More recent Knudsen cell
measurements at 180 and 200 K by Oppliger et al.,[130] showed initial uptake gs in the 0.2 to 0.4 range.

Reaction products are HNO 3 and HOCI. All of the HNO 3 and much of the HOCI is retained on the surface

under polar stratospheric conditions (Hanson and Ravishankara). Hanson [59] deposited CIONO2 on
H2180 enriched ice and detected HI8ocI showing the CI-ONO 2 bond is broken during reaction on ice at

191 K.

CIONO2 + HNO3 ° nil2 O - Hanson and Ravishankara [63, 65] report a value of 0.006 lor C1ONO 2

reaction with the water on NAT (HNO 3 ° 3H20). However, these authors present re-analyzed and new data

with T= 0.001 in Hanson and Ravishankara [681. Similar experiments (Moore et al. [123], Leu et al.

[ 105]) report a larger value 0.02 _-t-0.01which falls very rapidly as slight excesses of H20 above the 3/I
H20/HNO 3 ratio for NAT are removed. They measure Tof less than 10-6 for slightly water poor "NAT"

surfaces. The inconsistency between Hanson and Ravishankara [63, 65] and the JPL group (Moore et al.

[123]; Leu et al., [ 105]) has not been resolved. Hanson and Ravishankara [66] report that T for this reaction

increases by a factor of 4 as the surface temperature increases from 191 to 211 K.

CIONO2 + H2SO4 ° nH20(I) - Results from wetted-wall flow tube (Hanson and Ravishankara, [72])

Knudsen cell reactor (Manion et al. [I I I], Williams et al., [178], aerosol flow tube (Hanson and Lovejoy

[ 141 ]), and droplet train uptake experiments (Robinson et al., 96/63) supplement older wetted-wall flow
tube (Hanson and Ravishankara [66]) and Knudsen cell measurements (Rossi et al. [143], Tolbert et al.

[161 ]). Although earlier Knudsen cell measurements probably suffered from surface saturation, more recent

results compare well with those from other techniques. Results are now available over a temperature range

of 200-265 K and a H2SO4 concentration range of 39 to 75 wt.%. Measured T values depend strongly on
H2SO 4 concentration and vary modestly with temperature, with a trend to somewhat higher values for the

210 - 220 temperature range, reflecting the temperature dependence of Hkhy d I/2 and the liquid phase
diffusion coefficient for CIONO 2 and the rates of the direct- and proton-catalyzed hydrolysis reactions, which

are proportional to the activity of H20 and the activity of H +, respectively. (Robinson et al., [141]).
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47.

48.

49.

Robinsonetal.havebinnedthedatabelievedto be tree of suspected HNO3 dilution and surface saturation

effects from the studies cited above into groups with similar H2SO4 concentration and they have fit a

temperature-dependent uptake model, taking into account temperature and composition dependence of the

effective Henry's Law constant, liquid phase diffusion coefficient, and the liquid phase hydrolysis rate

constant. The hydrolysis reaction was treated by modeling two reaction channels, a direct hydrolysis

process dominating reaction at low H2SO 4 concentrations with a reaction rate proportional to water

activity, and a proton-catalyzed reaction with a rate proportional to H + activity, which dominates at higher

acid concentrations. A parameterized fit to the uptake for 30-80 wt % H2SO4 model gives:

T= k0 + kl/T+ k2/T, where ki = _ aij (wt% H2SO4_J, j =0to 3

i = 0, j: -10.855 -0. 12764 0.0087648 -0.00010047

i = 1, j: 4349.6 44.544 -3.8043 0.043465

i = 2, j: -454140 -3(161.2 376.53 -4.7098

CIONO 2 + H2SO 4 • H20(s ) and H2SO4 ° 4H20(s) - Measurements by Hanson and Ravishankara ]71] and

Zhang et al. [183] demonstrate that the reaction probability on the tetrahydrate is a strong function of both

temperature and relative humidity, both of which affect the level of adsorbed H2 O. Both groups covered the

temperature range of 192-205 K. The reaction is slowest at higher temperatures and lower relative
humidities. Zhang et al. [183] have parameterized their data in the form of log y= al + a2 log x + a3 log 2

x; tbr 195 K and x = water partial pressure in torr: a l = 10.12, a2 = 5.75 and a3 = 0.62; for a water partial

pressure of 3.4 x 10 -4 torr and x = T(K) between 182 and 206: al = 318.67, a2 =-3.13 and a 3 = 0.0076.

Zhang et a1.[186] have also measured a low value of y- 2 x 10 -4 on sulfuric acid monohydrate at 195 K.

CIONO 2 + HCI + H20(s) - Reaction probabilities of 0.27 (+0.73, -0.13) (Leu [104]) and 0.05 to 0. I

(Molina et al. [ 121]) have been reported near 200 K. Abbatt et al. [41, Abbatt and Molina [5], and Hanson

and Ravishankara [65] report that a portion of the reaction may be due to HOC! + HCI --, CI 2 + H20, with

HOCI formed from CIONO 2 + H20(s) _ HOCI + HNO3(s). Hanson and Ravishankara 163] see no

enhancement of the CIONO2 reaction probability when H20(s) is doped with HCI. Their preferred value is

)' = 0.3, but this is consistent with y = I. Using a Knudsen cell technique and looking at initial uptake,

Oppliger et al. [ 130] measured _ = 0.7 at 180 K and 0.2 at 200 K with HC1 in excess.

CIONO 2 + HCI + HNO3 ° 3H2 O - Measurements by Hanson and Ravishankara [63, 66], Leu and co-
workers (Moore et al. [123], Leu et al. [105]), and Abbatt and Molina [6] confirm a high 7. Work by

Hanson and Ravishankara indicates that reaction probabilities on nitric acid dihydrate (NAD) are similar to

those on NAT. The most recent NAT studies (Abbatt and Molina [6]) show a strong fall-off with relative

humidity from "/>0.2 at 90% RH to 0.002 at 20% RH, indicating the necessity of sufficient water to
solvate reactants.

CIONO2 + HCI + H2SO4 ° nH20 - Hanson and Ravishankara [65] estimated that low temperature

solubility limits for HCI in H2SO4 ° nH20 (> 60 wt.% H2SO4) would restrict the CIONO2 + HCI

reaction by demonstrating that HCI vapor has a minima/effect on CION02 uptake on 60-75 wt.% H2SO4
surfaces. Tolbert et al. [161] also noted no measurable enhancement of C1ONO2 loss on a 65 wt.% H2SO4

surface at 210 K when the surface is exposed to HCI, but the reaction products do change to include CI2.

However, subsequent work (Hanson and Ravishankara [72]) has led to a re-evaluation of the process as a

second-order liquid phase reaction between CI- and CIONO2, which they estimate to proceed at a diffusion

limited rate of I-3 x 107 M-I s -1 near 200 K. Re-analysis of H* for HCI in cold concentrated H2SO4 (see

next table) may make this process important even for 60-70 wt% H2SO4. Additional measurements by
Zhang et ai.[184] and Elrod et al. [37] show substantial agreement with Hanson and Ravishankara [72] and

illustrate the strong dependence of _' on HCI solubility, which, in turn, depends on water activity. Both

Zhang et ai. and Elrod et al. examined the effect of HNO 3 on the reaction and found no significant change.

Hanson and Lovejoy used an aerosol flow tube method to measure a reacto-diffusive length, i. of 0.009 +
0.005 for 60 wt % H2SO4 at 250 K. This is a factor of 4 smaller than I for CIONO2 hydrolysis on the

same aerosol, showing a significantly enhanced reaction rate tbr these conditions. Sulfuric acid surfaces

with less than -60 wt.% H2SO 4 also have sufficient water to absorb significant levels of HCI. Wolff and
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51.

52.

53.

54.

55.

56.

Mulvaney[179],HofmannandOltmans[77],andToonetal.[164]havesuggestedthat such water-rich

H2SO 4 aerosols may form under polar stratospheric conditions.

CIONO2+HCI + H2SO4 • H20(s) and H2SO4 ° 4H20(s) - This reaction has been studied by Hanson and

Ravishankara [71] and Zhang et al. [I 83]. The reaction probability is strongly dependent on the

thermodynamic state of the SAT surface, which is controlled by the temperature and the water vapor partial

pressure. At a water vapor pressure of 5.6 x 10-4 torr the measured 7 drops by over two orders of

magnitude as the SAT surface temperature rises from 195 to 206 K. The results from the two groups are in

qualitative agreement, but sample different H20 and HCI partial pressures. Zhang et al. have parameterized

their data as a function of water partial pressure (at 195 K) and for temperature (both at an HCI partial
pressure of 4 to 8 x 10 -7 torr) in the form log y= a I + a 2 log x + a3 (log x) 2. For H20 partial pressure,

al = 5.25, a2 = 1.91, and a 3 = 0.0; for T(K), a I = 175.74, a2 = -I.59, and a 3 = 0.0035. Care must be

taken in extrapolating either data set to lower HC[ concentrations. Zhang et al. [ 1861 measured no
enhancement of CIONO2 uptake on sulfuric acid monohydrate at 195 K with (2 - 8) x 10-7 torr of HCI

present, implying _/< 1 x 10 -4.

CIONO 2 + HCI + AI203(s ) - Molina et al. [120] used flow tube techniques to measure y = 0.020 -i-0.005
on o_-alumina at 195 - 230 K with stratospheric (5 ppmV) water vapor levels. Measured y was

independent of T and was affected very little by 5 ppbv HNO3 vapor. The same ,/was measured for a Pyrex

surface, indicating the absorbed water and not the inorganic substrate hosted the reaction.

CIONO 2 + MX(s) - Finlayson-Pitts and co-workers have shown that CIONO 2 reacts with crystalline NaCI

(Finlayson-Pitts et al. [43]) and NaBr (Berko et al. [14]) to produce CI2 and BrCI, respectively. Timonen et

al. [159] have measured the reaction rate for C1ONO2 with dry and slightly wet (water vapor pressure 5 x
10 -5 - 3 x 10 -4 torr)NaCI at temperatures of 225 and 296 K. Reaction probabilities were analyzed as T--4

- 7 x 10 -3 and were independent of temperature and water vapor pressure within experimental error. The CI2

yield on dry NaCI was 1.0 _+0.2. Caloz et al. [20] used a room temperature Knudsen cell technique to

measure _' = 0.23 _+0.06 for NaCl(s) and y = 0.35 _-t-0.06for KBr(s). They argue that the surface corrections
imposed by Timonen et al. were too large. Caloz et al. measured quantitative yields of CI 2 and BrCI

products.

C1ONO2+HBr + H20(s) and HNO 3 • nH20(s) - This reaction was studied by Hanson and Ravishankara

[67] on water ice and NAT near 200 K. A diffusion-limited reaction probability of >0.3 was observed.

CIONO2+HF + H20(s) and HNO3 ° nH20(s) - Hanson and Ravishankara [67] were not able to observe this
reaction on water ice and NAT surfaces near 200 K.

CFxCI(4-x ) (x=0-3) and CF2Br2 + AI203(s) - Robinson et al. [139] reported dissociative uptake of
CF2CI 2 and CF2Br2 on s-alumina surfaces at 210 and 315 K. Reaction probabilities of about I x 10 -3 at

210 K were measured by monitoring the amounts of surface species bonded to the AI20 3 substrate. A re-

analysis (Robinson et al. [140]) lowered this value by about a factor of 50. Moderate surface dosage with
water vapor did not quench the reaction. In addition, Dai et al. [29] and Robinson et al. [138] studied

dissociative chemisorption of CF3CI, CF2C12, CFCI3 and CC14 on dehydroxylated y-alumina powders.
The obtained reactive uptake probabilities ranging from 0.4 x 10 -5 for CFCI3 to 1.0 x 10 -5 for CFCI3 over

a temperature range of 120 to 300 K. HCI and halomethyl radicals were observed as desorption products.

Loss of these products may point to somewhat higher "Is, since they were measured by integrating halogen

bound to A120 3 substrates.

BrO + H20(s) + H20(s) and H2SO 4 • nH20(I) and NaCl(aq) - Abbatt [3] used a coated flow tube technique

to measure heterogeneous uptake on water ice, 60 and 70 wt % H2SO 4 at 213 K, and 23 wt % aqueous
NaCi at 253 K. He obtained _ice) = (I.0 +0.4) x 10-3, 7(60 wt % H2SO4) = (7 +2) x 10- 4, y(70 wt %

H2SO4) = (5 +2) x 10- 4 and y (23 wt % NaCI) < 3 x 10 -3. He observed product Br 2, indicating BrO self-

reaction on both water ice and sulfuric acid solutions. Since reaction rate will depend on BrO

concentrations, no recommendation is made for an atmospheric rate.
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58.

59.

60.

61.

HOBr+HCI+ H20(s)andH2SO4• nH20- Abbatt[I] measured"t=0.25(+0.10/-0.05)forthisreaction
oniceat228K. TheBrCIproductwasobservedbymassspectrometry.Abbatt[2]measured"¢sof ~0.1
to0.2for [HCll> 1x 1012cm-3over68.8wt%H2SO4at228K;yieldinganestimatedkll = 1.4x 105
M-1s-I withafactorof2uncertainty.HansonandRavishankara[73]alsomeasured_'=0.2[+0.2,-0.1]
for60wt%H2SO4at210K.

HOBr+ HBr+H20(s)andH2SO4• nH20-Abbatt[1]measured_'=0.12+(0.03)oniceat228K. The
Br2_roductwasobservedbymassspectrometry.Abbatt[2] measured7=0.25for[HBr]= I x 1012
cm--_over68.8wt%H2SO4at228K;yieldingtoanestimatedklI >5x 104M-I s-1.

BrONO2andBrONO2+HCi+ H20(s)-HansonandRavishankara[68]investigatedthesereactionsinan
ice-coatedflowreactorat200(+10)K. ThereactionofBrONO2withH20(s)proceededatarate
indistinguishablefromthegasphasediffusionlimit,implyingthatthereactionprobabilitymaybeashigh
asone;theproductBrNO(g)wasobserved.DepositingHCIandBrONO2oniceledtorapidproductionof
BrCI.ThismayhavebeenproduceddirectlythroughreactionofBrONO2withadsorbedHCIor,indirectly,
throughproductionofHOBrintheBrONO2/icereaction,followed by reaction of HOBr + HCI. No kinetic

parameters for BrCI production were given.

BrONO2 and BrONO2 + HCI + H2SO 4 ° nil2 O - Hanson and co-workers ([62, 73]) used both coated flow

tube and aerosol flow tube techniques to show that the reaction of BrONO2 with 45-70 wt % H2SO 4 is

extremely facile at temperatures from 210 to 298 K. Hanson and Ravisbankara I73) measured 7s of 0.5 (+

0.5, - 0.25) (45 wt % H2SO4, 210 K, 0.4 (+0.6, -0.2) (60 wt %, 210 K), and 0.3 (+ 0.7, -0.1

(70 wt %, 220 K) in a coated-wall flow tube experiment. Hanson et al. [62] measured 3, ~ 0.8 (20 to 40%

error) for submicron aerosols at temperatures between 249 and 298 K and H2SO 4 concentrations of 45 to 70

wt %; they did observe a sharp fall off in y for H2SO4 concentrations between 73 and 83 wt %. Addition

of excess HCI to 229 K 40 and 60 wt % H2SO 4 aerosols caused an increase in _' to 1.0 and 0.9,

respectively.

CF3OH + H20 + H20(I) and H2SO4 ° nH20(I) - Lovejoy et al. [109] used both wetted-wall and aerosol
flow tube techniques to measure reactive uptake of CF3OH on water at 274 K and 39 - 60 wt % H2SO4 at

various temperatures between 206 and 250 K. _ showed a strong dependence on water activity. Aerosol

uptake studies yielded reacto-diffusive lengths, I, of > 0.4 I.tm for 40 wt % H2SO4 and !.0 I.tm for 50 wt %

H2SO4, both at 250 K. Recommended _ were estimated by averaging bulk uptake measurements at

similar H2SO4 concentrations and ignoring temperature effects on water activity.
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Table 65. Henry's Law Constants for Gas-Liquid Solubilities

T(K) Wt. % H2SO 4 H or H*

(M/atm)

Notes

Scc Note

0 -80

46-80

1.I x

: : _ ij_i:i_
0 : 7 x '10 3 • :: _";i!:_:_;i

-; ...:._,i_:_ii_:_

0 4.1

CCI20 in H20(I)
278
298

CCI3CCIO in H20(I)
278

CF20 in H20(1)
278

CF20 in H2SO4 ° nH20
215-230

CF3CFO in H20(l)
278

0 < 0.2 7

0 <0.1 7

0 <2 8

0 <1 9

60 < 5 I0

0 <1 9
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Table65.Henry'sLawConstantsforGas-LiquidSolubilities

T(K) Wt.%H2SO4 HorH* Notes
/M/arm)

CF3CCIOinH20(I)
278 0 < 0.5 10

_ .:q. 40 >240

50 210

CF3C(O)OHinH_)
271_308 :" 0 See Note

1_ ¸

14

NO3 in H200) .... ::
273 .... 0 0.6 :kO.3 15

.

2.

.

Notes to Table 65

Becker et al. [10] measured H* for HONO between 248 and 298 K and 0.3 to 73.3 wt % H2SO4. H* fell

monotonically, with the expression tabulated up to 53 wt % H2SO4. Above that, H* increased due to

nitrosyl sulfuric acid formation (see previous table for reactive uptake 31).

Effective Henry's law coefficients, H*, tbr HNO3, HC1 and HBr in binary H2SO4/H20 and ternary

H2SO4/HNO3/H20 solutions over the temperature range 195 to 300 K are required to model the composition

and heterogeneous chemistry of stratospheric and upper tropospheric aerosols. Solubility data can be obtained

from analysis of heterogeneous uptake experiments with the liquid phase diffusion coefficient estimated from

acid solution viscosity (Williams and Long [177]) or from vapor pressure data.

Recent experimental solubility data for HNO 3 is provided by Van Doren et al. [167], Reihs et al. [135], and

Zhang et al. [188]. Data for HCI solubility is provided by Watson et ai. [174], Hanson and Ravishankara [66,

70], Zhang et al. [188], Williams and Golden ]1751, Abbatt 12] and Elrod et al. [37]. Data for HBr is provided

by Williams et al. [176] and Abbatt [2].

These studies all show that trace species solubility in H2SO4/H20 and H2SO4/HNO3/H20 solutions is a

strong function of water activity, which, in turn, depends on both temperature and acid concentrations.

Prediction of HNO3, HCI, and HBr H* values for atmospheric compositions requires a sophisticated model.

Comprehensive thermodynamic models of acid solutions for a range of atmospheric conditions have been

published by Carslaw et al. [21], Tabazadeh et al. [154] and Luo et al. II 101 and reviewed by Carslaw and

Peter [22]. These models do an excellent job of reproducing the available experimental data, even tot ternary

H2SO4/HNO3/H20 solutions (Elrod et al. [37]). These models and the Carslaw review should be consulted

tot plots/predictions of H* for HNO3, HCI, and HBr in strong acid solutions over the atmospheric

temperature range.

Huthwelker et al.[81] have extrapolated room temperature acqueous HOCI solubility data to stratospheric

temperature and acid concentrations using a thermodynamic model of acid solutions. They obtain a

Setchenow-type dependence on H2SO4 molality, mH2SO4, tor HOCI activity and parameritize the physical

Henry's law constant as:

In H* = 6.4946 - mH2SO 4 (-0.04107 + 54.56/T) - 5862 (l/T o - l/T)

where T = T(K), To = 298.15 K and'H = mHOCI/pHOCI in mol kg- 1 atm- 1.
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10.
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12.

13.

14.

15.

Johnson et al. [89] determined H* = (8.9 +1.3) x 103 M atm -I for formic acid and H* = (4.1 _+0.4) x 103 M

atm -1 for acetic acid at 298 K in a packed column experiment. Earlier bubbler measurements by Servant et

al. [150] measured (13.4 +1.6) x 103 at 297 K and (9.3 +1.1) x 103 at 296 K, respectively. Combining the
measured values, "best" experimental values of (I I +2) x 103 and (7 + 3) x 103 M atm- I lor 298 were
recommended.

Villalta et al. [168] measured an upper limit for H of 0. I M atm -I in coated-wall flow tube uptake
experiments on aqueous sodium ascorbate solutions.

Kames and Schurath[9 i] measured H = 4.1 + 0.8 M atm- I for peroxyacetylnitrate (PAN) in distilled water at

293.2 K with a bubbler apparatus; a slightly lower value of 3.6 _+0.2 was obtained for synthetic sea water of

0.61 ionic strength. They also measured 2.9 +0.06 (distilled water) and 2.5 _-t-0.5(synthetic sea water) for

peroxypropionalnitrate. Their PAN value agrees with earlier measuremnts by Kames et al. [92] and
unpublished work by Y.N. Lee.

De Bruyn et al. [33] reported limits of < 0.15 at 278 K and < 0.06 at 298 K from a bubble column uptake

experiment. Uptake was controlled by H(khyd)I/2 in these experiments. Reported limits are consistent with
values from a liquid jet experiment of0.11 at 288 K, 0.07 at 298 K, 0.05 at 308 K and 0.03 at 319 K

reported by Manogue and Pigford l I 12].

De Bruyn et al. report a limit of < 1.9 from a bubble column experiment where uptake was controlled by
H(khyd) 1/2. George et al. [47] report a value of 2 tbr the temperature range of 274-294 K from a droplet train

experiment with uptake also controlled by H(khyd)1/2 although the khyd value used to deconvolute the data
was not well determined.

De Bruyn et al. report a limit of < 1.0 at 278 K based on uptake controlled by H(khyd) I/2 in a bubble
column experiment. This is consistent with the limit on the uptake coefficient measured by the same group
with a droplet train experiment at 300 K (De Bruyn et al. [31]). George et al. [49] report much higher

!Hkhyd) 1/2 values, implying H values > 20 for temperatures between 273 and 294 K. However, this analysis

_s suspect due to low signal strengths and large data scatter at all temperatures.

Hanson and Ravishankara [64] calculate an upper limit for H of CF20 based on assumed solubility limit
resulting in lack of measurable uptake into 60 wt% H2SO4.

De Bruyn et al. report a limit of < 0.9 at 278 K from a bubble column experiment where uptake was
controlled by H(khyd) !/2. George et al. [49] report a value of 3 at 284 K from a droplet train experiment

where uptake was also controlled by H(khyd) 1/2; however, deconvolution of time-dependent uptake data to

yield it and khyd is suspect due to low signals and high data scatter at each temperature.

De Bruyn et al. report a limit of < 0.3 at 278 K from a bubble column experiment where uptake was
controlled by H(khyd)I/2. George et al. [49] report a value of 2 at 284 K from a droplet train experiment with

uptake also controlled by H(khyd)I/2; however, deconvolution of time-dependent uptake data to yield H and

khyd is suspect due to low signal strength and high data scatter at each temperature.

Lovejoy et al. [109] determined recto-diffusive lengths of > 0.4 _tm and 1.0 I.tm for CF3OH uptake at 250 K
on 40 and 50 wt % H2SO 4 aerosols, respectively. This leads to H* estimates of> 240 and 210 M atm -!,

respectively.

Bowder et al. [ 17] measured CF3C(O)OH vapor pressures over water at 278.15,298.15 and 308.15 K yielding
a suggested parameterization of H (tool kg-I atm-1) = 9.009 - 9.328 x 103 (I/T o - I/T) where T = T(K) and
To = 298.15 K.

Wetted-wall flow tube measurements by Rudich et al. I145] yielded an H(DI)I/2 value of (I.9 _+0.2) x 10 -3
M atm -I cm s-1/2. They assumed a liquid phase diffusion coefficient, DI = (I .0 _+0.5) x 10 -5 cm 2 s-l,
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yielding a Henry's law constant of 0.6 + 0.3 M atm- 1 at 273 K. This is one third of an earlier measurement

of i.8 +!.5 M atm-I quoted in Michelcic et al. [119].
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APPENDIX 1: GAS PHASE ENTHALPY DATA

SPECIES AHf(298) SPECIES AHf(298) SPECIES AHf(298) SPECIES AHf(298)

(Kcal/moi) (Kcal/mol) (Kcal/mol) (Kcal/mol)

H 52.1

H2 0.00

O 59.57

O(1 D) 104.9

02 0.00

02 (IA) 22.5

O2 (15_) 37.5

03 34. !
HO 9.3

HO2 2.8+0.5

H20 -57.8 !

H202 -32.60

N 113.00

N 2 0.00

85.3

NH 2 45.3+0.3

NH 3 -10.98

21.57

NO2 7.9

NO 3 17.6_+ I

N20 19.6 I

N203 19.8

N204 2.2

N205 2.7+1

HNO 25.6+1
HONO - 19.0

HNO 3 -32.3

HO2NO 2 - 12.5+2

C 170.9

CH 142.0

CH2 93+ I

CH 3 35+0.2

CH4 - 17.88

CN 104+3

HCN 32.3

CH3NH 2 -5.5

NCO 38+3

HNCO -25+3
CO -26.42

CO 2 -94.07
HCO 1O+ 1

CH20 -26.0
COOH -53+2

HC'OOH -90.5

CH30 4+ 1

CH302 4+2

CH2OH -3.6+ 1

CH3OH -48.2

CH3OOH -31.3

CH3ONO - 15.6

CH3ONO 2 -28.6

CH302NO 2 - I 0.6+2

C2H 135+1

C2H 2 54.35

C2H2OH 30+3

C2H 3 71+1

C2H 4 12.45 CH2FCH2F -107+1

C2H 5 28.4+0.5 CH2FCHF2 - 159+2

C2H6 -20.0 CHF2CHF2 -210+1

CH2CN 58.5+3 CH2CF3 - 124+2

CH3CN 18+3 CH3CF 3 - 179+2

CH2CO - I 1+3 CH3CF 2 -71 +2

CH3CO -2.4+0.5 CH3CHF 2 - 120+ I

CH3CHO -39.7 CHFCF3 - 163+2

C2H50 -4.1+1 CH2FCF3 -214+1

CH2CH2OH -8+2 CF2CF 3 -213+2

C2H5OH -56.2 CHF2CF3 -264+2

CH3CO2 -49,6 CI 28.9

CH3COOH -103.3 CI2 0.00
HCI -22.06

C2H502 -6+2
CIO 24.4

CH3COO 2 -41 +5 CIOO 23.3 + 1

CH3OOCH 3 -30.0 OCIO 22.6+1

C3H 5 39.4_+2 CIOO2 > 16.7

C3H6 4.8 CIO3 52_+4

n-C3H 7 22.6+2 C120 19.5-+1

i-C3H 7 19-+3 CI202 31 +3

C3H8 - 24.8 CI203 37+3
C2H5CHO -44.8 HOCI - 18-+3

CH3COCH 3 -51.9 CINO 12.4

CH3COO2NO 2 -62-+5 CINO 2 3.0

F 19.0+0.1 CIONO 13

F2 0.00 CIONO 2 5.5

HF -65.14+0.2 FCI - 12. I

HOF -23.4+1 CCI 2 57_+5

FO 26_+3 CCI 3 17_+ 1

F20 5.9+.4 CC1302 -2.7-+ 1

FO2 6+ 1 CCI4 -22.9

F202 5+2 CHCI 3 -24.6

FONO 13-+7 CHCI 2 23+2

FNO - 16+2 CH2C I 29-+2

FNO2 -26-+2 CH2CI2 -22.8

FONO2 3.1 +2 CH3C 1 - 19.6

CF 61 _+2 CICO -5_+ I

CF 2 -44_+2 COCI 2 -52.6

CF 3 - 112+ I CHFCI - 15-+2

CF 4 -223.0 CH2FCI -63_+2

CHF 3 - 166.8 CFCI 7_+6

CHF 2 -58_+2 CFCI 2 -22+2

CH2F 2 - 108.2 CFCI 3 -68.1

CH2F -8_+2 CF2CI2 - 117.9

CH3F -56_+ I CF3C I - 169.2

FCO -41 _+15 CH FCI2 -68.1

F2CO - 145_+2 CHF2CI - 115.6

CF30 - 150_+2 CF2C 1 -67-+3

CF302 - 148_+2 COFCI - 102-+2

CF3OH -218+3 CH3CF2CI - 127+2

CF3OOCF 3 -343-+5 CH2CF2CI -75-+2

CF3OOH - 191 -+5 C2CI 4 -3.0

CF3OF - 173-+5 C2HC13 - 1.9

CH3CHF - 17_+2 CH2CCI 3 17_+2

CH3CH2F -63_+2 CH3CCI 3 -34.0

CH3CH2CI -26.8

CH2CH2CI 22_+2

CH3CHCI 17.6_+1
Br 26.7

Br2 7.39

HBr -8.67

HOBr - 14_+2

BrO 30+2

BrNO 19.7

BrONO 25+7

BrNO 2 17+2

BrONO 2 < 11

BrCI 3.5

CH2Br 40-+2

CHBr 3 6-+2

CHBr 2 45+2

CBr 3 48+2

CH2Br 2 -2.6+2

CH3Br -8.5

CH3CH2Br -14.8

CH2CH2Br 32+2

CH3CHBr 30+2

I 25.52

12 14.92

HI 6.3

CH31 3.5

CH21 52+2

IO 30.5_+2
INO 29.0

INO 2 14.4

S 66.22

$2 30.72
HS 34.2+ I

H2S -4.9

SO 1.3

SO2 -70.96

SO 3 -94.6

HSO - 1+2

HSO 3 -92-t-2

H2SO 4 - 176
CS 67-+2

CS 2 28.0

CS2OH 26.4

CH3S 29.8+1

CH3SOO 18-+2

CH3SO2 -57

CH3SH -5.5

CH2SCH 3 32.7+1

CH3SCH3 -8.9

CH3SSCH 3 -5.8
OCS -34
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APPENDIX 2: GAS PHASE ENTROPY DATA

SPECIES S°(298) SPECIES S°(298) SPECIES S°(298) SPECIES S°(298)

(cal/mol/de_ _cat/mol/de_) _cal/mol/de_ (cal/mol/deg)

H 27.4 CH3CN 58.2 CF2CF 3 81.6 BrONO 2 (77)

H 2 31.2 CH2CO 57.8 FCI 52.1 BrCi 57.3

O 38.5 CH3CO 64.5 CH2FCI 63.3 CH3Br 58.7

02 49.0 CH3CHO 63.2 CHFCI (63) CH2Br (61 )
03 57.0 C2H50 65.3 CFCI 62.0 CH2Br 2 70.1

HO 43.9 C2H5OH 67.5 CFCI3 74.0 CHBr 2 (72)

HO2 54.4 CH3CO2 (68) CF2CI2 71.8 CHBr 3 79.1

H20 45.1 CH3COOH 67.5 CF3CI 68.3 CBr3 80.0

H202 55.6 C2H502 75.0 CHFCI2 70. I CH3CH2Br 68.6

N 36.6 CH3COO 2 (80) CFCI2 71.5 CH2CH2Br (70)

N 2 45.8 CH3OOCH 3 74.1 CHF2CI 67.2 CH3CHB r (70)

Nil 43.3 C3H5 62.1 CF2CI 68.7 I 43.2

NH 2 46.5 C3H6 63.8 COFCI 66.2 12 62.3

NH 3 46.0 n.C3 H7 68.5 CH3CF2CI 68.7 HI 49.3
50.3

NO2 57.3 i-C3H7 66.7 CH2CF2CI (69) CH31 60.6

NO 3 60.3 C3H8 64.5 CI 39.5 CH21 (61)

N20 52.6 C2H5CHO 72.8 CI2 53.3 IO 58.8

N203 73.9 CH3COCH 3 70.5 cIoHCI 44.654.1 INOINo2 70.367"6

N204 72.7 CH3COO2NO 2 (95) CIOO 64.0 S 40.1
F 37.9

OCIO 61.5 S 2 54.5
N205 82.8 F2 48.5 CIOO 2 73 H2 S 49.2

HNO 52.7 HF 41.5 CI20 64.0 HS 46.7
HONO 59.6 HOF 54.2

HNO 3 63.7 IK) 51.8 CI202 72.2 SO 53.0

HO2NO 2 (72) F20 59.1 HOCI 56.5 SO 2 59.3

C 37.8 FO 2 61.9 CINO 62.6 SO 3 61.3
CH 43.7 CINO2 65.1 H2SO 4 69. I

CH 2 46.3 F202 66.3 CIONO (70) CS 50.3
IK)NO 62.2

CH 3 46.4 FNO 59.3 CIONO2 (74) CS 2 56.9

CH4 44.5 FNO2 62.3 FCI 52. I CH3S H 61.0
CCI 2 63.4 CH3S 57.6

CN 48.4 FONO 2 70.0 CH3C I 56. I CH3SO2 (62)
HCN 48.2 CF 50.9
CH3NH 2 58.0 CH2CI 58.2

CF 2 57.5 CH3SCH 3 68.4

HNCO 56.9 CF 3 63.3 CH2C12 64.6 CH2SCH 3 (69)
NCO 55.5 CHCI 2 66.5
CO 47.3 CF4 62.4 CH3SSCH 3 80.5

CO 2 5 I. 1 CH3F 53.3 CHCI 3 70.7 OCS 55.3
HCO 53.7 CH2F 55.9 CC13 71.0

CH20 52.3 CH2F2 58.9 CC14 74.0
CICO 63.5

CODH 61.0 CHF2 61.7 COCI 2 67.8
HCOOH 59.4 CHF3 62.0

CH30 55.0 FCO 59.4 C2CI4 81.4

CH302 65.3 COF2 61.9 C2HC13 77.5

CH2OH 58.8 CF30 67.7 CH2CCI3 80.6

CH3OH 57.3 CF302 75.0 CH3CCI3 76.4

CH3OOH 67.5 CF3OH 69.3 CH3CH2CI 65.9

CH3ONO 68.0 CF3OOH 75.2 CH2CH2CI (66)

CH3ONO 2 72.1 CF3OF 77. I CH3CHCI (66)

CH302NO 2 (82) CH3CH2F 63.3 CHCI2CF 3 84.0
Br 41.8

C2 H 49.6 CH3CHF (64) Br 2 58.6
C2H 2 48.0 CH3CHF 2 67.6 HBr 47.4
C2H3 56.3 CH3CF2 69.9 HOBr 59.2

C2H 4 52.5 CH3CF 3 68.6 BtO 56.8

C2H 5 58.0 CH2CF 3 71.8 BrNO 65.3

C2H 6 54.9 CH 2FCF3 75.8 BrONO (72)

CH2CN 58.0 CHF2CF 3 (80) BrNO2 (67)
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Values in parentheses are estimates only.



APPENDIX 3: SOLAR FLUXES AND SPECIES PROFILES

Figures 6 and 7 show data for solar irradiances and fluxes. These were provided by Kenneth
Minschwaner. The solar irradiances are from measurements by the Solar Ultraviolet Spectral lrradiance
Monitor (SUSIM) for _, < 400 nm (VanHoosier et al. [6]), and by Neckel and Labs [5] for 400 < X < 600

rim. The SUSIM measurements are spectrally degraded to 2 nm full width half-maximum to correspond to
the resolution of the Neckel and Labs data. Additionally, a normalization factor that varies linearly from
1.17 at 400 nm to 1.0 at 440 nm has been applied to the Neckel and Labs irradiances in order to match
SUSIM values at 400 nm. Irradiances from 110 to 120 nm are based on measurements by Mount and
Rottman [4] and Woods and Rottman [8]. Values below 110 nm are not plotted.

The solar fluxes are computed from the sum of the direct, attenuated solar beam plus angularly
integrated scattered radiation. Fluxes at 0, 20, 30, 40, and 50 km are based on the solar irradiances,
assuming a solar zenith angle of 30 ° and the U.S. Standard Atmosphere (1976). Molecular and aerosol
scattering are taken into account; the latter process is appropriate for "moderate volcanic" conditions (Fenn
et al. [2]). The surface albedo is 0.3. Ozone cross sections follow the recommendations herein; oxygen
cross sections in the Herzberg continuum are taken from Yoshino et al. [9]; Schumann-Runge band
absorption is determined using the high-resolution treatment of Minschwaner et al. [3], with fluxes
spectrally degraded to 1.0 nm resolution.

The species and "J" value profiles presented in Figures 8-16 were provided by Peter Connell. They
were generated by the LLNL 2-D model of the troposphere and stratosphere. The temperature profile is an

interpolation to climatological values. Surface source gas boundary conditions are those tbr the year 1990,
as reported in chapter 6 of the WMO/UNEP report [7]. The equatorial tropopause source gas mixing ratios
are: total chlorine 3.4 ppb, total fluorine 1.6 ppb, total bromine 18 ppt, methane 1.67 ppm, and nitrous oxide
309 ppb, The kinetic parameters used were consistent, to the extent possible, with the current
recommendations. Representations of sulfate aerosol and polar stratospheric heterogeneous processes
which were included are hydrolysis of nitrogen pentoxide and chlorine and bromine nitrate and reaction of
hydrogen chloride with chlorine nitrate and hypochlorous acid. The model run represents a periodic
steady-state atmosphere with 1990 surface abundances of source gases.

The "J" values were calculated with a clear sky, two-stream radiative transfer model with wavelength

binning of 5 nm above 310 nm and 500 cm -I below. Surface reflectance includes the effect of average

cloudiness on the albedo. Oxygen cross sections in the Schumann-Runge region were calculated by the
method of Allen and Frederick [ 1], corrected for the Herzberg continuum values of Yoshino et al. [9].

The fluxes and profiles are given to provide "order of magnitude" values of important photochemical
parameters. They are not intended to be standards or recommended values.

References

1.

2.

3.

4.
5.
6.

7.

8.

9.

Allen, M. and J.E. Frederick, 1982, J. Atmos. Sci., 39, 2066-2075.
Fenn, W.R., S.A. Clough, W.O. Gallery, R.E. Good, F.X. Kneizys, JD. Mill, L.S. Rothman, E.P. Shettle, and
F.E. Volz, 1985, "Optical and Infrared Properties of the Atmosphere," H_ndbook of Geophysics and the Space
Environment. Chapter 18, A.S..lursa, Editor, Air Force Geophysics Laboratory, Bedford, MA.
Minschwaner, K., G.P. Anderson, L.A. Hall, and K. Yoshino, 1992, J. Geophys. Res., 97, I0103- I0108.
Mount, G.H. and G.J. Rottman, 1985, J. Geophys. Res., 90, 13031 - 13036.
Neckel, H. and D. Labs, 1984, Solar Physics, 90, 205-258.
VanHoosier, M.E., J.-D.F. Bartoe, G.E. Brueckner, and D.K. Prinz, 1988, Astro. Lett. and Communications, 27,
163-168.
WMO, Scientific Assessment of Ozone Depletion: 1994, World Meteorological Organization Global Ozone
Research and Monitoring Project, Report No. 37, 1994, Geneva: National Aeronautics and Space
Administration.
Woods, T.N. and G.J. Rottman, 1990, J. Geophys. Res., 95, 6227-6236.
Yoshino, K., A.S.C. Cheung, J.R. Esmond, W.H. Parkinson, D.E. Freeman, S.L. Guberman, A. Jenouvrier, B.
Coquart, and M.F. Merienne, 1988, Planet. Space Sci., 36, 1469-1475.

255



200 300 400 500

WAVELENGTH (nm)

6OO

Figure 6. Solar Irradiance
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