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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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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 Reference

1 NASA RP 1010, Chapter 1 (Hudson [1])

2 JPL Publication 79-27 (DeMore et al. [12])
3 NASA RP 1049, Chapter 1 (Hudson and Reed [2])
4 JPL Publication 81-3 (DeMore et al. [11])
5 JPL Publication 82-57 (DeMore et al. [9])
6 JPL Publication 83-62 (DeMore et al. [10])
7 JPL Publication 85-37 (DeMore et al. [4])
8 JPL Publication 87-41 (DeMore et al. [5])
9 JPL Publication 90-1 (DeMore et al. [6])
10  JPL Publication 92-20 (DeMore et al. [7])
11  JPL Publication 94-26 (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 (HQ chemistry, OID) reactions, singlet © metal chemistry, profiles)

C. E. Kolb (heterogeneous chemistry)

M. J. Kurylo (SG chemistry)

M. J. Molina (photochemical data)

A. R. Ravishankara (oxidation of organic compounds)

S. P. Sander (Nfchemistry, photochemical data)



As shown above, 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@ftuvs.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@hg.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 whick
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 will be available.) To maximize transferability to different personal
computer and workstation/mdimme 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 frohttp://remus.jpl.nasa.gov/jpl90r may be copied via 'ftp' from the Internet
host remus.jpl.nasa.golhe username @nonymousnd the password is tkkectronic address of the user logging
in. The files are to be found in theub/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.gowith the first line of the message bemgpscribe jpl97-announce

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

Ox Reactions

The kinetics of the O, & and § system are relatively well-established. However, the @ + ® 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 as3pG-©ONQ, 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(lD) Reactions
The recommended rate coefficients for théIID(reactions correspond to the rate of removal é{Ip(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 generatéﬂ)pz(re 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(lD) reactions. The important atmospheric reactions éD())(ncIude: (1) deactivation by major gases, &hd

Op2, which limit the O@D) steady-state concentrations; (2) reaction with trace gases, 23).CHj, and NO,
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 #3 ®HCN reaction.

02 (1a and 1y)
Fourteen reactions of thelzbg) and (t;-z+g) excited states of molecular oxygen are reviewed. These states

are populated via photochemical processes, mainly the UV photolysis of ozone, and the reaciliDr)l witOo.

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.

HOyx Reactions

There have been no changes in the database fprchi€@nistry since the last evaluation. ThegdH003
reaction rate coefficient remains one of the most significant uncertainties in theyldem. High quality data at
low temperatures are needed for this key reaction.

NOyx 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. Thg NNO and NO + @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 £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 gfdQB)Op 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 ofgCKIO)Op with NO and N@. Even though there have been many

studies of the reactions between peroxy radicals, the use of only UV absorption to measure the rate coefficients 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 C4CN 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]\m‘;m(é(included in the éD)

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 oxide:
and thus free atoms can be regenerated through photolysis and reactions withd0 &hd Gther 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 gasesanath as O
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 productionjtﬁm 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 @D2, 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
guantum yields for CION@at longer wavelengths (around 350 nm) should be further investigated.



There are new entries for HOBr and §l3{O)OpNO2 (PAN, peroxyacetyl nitrate) and significant new work
has been published on the Berzberg continuum, CIOOCI, gD3 and BrONQ. Recent work on CIOOCI has

suggested that cross sections in the long-wavelength tail, where most of the photolysis occurs in the lower
stratosphere, may be significantly smaller than previously thought. Spectral artificats arising from trace impurities
are especially difficult to identify in this system, leading to large uncertainties in the cross sections in this spectral
region. The situation is similar for HOBr, where a photodissociation study and one spectroscopic study indicate the
presence of absorption features extending well into the visible region, but other spectroscopic studies see no
absorption beyond 400 nm.

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 HCl and GltoMre active

Cl2 and HOCI, which are easily photolyzed to Cl and CIO. In some scenarios the heterogeneous reaction of HOCI
and N>Os with HCI may also play an important role in promoting the production of more easily photolyzed species.
In addition, interaction with PSC surfaces can remoy@d\Nand HNG vapor from the polar stratosphere,

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

buildup of CIG, radicals in PSC-processed polar stratospheric air masses and, particularly over the Antarctic, a
massive springtime destruction of stratospheric ozone.

The reaction of stratospherigfs with liquid water in sulfuric acid aerosols to form Hjl€an have a
significant impact on NYHNOz3 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 rat@SIGiNRls
process increases ozone loss by lowering ®els and thus reducing the scavenging of CIO by CI®NO
formation. The reactions of CIONGnd BrONG with sulfuric acid aerosol may also play a role in denitrification,
the release of photolyzable halogen species, and the perturbatior oadi€al 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
guantification 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
as adept at incorporating heterogeneous effects as they are in representing gas phase kinetic and photochemical
processes.

Gas Phase Enthalpy Data (Appendix 1)

This table list?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 8(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 km.

A set of nine figures presenting model-calculated altitude profiles for 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 1 (Rate Constants for Second Order Reactions) the reactions are grouped into thg@l@c{%@% 0]
Singlet @, HOx, NOx, Hydrocarbon Reactions, ROCIOy, BrOx, 10k, SCG, 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 1 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 (honconcerted) 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 reactfon, (AB)

A+B - (ABY* - C+D

The reaction of OH with Ciiforming HpO + CHg is an example of a reaction of this class.



Very useful correlations between the expected structure of the transition stafteaffiBhe 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
for these reactions are well represented by the Arrhenius expression k = A exp(-E/RT) in the 200-300 K temperature
range. These rate constants are not pressure dependent.

The indirect or nonconcerted class of bimolecular reactions is characterized by a more complex reaction path
involving a potential well between reactants and products, leading to a bound adduct (or reaction complex) formed
between the reactants A and B:

A+B o~ [AB]* -~ C+D

The intermediate [AB]* is different from the transition state [ABh that it is a bound molecule which can,
in principle, be isolated. (Of course, transition states are involved in all of the above reactions, both forward and
backward, but are not explicitly shown.) An example of this reaction type is CIO + NO, which normally produces
Cl + NOp. Reactions of the nonconcerted type can have a more complex temperature dependence and can exhibit a

pressure dependence if the lifetime of [AB]* is comparable to the rate of collisional deactivation of [AB]*. This

arises because the relative rate at which [AB]* goes to products C + D vs. reactants A + B is a sensitive function of
its 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)(1/T)) and contains the following information:

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

2. Arrhenius A-factor.

3. Temperature dependence and associated uncertainty ("activation temperatth€&/E)R
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-+[BBJ* '\_/! AB are given in the form
ko(T) = k3 00(T/300)" cm® molecule? s'1,
(where %00 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:

Keo(T) = k3 00 (T/300y™M cm3 moleculel s1.

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



ko(TIM] 1 + [logy o (ko (NIMIke, (TN}
) 6

@ =kn = (1 (ko (M Ml/keo (T))

The fixed value 0.6 that appears in this formula fits the data for all listed reactions adequately, although in
principle this quantity may be different for each reaction, and also temperature dependent.

Thus, a compilation of rate constants of this type requires the stipulation of the four pararg€@es, k,
keo(300), and m. These can be found in Table 2. The discussion that follows outlines the general methods we have
used in establishing this table, and the notes to the table discuss specific data sources.

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

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

ko(T) =Bxkg sdT)

Here sc signifies "strong" collisions, x denotes the bath gagaisdan efficiency parameter (B<1),
which provides a measure of energy transfer.

The coefficienfy is related to the average energy transferred in a collision with ga&Exx<via:

Bx/(1-Bx1?) = <AE>x [FEKT

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

For 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 calcﬁl@éﬁ@ for the

appropriate bath gas x and computing the valyg aforresponding to the experimental value [Troe [17]]. A
compilation (Patrick and Golden [14]) gives details for many of the reactions considered here.

From theBy values (most of which are fora\i.e.,fN2), we compute AE>y according to the above

equation. Values of AE>N 2 of approximately 0.3-1 kcal mofkare generally expected. If multiple data exist, we
average the values ofE>N2 and recommend a rate constant corresponding fintjheomputed in the equation
above.

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

Temperature Dependence of Low-Pressure Limiting Rate Constants: Tn

The value of n recommended here comes from measurements or, in some cases, a calcll&ipypof <
from the data at 300 K, and a computatioBiQp (200 K) assuming thatAE>N 2 is independent of temperature in

this range. Thi§N2 (200 K) value is combined with the computed valueg®©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 valugy20®& 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 gxfession k



Aexp(-E/RT) or the form &(T) = A' TNis 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 [ko(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 o8(T) not very accurate, a "reasonable guess'sfTkwill 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:

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 1, an estimate of the uncertainty at any given temperature may be
obtained from the following expression:

m=ser |48 (L L) |

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&dre, respectively, the
uncertainty in the rate constant at 298 K and in the Arrhenius temperature coefficient, as listed in Table 1. This
approach is based on the fact that rate constants are almost always known with minimum uncertainty at room
temperature. The overall uncertainty normally increases at other temperatures, because there are usually fewer data
and it is almost always more difficult to make measurements at other temperatures. It is important to note that the
uncertainty at a temperaturecdnnotbe calculated from the expression &pfRT). 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 1 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 (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)da(1/298-1/T)]
and divide by the factor

f(298 K)db(1/298-1/T)]
For T < 298 K, multiply by the factor

f(298 K)dP(1/T-1/298)]

and divide by the factor

10



f(298 K)da(1/T-1/298)]

Examples of symmetric and asymmetric error limits are shown in Figure 1.

For three-body reactions (Table 2) a somewhat analogous procedure is used. Uncertainties expressed as
increments to & and ko are given for these rate constants at room temperature. The additional uncertainty arising

from the temperature extrapolation is expressed as an uncertainty in the temperature coefficients n and m.

The assigned uncertainties represent the subjective judgment of the Panel. They are not determined by a
rigorous, statistical analysis of the database, which generally is too limited to permit such an analysis. Rather, the
uncertainties are based on a knowledge of the techniques, the difficulties of the experiments, and the potential for
systematic errors. There is obviously no way to quantify these "unknown" errors. The spread in results among
different techniques for a given reaction may provide some basis for an uncertainty, but the possibility of the same,
or compensating, systematic errors in all the studies must be recognized. Furthermore, the probability distribution
may not follow the normal Gaussian form. For measurements subject to large systematic errors, the true rate
constant may be much further from the recommended value than would be expected based on a Gaussian distribution
with the stated uncertainty. As an example, the recommended rate constants for the reagtioiHand Cl +

CIONO2 have changed by factors of 30-50. These changes could not have been allowed for with any reasonable
values ofo 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 amesmoleculel s1, and crf
molecule? s'1, respectively. Cross sections are expressed dsmoteculel, base e.
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RATE CONSTANT DATA

Table 1. Rate Constants for Second Order Reactions

Reaction A-FactoP E/REAE/R - k(298 KR f(298pP  Notes
Ox Reactions
O+ lY[ O3 (See Table 2)
O+03 - Op+Op 8.0x1012 206@250 g ox1015 1.15 Al
O(1D) Reactions
olD) +0p - 0+ O 3.2x1011 -(7Q£100) 4 0x1011 1.2 A2,A3
o(D)+ 03~ O+ Op 1.2x1010 0:100 1.2x1010 13 Az Ad
- O+ 0+0 1.2x1010 0£100 1.2x1010 1.3 A2 A4
Oo(dD) +Hp —~ OH +H 1.1x1010 0+100 1.1x1010 11 A2, A5
o(D) + HpO ~ OH + OH 2.2x1010 G100 2.2x1010 1.2 A2 A6
odD)+N2 - O+ N 1.8x1011 -(11@100) 2 .6x1011 12 A2

odp) + oM N0
O(1D) + N2O = N2 + O

- NO + NO
O(D) + NH3 — OH + NHp
odp)+Ccoy - 0+CO
O(lD) + CHg - products
O(1D) + HCI - products
O(lD) +HF - OH +F
O(1D) + HBr - products
o(D) + Clp - products

O(1D) + CChO - products

(See Table 2)

4.9x1011 0+100 4.9x1011 1.3 A2 A7
6.7x1011 0+100 6.7x1011 1.3 A2 A7
2 5x1010 0+100 2 5x1010 1.3 A2, A8
7 ax1011 -(126:100) 1 1y1010 1.2 A2
1 5¢14.0 0+100 1551010 1.2 A2 A9
1 5x10.0 0100 1 5x1010 1.2 A0
1 ax16L0 0100 1 4x1010 2.0 All
1 5x10k0 0+100 1 5x1010 2.0 Al2
2 8x10.0 0+100 2 8x1010 2.0 Al3
3.6x100 0100 3.6x1010 2.0 A2 Al4
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
o(D) + CCIFO - products 1.9x16:0 G£100 1.9x1010 20 A2z Al4
o(D) + CRO - products 7.4x161 0100 7.4x1011 20 A2, Al4
o(D) + cCl - products 3.3x1010 G£100 3.3x1010 12 A2, AlS
(CFC-10)

o(D) + CHgBr - products 1.8x100 G+100 1.8x1010 1.3 Al5 Al6

O(1D) + CHoBr2 - products 2.7x1d0 0£100 2.7x1010 1.3 Al5 ALY

o(D) + CHBr3 - products 6.6x16-0 G£100 6.6x1010 15 Al5 Al8

O(lD) + CHgF - products 1.5x1010 (100 1.5x1010 1.2 AlS A9
(HFC-41)

o(D) + CHpF» - products 5.1x1011 (+100 5.1x1011 1.3 Al5 A20
(HFC-32)

O(D) + CHF3 - products 9.1x1012 0100 9.1x1012 1.2 Al5 A21
(HFC-23)

O(1D) + CHCbF - products 1.9x1010 (+100 1.9x1010 13 AlS A22
(HCFC-21)

o(D) + CHCIE - products 1.0x1010 (£100 1.0x1010 1.2 Al5AZ3
(HCFC-22)

o(p) + cClF - products 2.3x1010 0100 2.3x1010 12 A2 AlS
(CFC-11)

O(lD) + CCbF2 - products 1.4x1010 0£100 1.4x1010 13 Az Al5
(CFC-12)

o(D) + CCIF3 - products 8.7x1011 (£100 8.7x1011 13 AlS A24
(CFC-13)

o(D) + CCIBrF - products 1.5x1010 0100 1.5x1010 1.3 Al5A25
(Halon-1211)

O(1D) + CBrF2 - products 2.2x1010 G£100 2.2x1010 1.3  Al5A26
(Halon-1202)

o(D) + CBrF3 - products 1.0x1010 (£100 1.0x1010 1.3 Als A27
(Halon-1301)

o(lD) + CRg ~ CRg +O - - 2.0x1014 1.5 Al5AzZ8

(CFC-14)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

O(D) + CH3CHF - products 2.6x1010 0100 2.6x1010 1.3 Al5A29
(HFC-161)

O(D) + CHgCHF2 - products 2.0x1010 0100 2.0x1010 1.3 Al5A30
(HFC-152a)

o(D) + CHCCIoF - products 2.6x1010 G£100 2.6x1010 13 Al5A31
(HCFC-141b)

o(D) + CHCCIF, - products 2.2x1010 G£100 2.2x1010 1.3 Al5A32
(HCFC-142b)

O(D) + CHgCF3 - products 1.0x1010 0100 1.0x1010 3.0 Al5A33
(HFC-143a)

o(D) + CHyCICCIF, - products 1.6x1010 (£100 1.6x1010 2.0 Al5A34
(HCFC-132b)

o(D) + CHyCICF3 - products 1.2x1010 G£100 1.2x1010 1.3 AI5A35
(HCFC-133a)

O(D) + CHyFCF3 - products 4.9x1011 0100 4.9x1011 1.3 Al5A36
(HFC-134a)

o(D) + CHChCF3 - products 2.0x1010 0£100 2.0x1010 1.3 Al5A37
(HCFC-123)

o(D) + CHCIFCR - products 8.6x1011 (£100 8.6x1011 1.3 Al5A38
(HCFC-124)

O(1D) + CHRCF3 - products 1.2x1010 0100 1.2x1010 2.0 Al5A39
(HFC-125)

o(D) + CCRCF3 - products 2x1010 (100 2x1010 2.0 Al5A40
(CFC-113a)

o(D) + CChFCCIR - products 2x1010 (100 2x10'10 2.0 Al5A41
(CFC-113)

Oo(ID) + CChFCF3 - products 1x1010 0100 1x1010 2.0 Al5A42
(CFC-114a)

o(D) + CCIKRCCIF - products 1.3x1010 (100 1.3x1010 1.3 Al5A43
(CFC-114)

o(D) + CCIRCF3 - products 5x1011 (100 5x1011 1.3  Al5A44

(CFC-115)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

o(ID) + CBrRCBrF, - products 1.6x1010 0100 1.6x1010 1.3 AlS A4S
(Halon-2402)

o(ID) + CFCF3 - O + CRCF3 - - 1.5x1013 1.5 Al5A46

(CFC-116)

0(D) + CHRCFCFCHF, — products 1.8x1011 0£100 1.8x1011 1.5 A15A47

(HFC-338pcc)

o(dD) + c-C4Fg — products - - 8x1013 1.3 Al5A48

Oo(D) + CRRCHFCHFCPRCF3 - 2.1x1010 :100 2.1x1010 4 ALSA49

products (HFC-43-10mee)

o(D) + C5F12 — products - - 3.9x1013 2 ALSAS0
(CFC-41-12)

O(D) + CgF14 — products - - 1x1012 2 AlASL
(CFC-51-14)

o(D) + 1,2-(CR)2c-C4Fg — products - - 2.8x1013 2 A15,A52

o(D) + SF - products - - 1.8x1014 1.5 A53

Singlet & Reactions

O2(1n) + O - products - - <2x10'16 - A54

Ox(1n) + Op - products 3.6x108 22(¢100 1 7x1018 1.2 A5

0o1a) + 03 - 0 + 20 5.2x1011 2848500 3 gy1015 1.2 A56

02(1n) + H2O - products - - 4.8x1018 1.5 A57

02(1A) +N - NO +0O - - <9x1017 - A58

02(1n) + Ny - products - - <1020 - A59

02(1n) + COp - products - - <2x1020 - AB0

02(1y) + O - products - - gx1014 50 A61

O2(1y) + Op - products - - 3.9x1017 1.5 A62

02(1y) + O3 - products 2.2x1¢1 @200 2.2x1011 1.2 A63
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
02(1y) + HpO - products - - 5.4x1012 1.3 A64
O2(1y) + N — products - - <1013 - AB5
O2(1y) + N2 — products 2.1x19° G200 2.1x1015 1.2 A66
O2(1y) + COp - products 4.2x193 (£200 4.2x1013 1.2 A67

HOyx Reactions

O+OH- O2 +H 2 ox1011 -(123:100) 3 3x1011 1.2 B1
O+Hp - OH+ 3.0x1011 -(20@100) 5 gy10ll 1.2 B2
O + H02 — OH + HQp 1.4x1012 200@:1000 1 741015 20 B3
H+Op l\ﬁ HO2 (See Table 2)
H+O3 - OH+Q 1.4x1010 47200 5 gyyoll 1.25 B4
H + HO2 — products 8.1x1011 0£100 8.1x1011 1.3 BS5
OH + O3 ~ HOp + O 1.6x1012 94@300 ¢ gx10l4 1.3 B6
OH + Hp - H20+ H 5.5x1012 200100 g 741015 1.1 B7
OH + HD - products 5.0x1012 2130200 4 ox1015 12 B8
OH + OH — H20 + O 4.951012 24240 1 gy1012 1.4 B9
I\i HoO2 (See Table 2)
OH + HOp ~ H20 + O 4.8x1011 -(25@:200) 1 151010 1.3 BI10
OH + HpO2 — H20+ HOp 2 9x1012 16100 1 7x1012 1.2 Bl
HO2+ 03 — OH + 20 1.1x1014 500:500  2.0x1015 13 Bl2
HO2 + HO2 - H202 + O 2 3x1013 -(60@:200) 1 751012 1.3 B13
M Ho00+ O 1.7x1033Mm]  -(100G:400) 4.9x103%Mm; 1.3 BI3

NOy Reactions
M See Table 2
o+NoM nNo, ( )
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
0 +NO, M NO3 (See Table 2)
O +NO;— Oy + NO, 1 0x1011 0£150 1 ox1g11 15 C2
O + N,Og — products <3.0x1016 C3
O + HNO; — OH+ NOg <3.0x1017 C4
O + HO,NO, - products 7 8x1011 340@750 8.6x1016 3.0 C5
H+NO, -~ OH+NO 4.0x1010 34300 13,1010 1.3 C6
OH + NOoM HoNO (See Table 2)
OH + NO, M HNOg (See Table 2)
OH + NO3 — products 2 2x1011 15 C7
OH + HONO - H,0 + NO, 1 8x1011 390*%88 4.5x1012 15 C8
OH + HNG3 - HyO + NOg (See Note) 1.3 C9
OH + HO,NO, — products 13x1012 '(380%58) 4.6x1012 1.5 C10
OH + NHz - H,0 + NH, 1.7x1012 718200 4 gy1013 12 c1u1
HO, + NO -~ NO, + OH 3.5¢1012 -(250:50) g 141012 1.15 C12
HO, + NO, M HO,NO, (See Table 2)
HO, + NO, -~ HONO + O (See Note) C13
HO, + NO3 - products 3 5x1012 1.5 Cl14
HO, + NH, — products 3.4x1011 2.0 Ci15
N+0O, - NO+O 1551011 360@400 g 5yqgl? 1.25 C16
N+O3 - NO+0, <2.0x1016 C17
N+NO - Ny+ O 2 11011 -(10G&100) 3 gyqgll 1.3 cC18
N +NO, -~ NyO+ O 5 81012 -(22G6100) 1 5yqgll 15 C19
NO + O3 — NO, + O, 2 ox1012 1408200 1 g,1gl4 1.1 C20
NO + NOj - 2NO, 1551011 -(17G100) 5 gyqgll 1.3 c21

19



Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
NO, + O3 -~ NOg+ O, 121013 2456150 3 oy1gl7 115 C22
NO, + NOg — NO + NO, +O, (See Note) c23
NO, + NOg M N5Oxg (See Table 2)

NOz + NO3 - 2NO, + O, 8.5x1013 245@500 5 3,116 1.5 C24
NH, + O, - products <6.0x1021 C25
NH, + O3 — products 4.3x1012 93G500 1 gy1013 3.0 C26
NH, + NO — products 4.0x1012 -(450£150) 1 gy1gll 1.3 c27
NH5 + NO, — products 2 1x1012 -(65&250) 1 gyx10ll 3.0 C28
NH + NO - products 4.9x1011 (+300 4.9x1011 1.5 C29
NH + NO, - products 3.5x1013 -(114@500) 1 gx10ll 20 C30
O3+ HNO, - Oy + HNO5 <5.0x1019 C31
NoOg + HyO - 2HNO; <2.0x1021 C32
No(A,v) + Oy — products 2.5x1012, v=0 15 C33
No(A,v) + Og - products 4.1x1011, v=0 2.0 C34

Reactions of Organic Compounds

O + CH3 - products 1.1x1010 0£250 1.1x1010 1.3 D1
O + HCN - products 1.0x1011 400G:1000 1.5x1017 10 D2
O + GH2 - products 3.0x1011 1604250 1.4x1013 1.3 D3
O + HbCO - products 3.4x1011 160Qt250 1.6x1013 1.25 D4
O + CH3CHO - CH3CO + OH 1.8x1011 110Gt200 4.5x1013 1.25 D5
O3 + CGH2 - products 1.0x1014 4100500 1.0x1020 3 D6
O3 + GHy4 - products 1.2x1014 2630100 1.7x1018 1.25 D7
O3 + C3Hg — products 6.5x1015 190Qt200 1.1x1017 1.2 D8
OH + CO - Products 1.5x1013x 0+300 1.5x1013 % 1.3 D9
(1+0.6Rytm) (1+0.6R3tm)
OH + CHg - CH3z + HoO 2.45x1012 1775:100 6.3x1015 1.1 D10
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
OH +13CHy ~ 13CH3 + HO (See Note) D11
OH + CHgD - products 3.5x1012 1950+ 200 5.0x1015 1.15 D12
OH + HLCO - H0 + HCO 1.0x1011 0£200 1.0x1011 1.25 D13
OH + CHgOH - products 6.7x1012 600+300 8.9x1013 1.2 D14
OH + CH;OOH - Products 3.8x1012 -(200£200)  7.4x1012 1.5 D15
OH + HC(O)OH - products 4.0x1013 0+£200 4.0x1013 1.3 D16
OH + HCN - products 1.2x1013 400+150 3.1x1014 3 D17
OH + GHa M products (See Table 2)

OH + GHaM products (See Table 2)

OH + GHg » H20O + GHg 8.7 x 1012 107G:100 2.4x1013 1.1 D18
OH + CgHg — H0 + CgH7 1.0 x 1011 660100 1.1x1012 1.2 D19
OH + CHCHO — CH3CO + H,0 5.6x1012 -(270:200) 1. 4x101l 1.2 D20
OH + GH50H - products 7.0x1012 235100 3.2x1012 1.3 D21
OH + CH;C(O)OH - products 4.0x1013 -(200t400) g.0x1013 1.3 D22
OH + CHsC(O)CHz — CHsC(O)CHy 2.2 x 1012 685100 2 2x1013 1.15 D23

+

OH + CHzCN - products 2 7.8x1013 105G:200 2.3x1014 1.5 D24
OH+ CHzONOy - products 5.0x1013 890+500 2. 4x1014 3 D25
OH + CHzC(O)ONO5 (PAN)— products <4 x 1014 D26
OH+ GH5ONOy - products 8.2x1013 450£300 1.8x1013 3 D27
HO> + CHO - adduct 6.7x1015 -(600t600) 5.0x1014 5 D28
HO2 + CH3O2 —~ CH3OOH + O 3.8x1013 -(800400)  5.6x1012 2 D29
HO5 + CoH502 — CoH500H + O 7 5x1013 ((700£250) 8 ox1012 1.5 D30
HO» + CH3C(0O)O, — products 4.5x1013 -(100at600) 1.3x1011 2 D31
NO3 + CO - products <4.0x1019 D32
NO3 + CHO - products 5.8x1016 1.3 D33
NO3 + CH3CHO - products 1.4x1012 190G:300 2.4x1015 1.3 D34
CH3 + Oy - products <3.0x1016 D35
CH3z + Oy I\ﬁ CHO> (See Table 2)
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Table 1. (Continued)

22

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
CH3 + O3 — products 5.4x1012 220+150 2.6x1012 2 D36
HCO + @ -~ CO + HO 3.5x1012 -(140t140) 55x1012 1.3 D37
CH0OH + Oy — CHpO + HOp 0.1x1012 0£200 9.1x1012 1.3 D38
CH30 + Oy - CHyO + HOp 3.9x1014 900+300 1.9x1015 1.5 D39
CH30 + NO — CHpO + HNO (See Note) D40
CHz0+ NOM  CHz0NO (See Table 2)

CH30+ NO; - CHyO + HONO 1.1 x 1011 1200t600 2.0 x 1013 5 D41
CH3z0+ NO; M cHzONO, (See Table 2)

CH302 + O3 — products <3.0x1017 D42
CH307 + CHzO2 - products 2 5x1013 -(190t190)  4.7x1013 1.5 D43
CH302 + NO - CH30 + NO, 3.0x1012 -(28060) 7.7x1012 1.15 D44
CH305 + NO, M CHzOoNO, (See Table 2)

CH305 + CHzC(O)Oy — products 1.3x1012 -(640t200) 1.1x1011 1.5 D45
CoHs + O2 » CoHyg + HOp <2.0x1014 D46
CoHs + Op I\ﬁ CoH505 (See Table 2)

CoHs50 + Op - CH3CHO + HO 6.3 x 1014 550200 1.0x1014 1.5 D47
CoH50 + NOM products (See Table 2)

CoHs0 + NO» M products (See Table 2)

CoH502 + CoHs502 — products 6.8x1014 0+300 6.8x1014 2 D48
CoHs50, + NO - products 2 6x1012 -(365t150) g 751012 1.2 D49
CH3C(O)O, + CHC(O)O» — products  2.9x1012 -(500t150) 1.5x1011 1.5 D50
CH3C(O)O, + NO - products 5.3x1012 -(360t150) 1.8x1011 1.4 D51
CH3C(0)0; + NOp M products (See Table 2)

EOx Reactions

O+FO- F+O 2 71011 0+250 2 71011 30 E1
O+FQ - FO+Q 5 ox1011 0+250 5. 0x1011 50 E2



Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

OH + CHgF - CH2oF + H2O 3.0x1012 1506300 5 gx1014 1.1 E3
(HFC-41)

OH + CHF2 - CHF + H20 1.9x1012 155@200 1 gx1014 1.2 EA4
(HFC-32)

OH + CHR - CF3 + H2O 1.0x1012 2443200 5 gx1016 1.3 ES5
(HFC-23)

OH + CRBOH - CF30 + HO <2x1017 E6

OH + CH3CH2F - products 7.0x1012 110@300 1 7x1013 14 E7
(HFC-161)

OH + CH3CHF2 - products 2 4x1012 1266200 3541014 1.2 ES8
(HFC-152a)

OH + CHFCH2F — CHFCHF 1.7x1011 150@500 1 1x1013 20 E9
(HFC-152) +40

OH + CH3CF3 —» CH2CF3 + HpO 1.8x1012 2176150 1 ox1015 1.1 E 10
(HFC-143a)

OH + CH)FCHP - products 4.0x1012 165@300 1 gx1014 15 El1
(HFC-143)

OH + CHYFCF3 - CHFCR + H20 1.5x1012 175@200 491015 1.1 E12
(HFC-134a)

OH + CHBRCHF2 - CRHCHRF2 1.6x1012 168@300 g 741015 2.0 E13
(HFC-134) + 2

OH + CH®RCF3 -~ CRHCF3 + H2O 5.6x1013 170@300 1 9x1015 1.3 El4
(HFC-125)

OH + CH3OCHR -, products 6.0x1012 1530t150 3 5x1gl4 1.2 E15
(HFOC-152a)

OH + CBOCH3 - CROCH2 + HOO 1 541012 1450:150 1 ox1014 1.1 E16
(HFOC-143a)

OH + CHPHOCHH - CHOCPH 1.9x1012 200G:150 2 3x1015 1.2 E17
(HFOC-134) +pD

OH + CBOCHPR -~ CRBOCR + H2O 4. 7x1013 210G300 4.1x1016 1.2 EI18
(HFOC-125)

OH + CRRCH2CH3 - products - - 4.2x1014 1.5 E19
(HFC-263fb)

OH + CHFCPHCHF - products 2 4x1012 166@150 g 1x1015 1.3 E20

(HFC-245ca)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

OH + CHRCHFCHF - products = = 1.6x1014 20 E21
(HFC-245ea)

OH + CRRCHFCHpF - products = = 1.5x1014 2.0 E22
(HFC-245eb)

OH + CH®RCH2CF3 - products 6.1x1013 133G:150 7 gx1015 1.2 E23
(HFC-245fa)

OH + CRRCFoCHoF - CR3CFoCHF 1.5x1012 175500 4041015 20 E24
(HFC-236¢chb) +#$0

OH + CRRCHFCHP - products 1.1x1012 159G:150 g5 341015 1.1 E25
(HFC-236€ea)

OH + CRRCH2CF3 -~ CR3CHCR3 1.3x1012 2480150 3941016 1.1 E26
(HFC-236fa) +0

OH + CBCHFCF - CRCFCR+H20 5 gx1013 170@300 1 741015 1.1 E27
(HFC-227ea)

OH + CHROCH2CF3 - products 2 6x1012 161G:150 1 ox1014 2.0 E28
(HFOC-245fa)

OH + CRRCH2CFCH3 - products 2.0x1012 1754200 5 741015 1.3 E29
(HFC-365mfc)

OH + CFRCH2CH2CF3 - products 3.0x1012 180Gt300  7.1x1015 1.3 E30
(HFC-356miff)

OH + CRRCF2CH2CH2F - products 1.7x1012 1116t200 4 051014 20 E31
(HFC-356mcf)

OH + CHRCFCFCFH - products 7 gx1g13 1533200 4.6x1015 15 E32
(HFC-338pcc)

OH + CRCH2CFCH2CF3 - products 1 ox1012 183G:200 5 gx1015 2.0 E33
(HFC-458mfcf)

OH + CBCHFCHFCPRCF3 — products g ox1013 150@300 34x1015 1.3 E34
(HFC-43-10mee)

OH + CRRCF2CH2CH2CFCF3 - - - 8.3x1015 1.5 E35
(HFC-55-10-mcff) product:

F+Op M FOp (See Table 2)

F+O3- FO+O 2 2x1011 233200 1.0x1011 1.5 E36

F+Hy -~ HF+H 1.4x1010 50@:200 2 6x1011 1.2 E37

F + HO - HF + OH 1.4x1011 200 1.4x1011 1.3 E38
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Table 1. (Continued)

Reaction

A-Factod  E/RE(AE/R) (298 KR

f(298)b Notes

F+NoM ENO
F+NooM FNOp

F + HNO3 — HF + NO3
F+ CHy - HF + CHg
FO + O3 - products

FO+NO- NOy +F
FO+No M FoNgy
FO+FO- 2F+Q
FO2 + O3 — products
FO2 + NO - FNO + O
FO2 + NO2 - products
FO2 + CO - products
FO2 + CHg - products
Crz+ M cR0p
CF30+M . F+CRO +M
CF30 + Op - FOp + CRO
CF30 + O3 . CF302 + O
CF30 + HpO - OH + CROH
CF30 + NO -. CR0 + FNO
CR30 + NOp - products

M croNop
CF30 + CO - products

M croco
CF30 + CH4 . CHg + CF30OH

CF30 + OHg - CoHg + CF30H

(See Table 2)

(See Table 2)

6.0x1012 -(40@200) 2 341011
1.6x1010 260200 g 7x1011

<1 x 1014
8.2x1012 -(30@200) 2 ox101l

(See Table 2)

1.0x1011 (250 1.0x1011
<3.4x1016

7.5x1012 690t400  75x1013

3.8x1011 204500 4 ox1014
<5.1x1016
<2x10'16

(See Table 2)

(See Table 2)

<3x 1011 5000 <1.5 x 1018
2 x 1012 140G:600 1 gy 1014
3 x 1012 >3600 <2 x 1017
3.7x 1011 -(11&70) 54x 1011
(See Note)

(See Table 2)

<2 x 1015

(See Table 2)

2.6 x 1012 142@:200 22 x 1014

4.9 x 1012 400:100 1.3 x 1012
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
CF302 + O3 — CR0 + 2O <3 x 1015 E57
CF302 + CO .. CR30 + COp <5 x 1016 E58
CF302 + NO . CF30 + NOp 5.4 x 1012 -(326150) 16 x 1011 1.1 E59
CR02 + Nop M crR00NOo (See Table 2)

ClOx Reactions

0O+ClO- Cl+Q 3.0x1011 -(7T®70)  38x10ll 1.2 F1
O + OClO - CIO + O 2 ax1012 96@300 1 gx1013 20 F2
0+ OCIO'Y', ClO3 (See Table 2)

O + ChO - CIO + ClO 2 71011 53¢150 4541012 1.3 F3
O + HCl -~ OH + Cl 1.0x1011 330@350 1551016 20 F4
O + HOCI - OH + CIO 1.7x1013 0+300 1.7x1013 30 F5

O + CIONQ - products 2 951012 80200 5 gx1013 15 F6
O3 + OCIO - products 2 1x1012 470&1000 3 gy1019 25 F7
O3 + Clp02 - products - - <1.0x1019 - F8

OH + Ch - HOCI + Cl 1.4x1012 90@400 g 7x1014 1.2 F9
OH + CIO -, products 1.1x1011 -(12G:150) 1 751011 1.5 F10
OH + OCIO - HOCI + O 4.5x1013 -(80G:200) ¢ 8x1012 20 Fl11
OH + HCl - H20 + Cl 2 6x1012 352100 g ox1013 1.2 F12
OH + HOCI - H0 + CIO 3.0x1012 50500 5 ox1013 3.0 Fi13
OH + CINOp — HOCI + NOp 2 4x1012 125@300 3 gx10l4 2.0 F14
OH + CIONQ - products 1.2x1012 33(:200 3.9x1013 1.5 F15
OH + CHaCl - CHpCl + HpO 4.0x1012 1406250 3 gx1014 1.2 F16
OH + CHpCl2 — CHClp + HO 3.8x1012 105@¢150  1.1x1013 1.4 F17
OH + CHCB — CCl3 + H20 2 0x1012 90@150 1 gx1013 1.2 F18
OH + CCly ~ products ~1.0x1012 >2300 <5.0x1016 - F19
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

OH + CFCR - products ~1.0x1012 >3700 <5.0x1018 - F20
(CFC-11)

OH + CRCl2 - products ~1.0x1012 >3600 <6.0x1018 - F21
(CFC-12)

OH + CHCIF - CHCIF + O 2 8x1012 1276200 3 gx10l14 1.2 F22
(HCFC-31)

OH + CHFCh - CFCb + H20O 1.7x1012 125G:150 5 gx1014 1.2 F23
(HCFC-21)

OH + CHPCI - CPCI + HpO 1.0x1012 160@&150 4 7x1015 1.1 F24
(HCFC-22)

OH + CH3OCI - products 2.4x1012 360£200 7.2x1013 3.0 F25

OH + CH3CCI3 -» CH2CCl3 + H2O 1.8x1012 155@150 41 pgx10l4 1.1 F26
(HCC-140)

OH + CGHCI3 - products 4.9x1013 -(45@200) 5 9x1012 1.25 F27

OH + CClg - products 9.4x1012 1206200 1 7x1013 1.25 F28

OH + CCRCHO - H20 + CCRCO 8.2x1012 60@:300 1.1x1012 1.5 F29

OH + CH3CFClp — CH2CFCla + H2O 1 741012 170150 g5 741015 1.2 F30
(HCFC-141b)

OH + CH3CF2Cl — CH2CFCl + H2O 1 3x1012 180150 3 1x1015 1.2 F31
(HCFC-142b)

OH + CHCICF2Cl »~ CHCICRCI 3.6x1012 1606400 1 7x1014 20 F32
(HCFC-132b) +3D

OH + CHChCF2CI - CChCFxCI 1.0x1012 900+150 4.9x1014 1.2 F33
(HCFC-122) +40

OH + CHFCICFCp —» CFCICFCp 1.0x1012 12506t150 1 5x1014 1.1 F34
(HCFC-122a) +D

OH + CHCICF3 —» CHCICF3 + HQO g5 ox1013 110@300 1 3x1014 1.3 F35
(HCFC-133a)

OH + CHChCF3 - CChCF3 + H2O 7.0x1013 90150 3.4x1014 1.2 F36
(HCFC-123)

OH + CHFCICECI - CFCICRCI 9.2x1013 1280Gt150 1 3x1014 1.2 F37
(HCFC-123a) + H20

OH + CHFCICKE - CFCICR + H20 8.0x1013 135¢150 g g@ex1015 1.2 F38
(HCFC-124)
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Table 1. (Continued)

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
OH + CH3CFCFCl2 - products 7.7x1013 170@&300 5 gx1015 2.0 F39
(HCFC-243cc)
OH + CF3CF2CHCI — products 1.0x1012 1106200 5 5y10l4 1.3 F40
(HCFC-225ca)
OH + CRCICF2CHFCI — products 5 5x1013 1256200 g 341015 1.3 F41
(HCFC-225cb)
HO2 + Cl - HCI + Op 1 8x1011 -(17G:200) 3 oy10ll 1.5 F42
~ OH+CIO 4.1x1011 456200 g 141012 2.0 F42
HO2 + CIO - HOCI + O 4.8x1013 '(70&388) 5.0x1012 1.4 F43
H20 + CIONQ - products - - <2.0x1021 - Fa4
NO + OCIO -~ NO2 + CIO 2 5x1012 60300  34x1013 2.0 F45
NO + ChOp2 - products - - <2.0x1014 - F46
NO3 + ocloM o,CIONO, (See Table 2)
NO3 + HCl - HNO3 + Cl - - <5.0x1017 - F47
HO2NO2 + HCI - products - - <1.0x1021 - F48
Cl+Op I\ﬁ CloO (See Table 2)
Cl+03 - ClO+Q 2 o101l 2606100 1 ox10ll 1.15 F49
Cl+H2 - HCI+H 3.7x1011 230@200 1 gx1014 1.25 F50
Cl + HpO2 - HCI + HOp 1.1x1011 98G:5500 4141013 1.5 F51
cl+NoM Nocl (See Table 2)
cl+NopM cioNo (CINGY) (See Table 2)
Cl+ NO3 - CIO + NQ 2 ax1011 Q+400 2 ax1011 1.5 F52
Cl + N2O - CIO + Np (See Note) F53
Cl + HNO3 - products - - <2.0x1016 - F54
Cl + CO'Y', clco (See Table 2)
Cl + CH4 — HCl + CHg 1.1x1011 140@¢150 1 ox1013 1.1 F55
Cl + CH3D - products = = 7 4x1014 2.0 F56
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Table 1. (Continued)

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
Cl + HpCO - HCI + HCO 8 1x1011 30£100 7 351011 1.15 F57
Cl + CH30O2 - products - - 1.6x1010 15 F58
Cl + CH30H — CHOH + HCI 5 451011 0250 5.4x1011 1.5 F59
Cl+ CoHo M cicoHo (See Table 2)

Cl + CoHy I\ﬁ CICoH4 (See Table 2)
Cl + CoHg — HCI + CoHs 7 7x1011 9090 5.7x1011 1.1 F60
Cl + CoH502 - CIO + GH50 - - 7 ax1011 2.0 F61
~ HCI + CH402 - - 7 7x1011 2.0 F61
Cl + CH3CN - products 1.6x1011 214300 1 941014 2.0 F62
Cl + CH3CO3NO2 - products - - <1x1014 F63
Cl + C3Hg — HCI + C3gH7 1 2x1010 -(40£250) 1 ax1010 1.3 F64
Cl + OCIO - CIO + ClO 3.4x1011 -(16G:200) 5 gy10ll 1.25 F65
Cl + CIOO - Cl2 + Op 2 3x1010 0250 2 3x1010 3.0 F66
- Clo + Clo 1.2x1011 0250 1.2x1011 3.0 F66
Cl + CRhO - Clp + ClO 6.2x1011 -(13@130) g gx1011 1.2 F67
Cl + CloO2 - products - - 1.0x1010 2.0 Fe8
Cl + HOCI - products 2 5y1012 133250 1 gx1012 1.5 F69
Cl + CINO -~ NO + Ch 5 8x1011 -(10G6:200) g 1x1011 1.5 F70
Cl + CIONOp — products 6.5x1012 -(13%50) 1 ox101l 1.2 F71
Cl + CH3Cl — CH2Cl + HCI 3251011 1250200 4 gx1013 1.2 F72
Cl+ CHoClp — HCI + CHCb 31x1011 135@500 3 341013 1.5 F73
Cl+ CHCI3 — HCI + CCR 8.2x1012 1325300 g gx10l4 1.3 F74
Cl + CHgF — HCI + CHpF 2 ox1011 1206500 3 541013 1.3 F75

(HFC-41)
Cl+ CHoF2 — HCl + CHP 1.2x1011 163@500 5 gx10l4 1.5 F76
(HFC-32)

Cl+ CF3H - HCI + CF3 - - 3 0x1018 50 F77

(HFC-23)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
Cl + CHpFCI - HCI + CHFCI 1.2x1011 1396500 1 1x1013 20 F78
(HCFC-31)
Cl+ CHFCh - HCI + CFCb 55x1012 1675200 o ox1014 1.3 F79
(HCFC-21)
Cl+ CHRCI - HCI + CRCI 5.9X10'12 2430200 1.7X1015 1.3 F80
(HCFC-22)
Cl + CH3CCI3 - CH2CCl3 + HCI 2 8x1012 179G:400 7 ox1015 2.0 F81
Cl + CH3CH2F - HCI + CH3CHF 1.8x1011 29500 6.8x1012 3.0 F82
(HFC-161)
- HCI + CHCH2F 1.4x1011 88@&500 7.3x1013 3.0 F82
Cl + CH3CHF2 - HCI + CH3CF2 6.4x1012 95@500 2 6x1013 1.3 F83
(HFC-152a)
- HCI + CHCHPF2 7.2x1012 239@500 9 4x1015 3.0 F83
Cl + CHQFCHoF - HCI + CHFCHF 5 gx10ll 106@500 7541013 3.0 F84
(HFC-152)
Cl + CH3CFClp - HCI + CHpCFClp 1.8x1012 200G:300 2 ox1015 1.2 F85
(HCFC-141b)
Cl + CH3CF2Cl - HCI + CHpCFCl 1.4x1012 2420500 4 0x1016 1.2 F86
(HCFC-142b)
Cl + CH3CF3 - HCI + CHCF3 1.2x1011 388a@500 9 gx10l7 5.0 F87
(HFC-143a)
Cl + CHFCHF - HCI + CHFCP 55x1012 1616500 5 5x1014 3.0 F88
(HFC-143)
-HCI + CHFCHP 7.7x1012 1726500 9 4x1014 3.0 F88
Cl + CH2CICF3 - HCI + CHCICH 1.8x1012 1716500 g5ogx1015 3.0 F89
(HCFC-133a)
Cl + CHpFCF3 - HCI + CHFCH - - 1.5x1015 1.2 F90
(HFC-134a)
Cl + CHRCHF2 - HCI + CBHCHF2 7 5x1012 243500 9 9x1015 15 F91
(HCF-134)
Cl + CHCkCF3 - HCI + CChCF3 4.4x1012 175@500 1 941014 1.3 F92
(HCFC-123)
Cl + CHFCICR - HCI + CFCICH 1.1x1012 180@500 5 741015 1.3 F93
(HCFC-124)
Cl+ CHPRCF3 - HCl + C»CF3 - - 2 4x1016 1.3 F94
(HFC-125)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
cl+ cociaM cocls (See Table 2)
ClO + O3 ~ ClOO + & - - <1 ax1017 - F95
-~ OClo+Q 1 0x1012 >4000 <1 0x1018 - F95
CIO + H - products ~1.0x1012 >4800 <1.0x1019 - F96
ClIO + NO -~ NO2 + Cl 6.4x1012 -(293:100) 1 7x1011 1.15 F97
ClO + NOp M CIONOp (See Table 2)
ClO+ NO3 — CIOO + NO 4.7x1013 Q+400 4.7x1013 1.5 F98
ClO + NpO - products ~1.0x1012 >4300 <6.0x1019 - F99
CIO + CO - products ~1.0x1012 >3700 <4.0x1018 - F100
CIO + CHg - products ~1.0x1012 >3700 <4.0x1018 - F101
CIO + HpCO - products ~1.0x1012 >2100 <1.0x1015 - F102
CIO + CHgO2 — products 3.3x1012 115115 2.2x1012 15 F103
ClO+ CIO - Clp + Op 1.0x1012 159G:300 4 gx1015 1.5 F104
~ CIOO + ClI 3. 0x1011 2456500 g ox1015 1.5 F104
- OCIO + CI 3.5x1013 1376300 3541015 1.5 F104
cio + cloM  cpoy (See Table 2)
clo + ocloM  chos (See Table 2)
HCI + CIONOy - products - - <1.0x1020 - F105
cHaCl + ;M cHpclop (See Table 2)
CHClp + Op M CHChO2 (See Table 2)
cclz+ oM ccros (See Table 2)
cFch + M crcho; (See Table 2)
crcl+ M cecio, (See Table 2)
cClzgop + N M cclooNoy (See Table 2)
CFChO2 + Nop M CFChOoNOy (See Table 2)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
CFClog + NOp M cReIooNO, (See Table 2)
CH2CIO + Op —~ CHCIO + HQ - - 6 x 1014 5  F106
CH2CIO2 + HOp —~ CHpCIOZH + 02 33y 1013  -(82@200) 55y 1012 1.5 F107
CH2CIO2 + NO - CH2CIO + NOp 7 x 1012 -(30@:200) 1 g x 1011 1.5 F108
CCI302 + NO . CChO + NOp + Cl 7.3 x 1012 -(27@200) 1 gy 1011 1.3 F109
CCIgFO2 + NO - CCIFO + N + Cl 4.5 x 1012 -(358:200) 15 1011 1.3 F110
CCIF202 + NO . CRO + NO» + Cl 3.8 x 1012 -(40G:200) 15y 1011 1.2 Fi11

BrOy Reactions

O+BrO- Br+Q 1.9x1011 -(23a150) 4151011 15 G1
O +HBr -~ OH + Br 5.8x1012 1506200 3 gx1014 13 G2
O + HOBr - OH + BrO 1.2x1010 430£300 5 gy101l 30 G3
OH + Brp - HOBr + Br 4.2x1011 0600 4.2x1011 1.3 G4
OH + BrO - products - - 7 5x1011 3.0 G5
OH + HBr — H0O + Br 1.1x1011 250 1.1x1011 1.2 G6
OH + CHgBr — CHgBr + Hp0O 4.0x1012 147G¢150 5 gyx1014 1.1 G7
OH + CHpBrp — CHBrp + H20O 2.4x1012 900£300 1 941013 1.1 G38
OH + CHBr3 — CBr3 + H20O 1.6x1012 710£200 1 541013 20 GO9
OH + CHREBr - CPBr + Hp0 1.1x1012 1406200 1 px1014 1.1 G10
OH + CHCIBr — CHCIBr + HO 2.3x1012 930150 1 ogx1013 1.2 G11
OH + CECIBr - products - - <1.5x1016 - Gi12
OH + CEBr2 - products - - <5.0x1016 - G13
OH + CFE3Br - products - - <1.2x1016 - Gi4
OH + CHBICF3 -~ CHBICF3 + HO 1 4x1012 1340200 1 gx1014 1.3 G15
OH + CHFBrCRB - CFBrCF 7.2x1013 1110150 1 gy1014 1.5 G16
OH + CHCIBrCR — CCIBrCF3 + H)O 1 341012 995+150 4541014 1.5 G17
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Table 1. (Continued)

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
OH + CHBICHFCI . CFBrCFCI 9.3x1013 1250£150 1 441014 1.5 G18
+20
OH + CBHBrCPBr - products - - <1.5x1016 - G19
HO2 + Br — HBr + Op 15x1011 60@600 5 gx1012 20 G20
HO2 + BrO - products 3451012 -(540£200) 5 141011 1.5 G21
NO3 + HBr - HNOg + Br - - <1.0x1016 - G2
Cl + CHpCIBr - HCI + CHCIBr 4.3x1011 137500 4 341013 3.0 G23
Cl + CHgBr - HCI + CHpBr 15x1011 106G:100 4 341013 1.2 G24
Cl + CHpBr2 - HCI + CHBp 6.4x1012 810t100 4 941013 1.2 G25
Br+03 - BrO+Q 1.7x1011 80@200 1 9y1012 1.2 G26
Br + H202 - HBr + HO2 1.0x1011 >3000 <5.0x1016 - Gz
Br + NOp M BrNOy (See Table 2)
Br + NO3 - BrO + NOp - - 1.6x1011 20 G28
Br + HpCO — HBr + HCO 1.7x1011 80200 1141012 1.3 G29
Br+ OCIO - BrO + CIO 2 6x1011 1306300 34x1013 20 G30
Br + ClpO — BrCl + CIO 2 1x1011 47150 4331012 1.3 G3l
Br + Cl202 - products - - 3.0x1012 20 G32
BrO + O3 - products ~1.0x1012 >3200 <2.0x1017 = G33
BrO + NO - NO2 + Br 8.8x1012 -(26@130) 2 1x1011 1.15 G34
BrO + NOp I\_/! BrONOp (See Table 2)
BrO + NOg - products - - 1.0x1012 3.0 G35
BrO + CIO - Br + OCIO 1.6x1012 -(43@:200) § 8x1012 1.25 G36
~ Br+ ClOO 2 9x1012 -(22:200) 6 1x1012 1.25 G36
~ BrCl+Q 5 8x1013 -(17G:200) 1 ox1012 1.25 G36
BrO + BrO - products 1.5x1012 -(230+150) 3 ox1012 115 G37
CHoBrO2 + NO - CHpO + NOp + Br 441012 -(306:200) 11 x 1011 1.5 G38
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

10x Reactions

O+1lp ~ 10+ 1.4x1010 Q+250 1.4x1010 1.4 H1

O+10 - Op+1I 1 2x1010 20 H2

OH + I - HOI + | 1.8x1010 20 H3
OH + HI - H20 +1 3.0x1011 20 H4
OH + CHgl - H20 + CHpl 3.1x1012 1126500 7941014 3.0 HS5
OH + CR3l - HOI + CF3 3.1x1014 50 H6
HO2 + 1 - HI+ Op 15x1011 1098500 3 gx1013 20 H7
HO2 + 10 - HOI + Op 8.4ax1011 1.5 H8
NO3 + Hl - HNOg3 + | (See Note) H9
+03 - 10+ 2.3x1011 870200 1.2x1012 1.2 H10
| + NO M INO (See Table 2)

1+ NOoM INOo (See Table 2)

| + BrO — 10 + Br - - 1 2x1011 2.0 H11
IO+ NO - |+ NOp 9.1x1012 -(240£150) 5 gx101l 1.2 HI12
10+ N M 1oNOp (See Table 2)

IO + CIO - products 5 151012 -(280£200) 1 34101l 2.0 H13
IO + BrO - products = = 6.9x1011 15 Hi4
IO +10 - products 1.5x1011 -(50Q500) g ox10l1l 1.5 H15

INO + INO - I2 + 2NO 8.4x1011 262@¢600 1 3x1014 2.5 Hi16
INO2 + INO2 — 12+ 2NOp 2 0x1011 260@1000 4 741015 3.0 H17

SOy Reactions

O+SH- SO+H - - 1.6x1010 50 11
O+CS- CO+S 2.7x1010 760£250 2.1x1011 1.1 12
O+ HpS - OH + SH 9.2x1012 180@550 5 ox10l4 1.7 13

34



Table 1. (Continued)

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
O+ 0CSs- CO+ SO0 2 1x1011 220@¢150 1 341014 1.2 14
0+C® - CS+S0 3.2x1011 650150 3.6x1012 1.2 15
0+so M sx; (See Table 2)

O + CHgSCHg - CH3SO + CH 1.3x1011 -(41G:100) 5 gy10ll 1.1 16
O + CHgSSCH3 - CH3SO + CHS 5 551011 -(25G:100) 1 3x1010 1.3 17
O3 + H2S - products - - <2.0x1020 - 18
O3 + CH3SCHg - products - - <1.0x1018 - 19
03+SQ » SO3 + O 3.0x1012 >7000 <2.0x1022 - 110
OH + HpS — SH + HO 6.0x1012 7575 4.7x1012 1.2 111
OH + OCS- products 1.1x1013 1206500 1 gx1gl5 20 112
OH + CS - products (See Note) - - - 113
OH + CHgSH — CH3S + HO 9.9x1012 -(36@100) 3 3x10ll 1.2 14
OH + CHgSCHg — H20 + CH)SCH3 1 2y101l 266100 5 ox1012 1.15 115
OH + CH3SSCH; -~ products 6.0x1011 -(40&200) 5 3x1010 12 116
OH+S- H+SO - - 6.6x1011 3.0 117
OH +SO- H+SQ - - 8.6x1011 2.0 118
OH+so M Hoso (See Table 2)

HO2 + HpS - products - - <3.0x1015 - 119
HO2 + CHgSH - products - - <4.0x1015 - 119
HO2 + CH3SCHz - products - - <5.0x1015 - 119
HO2 + SO - products - - <1.0x1018 - 120
NO2 + SO - products - - <2.0x1026 - 121
NOgz+ H2S - products - - <8.0x1016 - 122
NO3 + OCS - products - - <1.0x1016 - 123
NO3 + CS - products - - <4.0x1016 - 124
NO3 + CH3gSH - products 4.4x1013 -(216:210) g gx1013 1.25 125
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Table 1. (Continued)

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
NO3 + CH3SCH3—» CH3SCHp + HNO3 1 gx1013 -(50G:200) 1 ox1012 1.2 126
NO3 + CH3SSCH; - products 1.3x1012 27@:270 5.3x1013 14 127
NO3 + SO — products - - <7.0x1021 - 128
N20s5 + CH3SCHz - products - - <1.0x1017 - 129
CH302 + SO - products - - <5.0x1017 - 130
F + CHBSCH3 - products = = 2 4.x1010 20 131
Cl + HpS — HCI + SH 3 751011 -(210£100) 7 ax1011 1.25 132
Cl + OCS - products - - <1.0x1016 - 133
Cl+ CS - products - - <4.0x1015 - 134
Cl + CH3SH - CH3S + HCI 1.2x1010 -(150£50) 2 ox1010 1.25 135
Cl + CH3SCHs - products (See Note) - - - 136
CIO + OCS- products - - <2.0x1016 - 137
CIO + CH3SCHz — products - - 9.5x1015 2.0 138
ClO + SO~ Cl +SO 2 8x1011 0+50 2 8x1011 1.3 139
ClO + S@ - Cl+SQ3 - - <4 0x1018 - 137
Br + H2S — HBr + SH 1.ax1011 275@300 1 ax1015 2.0 140
Br + CHgSH — CH3S + HBr 9.2x1012 390t100 5 5y10l2 2.0 140
Br + CHRSCHz — products (See Note) 141
BrO + CHsSCH3 — products 1.5x1014 -(85t200) 2.6x1013 1.3 142
BrO + SO - Br+ SQ 5751011 1.4 143
IO + CH3SH - products 6.6x1016 2.0 144
IO + CHgSCHg — products 1.2x1014 1.5 145
S+ - SO+0 2 31012 0200 2 351012 1.2 146
S+;3 - SO+Q 1 2x1011 2.0 147
SO+Q® - SO+ 0 2 6x1013 2406500 g ax1017 2.0 148
SO+ @ - SO+ Op 3.6x1012 1106200 g gx1014 1.2 149
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Table 1. (Continued)

Reaction A-Factof E/Rt(AE/R) k(298 K@ f(298)b Notes
SO + NQ - SOp + NO 1.4x1011 0t50 1.4x1011 1.2 150
SO + OCIO- SOp + CIO 1.9x1012 3.0 I51
SO3 + H2O - products (See Note) - - 152
SO3 + NH3 - products (See Table 2) - -

SOz + NO2 - products 1.0x1019 10.0 153
SH+ ® - OH + SO <4.0x1019 - 154
SH+ 33 - HSO + OQ 9.0x1012 283200 3.5x1012 1.3 155
SH + HO2 - products <5.0x101° - 156
SH + NOM HsNO (See Table 2)

SH + NO — HSO + NO 2 9x1011 -(240£50) g 5x1011 1.2 157
SH + Ch — CISH + Cl 1.7x1011 69200 1 741012 2.0 158
SH + BrCl - products 2 3x1011 -(353200) 7.4x1011 2.0 158
SH + Bp - BrSH + Br 6.0x1011 -(163:160) 1 ox1010 2.0 158
SH+P - FSH +F 4.3x1011 139200 4 0ox1013 2.0 158
HSO + @ - products <2.0x1017 - 159
HSO + &3 - products 1.0x1013 1.3 160
HSO + NO - products <1.0x1015 - 161
HSO + NQ - HSOp + NO 9.6x1012 2.0 161
HSOp + Op - HO2 + SO 3.0x1013 3.0 162
HOSOp + Op » HO2 + SO3 1.3x1012 33200  4.4x1013 1.2 163
CS+Q - OCS+0 2 91019 2.0 164
CS+Q -~ OCS +Q 3 0x1016 3.0 165
CS +NOQ - OCS + NO 7 6x1017 3.0 165
CH3S + @ - products <3.0x1018 - 166
CH3S + O3 - products 2 0x1012 -(29&100) 5 3x1012 1.15 167
CH3S + NO - products <1.0x1013 - 168
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes

CH3S + NOM products (See Table 2)

CH3S + NO» - CH3SO + NO 2 151011 -(3266:100) ¢ 1x1011 1.15 169
CHoSH + & - products 6.5x1012 2.0 170
CH2SH + O3 - products 3.5x1011 20 71
CH2SH + NO - products 1.9x1011 20 172
CHoSH + NG, - products 5.2x1011 2.0 173
CH3SO + 3 - products 6.0x1013 1.5 174
CH3SO + NQ - CH3SOp + NO 1 2x1011 1.4 175
CH3SO00 + 3 - products <8.0x1013 - 176
CH3SO0O0 + NO- products 1.1x1011 (+100 1.1x1011 2.0 176
CH3SOp+ NO2 - products 2 ox1011 0+100 2 ox1011 2.0 177
CH3SCHy + ;M CHasCH0, (See Table 2)

CH3SCH, + NO3 - products 3.0 x 1010 2.0 178
CH3SCHyO, + NO - 1.9 x 1011 2.0 179

CESCHyO + NOp

CH3SS + & — products 4.6x1013 2.0 180
CH3SS + N@ - products 1.8x1011 2.0 181
CH3SSO + N@ - products 4.5x1012 2.0 181

Metal Reactions

Na + O l\_/! NaOp (See Table 2)

Na+ Q3 -~ NaO + @ 1.0x109 95+50 7 3x1010 1.2 J1
~ NaQp +O - - <4.0x1011 - J1

Na + NpO — NaO + N 2 8x1010 1608400 1 341012 1.2 J2

Na + Ch — NaCl + Cl 7 3x1010 0200 7 3x1010 1.3 J3

NaO + O ~ Na+Q 3.7x1010 0+400 3.7x1010 3.0 J4

NaO + O M NaO3 (See Table 2)
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Table 1. (Continued)

Reaction A-Factof E/RE(AE/R) k(208 KR f(29gpP Notes
NaO + 3 - NaGp + Op 1.1x109 57G:300 1.6x1010 15 J5
~ Na+20Q 6.0x1011 0800 6.0x1011 3.0 J5
NaO + H - NaOH + H 2 6x1011 0+600 2 6x1011 20 J6
NaO + HO - NaOH + OH 2 2x1010 0+400 2 2x1010 20 J7
NaO + NO- Na+ NQ 1551010 0400 1551010 40 J8
NaO + CQ M NaCQs (See Table 2)
NaO + HCI - products 2.8x1010 (+400 2. 8x1010 3.0 J9
NaOp + O— NaO + Q@ 2 oy1011 Q600 2 2y1011 5.0 J10
NaQOp + NO- NaO + NO - - <1014 - J11
NaOp + HCl- products 2 31010 Q400 2 31010 3.0 J12
NaOH + HCl - NaCl + HO 2 8x1010 Q400 2 81010 3.0 J13
NaOH + c@M NaHCO3 (See Table 2)

Shaded areas indicate changes or additions since JPL 94-26.
Units are cnd/molecule-s.
f(298) is the uncertainty factor at 298 K. To calculate the uncertainty at other temperatures, use the

expression:
AE 1 1
"R \U'T ~ 298

f(T) = f(298) exp
Note that the exponent is absolute value.
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Notes to Table 1

Al. O+ 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. [1239], Arnold and
Comes [29], and Wine et al. [1260].

A2. O(1D) Reactions. The rate constants are for the disappearancﬁ])f @bich 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] ford®, HpO, CHgq, H2, N2, Op, O3, CCly, CFCRB, CF2Cl2, NH3, and
COo; by Amimoto et al. [17], Amimoto et al. [16], and Force and Wiesenfeld [392, 393]J0tr N2O,

CHay, N2, Hp, Op, O3, COp, CCly, CFCR, CCI2, and CH; by Wine and Ravishankara [1261-1263] for
N20, HpO, Np, Hp, O3, COp and CBO; by Brock and Watson (private communication, 1980) for Gp
and CQ; by Lee and Slanger [677, 678] fop@ and @; by Gericke and Comes [414] fopB; and by Shi
and Barker [1020] for Nand C@Q, and Talukdar and Ravishankara [1120] for Fihe 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, sp€h Hs® and

CHgy, the recommended absolute rate constants are in good agreement with the previous relative measurements
when compared with pas the reference reactant. A similar comparison witlathe reference reactant
gives somewhat poorer agreement.

A3. O(1D) + Op. The deactivation of éo) by Op leads to the production of;©12) with an efficiency of

80+20%: Noxon [873], Biedenkapp and Bair [112], Snelling [1061], and Lee and Slanger [677]2(ﬂ+ze 0]

is produced in the v=0, 1, and 2 vibrational levels in the amounts 60%, 40%, and <3%, Gauthier and Snelling
[411] and Lee and Slanger [677].

A4. O(D) + O3. The branching result for reaction of XD with O3 to give @ + Op or Op + 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 p@aIDD(eaction with @. It seems unlikely that this could result

from 100% quenching of the @]]?) by Oz.

A5. O(lD) + Hp. Wine and Ravishankara [1262] have determined the yield??ﬂ)(h( <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 Wheri-BaJIithoderated
with Ar.

A6. O(1D) + HpO. Measurements of thee@ Hp product yield were made by Zellner et al. [1301] (1 +0.5 or

-1)% and by Glinski and Birks [428] (0.6 +0.7 or -0.6)%. That the yield éPpl(rom O@D) + H20 is
reported to be <(4438.2)% by Wine and Ravishankara [1722] and1(®6 by Takahashi et al. [1109].

AT. O(1D) + N20O. The branching ratio for the reaction oflol with N2O to give N + Op or NO + NO is an

average of the values reported by Davidson et al. [303]; Volltrauer et al. [1185]; Marx et al. [765] and Lam 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=0.61t0.06, where the uncertainty indicates their 95% confidence interval. The recommended branching ratio
agrees well with earlier measurements of the quantum yield frathp¥otolysis (Calvert and Pitts [177]).

The O@D) translational energy and temperature dependence effects are not clearly resolved. Wine and
Ravishankara [1262] have determined that the yield §PD(rom OéLD) + N2O 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 from4Bg -©K20 reaction in the

presence of airlike mixtures agrees very well with the value predicted using the recomméﬂ)e’at@(
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A8.

A9.

A10.

All.

Al2.

Al3.

Al4,

Al5.

constants for i, Op, and NO and the O’(D) + N20O 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.

O(1D) + NH3. Sanders et al. [991] have detected the productle)iémd OH formed in the reaction. They
report that the yield of NH@:A) is in the range 3-15% of the amount of OH detected.

O(lD) + CHy. The reaction products are (a) €H OH, (b) CH3O or CHHOH + H and (c) CHO + Hb. Lin

and DeMore [718] analyzed the final products @fONCH4 photolysis mixtures and concluded that (a)
accounted for about 90% and that gHand B (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@n(@CH

CH20H) products. They reported that the yield gf\as <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 oftBl)#4.(25
Matsumi et al. [767] measured the yields of H anaF()(n low pressure gas mixtures and reported the yield
of H was (1%3)% and the yield of @P) was <5%. Wine and Ravishankara [1262] reported that the yield of

O(3P) was <4.3%. Takahashi et al. [1109] reported that tﬁ@)@ﬁeld is <1%. We recommend the
following branching ratios: (a) (#3.5)%, (b) (2&7)%, (c) (55)%.

O(lD) + HCIl. The recommendation is the average of measurements by Davidson et al. [306] and Wine et al.
[1270]. Product studies by the latter indicate.3IP)(+ HCI (25)%; H + CIO (245)%; and OH + ClI
(67+10)%. Takahashi et al. [1109] report th@@)(yield is (1%4)%.

O(1D) + HF. Rate coefficient and product yield measured by Wine et al. (1984, private communication). The
O(3P) yield is less than 4%.

O(lD) + HBr. Rate coefficient and products measured by Wine et al. [1270]. Product yields: H%B?)+ O(
(20£7)%, H + BrO <4.5%, and OH + Br (802)%.

O(1D) + Ch. Rate coefficient and éf(’) product were measured by Wine et al. [1258], who reportgd- Cl

O(3P) (25:10)%. Takahashi et al. [1109] reported that the CIO yield i81&Who, in excellent agreement.
An indirect study by Freudenstein and Biedenkapp [396] is in reasonable agreement on the yield of CIO.

o(D) + COCp, COCIF and COF. For the reactions of @) with COCh 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 o#firr@te constants in this table.

The recommendation for CORs 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 similarlol 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(1D) + halocarbons. The halocarbon rate constants are for the total disappearaﬂﬁa ah@probably
include physical quenching. Products of the reactive channels may inclgi®€X, CX20 + X2 (or 2X),

and CX3 + XO, where X = H, F, Cl, 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 ofJOQ proceeding through physical quenching and reactive channels. Fpr CCl

guenching = (1#6)% and reaction = (86)% (Force and Wiesenfeld [393]), CIO yield =£30)% (Takahashi
et al. [1109]; for CFC}: quenching = (2510)%, CIO formation = (6615)% (Donovan, private

communication, 1980), CIO yield = (888)% (Takahashi et al.); for GEl2: quenching = (147)% and

reaction = (8614)% (Force and Wiesenfeld [393]), quenching =t{)%, CIO formation = (5615)%
(Donovan), quenching =(8)% and CIO formation =(8718%) (Takahashi et al.)
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Al6.

Al7.

A18.

Al19.

A20.

A21.

A22.

A23.

A24.

A25.

A26.

O(lD) + CH3Br. The recommendation is based on data from Thompson and Ravishankara [1127]. They
report that the yield of @P) from physical quenching is0%.

O(lD) + CHpBro. The recommendation is based on data from Thompson and Ravishankara [1127]. They
report that the yield of @P) from physical quenching is%8)%.

O(lD) + CHBr3. The recommendation is based on data from Thompson and Ravishankara [1127]. The rate

coefficient is somewhat large compared to analogous compounds. They report that the yi%R) riodn(
physical quenching is (38)%.

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

[393] and Schmoltner et al. [1005]. The%][ product yield was reported to be £3%% by Force and
Wiesenfeld, (135)% by Schmoltner et al., and %)% 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) + CHpF2 (HFC-32). The recommendation is based upon the measurement of Schmoltner et al.

[1005], who reported that the yield of% is (7&11)%. Green and Wayne [435] measured the loss of
CHoF2 relative to the loss of pO. Their value when combined with our recommendation férD(D(k N2O
yields a rate coefficient for reactive loss of §f14 that is about three times the result of Schmoltner et al.
Burks and Lin [163] reported observing vibrationally excited HF as a product.

O(lD) + CHR3 (HFC-23). The recommendation is the average of measurements of Force and Wiesenfeld

[393] and Schmoltner et al. [1005]. The%][ product yield was reported to be £1%)% by Force and
Wiesenfeld and (1G2)% 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 + @B products.

O(1D) + CHCbF (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. [1109] report the yield of
ClO is (74£15)%.

O(1D) + CHCIR (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@Iby Green and Wayne [435] agrees very well with this value

when the O%D) + N2O 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 (5610)%, CP (45+10)%, OBP) (28 +10 or -15)%, and OH 5%, where the

O(3P) comes from a branch yielding £&nd HCI. Warren et al. [1222] also report a yield orfID(of
(28+6)%, which they interpret as the product of physical quenching.

O(lD) + CCIF3 (CFC-13). The recommendation is based on the measurement by Ravishankara et al.[951]

who report (3310)% physical quenching. Takahashi et al. [1109] report the yield§é’r)(()16t5)% and
CIO (8518)%.

O(lD) + CCIBr® (Halon 1211). The recommendation is based on data from Thompson and Ravishankara
[1127]. They report that the yield 0f§F{) from physical quenching is (36)%.

O(lD) + CBrpF2 (Halon 1202). The recommendation is based on data from Thompson and Ravishankara
[1127]. They report that the yield of@FO from physical quenching is (58)%.
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A27.

A28.

A29.

A30.

A31.

A32.

A33.

A34.

A35.

A36.

A37.

A38.

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

[1127]. They report that the yield of@F{) from physical quenching is (68)%. Lorenzen-Schmidt et al.
[728] measured the Halon removal rate relative to @ Nemoval rate and report that the rate coefficient for

the Halon destruction path is (4@)4)x1011, which is in excellent agreement with Thompson and
Ravishankara.

O(lD) + CH (CFC-14). The recommendation is based upon the measurement by Ravishankara et al. [951],

who report (928)% physical quenching. Force and Wiesenfeld [393] measured a quenching rate coefficient
about 10 times larger. Shi and Barker [1020] report an upper limit that is consistent with the
recommendation. 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(lD) + CH3CHoF (HFC 161). The recommendation is based on data from Schmoltner et al. [1005]. They
report that the yield of C3P) from physical quenching is (£8)%.

O(1D) + CHRCHF (HFC-152a). The recommendation is based on the measurements of Warren et al.
[1222], who report (547)% physical quenching.

O(1D) + CH3CCIbF (HCFC-141b). The recommendation is based upon the measurement of Warren et al.
[1222], who report (3%5)% physical quenching.

O(lD) + CH3CCIF2 (HCFC-142b). The recommendation is based upon the measurement of Warren et al.

[1222], who report (265)% physical quenching. This agrees very well with Green and Wayne [435], who
measured the loss of GBFCl relative to the loss of §O, when the recommendation fop® is used.

O(lD) + CH3CF3 (HFC-143a). The recommendation is based upon the relative rate measurement of Green
and Wayne [435], who measured the loss oBCHFg relative to the loss of §O. The recommendation for

N20 is used to obtain the value given. Itis assumed that there is no physical quenching, although the
reported physical quenching by @HCF3 and CHBCHF suggests some quenching is possible.

O(lD) + CHyCICCIF (HCFC-132b). The recommendation is based upon the relative rate measurement of
Green and Wayne [435], who measured the loss gfGDEFCI relative to the loss of pO. The
recommendation for PO is used to obtain the value given. It is assumed that there is no physical quenching.

O(1D) + CHpCICF3 (HCFC-133a). The recommendation is based upon the measurement of Warren et al.

[1222], who report (265)% physical quenching. This agrees with Green and Wayne [435] who measured the
loss of CHCICF3 relative to the loss of $O, when the recommendation fop® is used.

O(lD) + CHpFCF3 (HFC-134a). The recommendation is based on the measurement of Warren et al. [1222]
who report (94+6/-1)% physical quenching. The predominance of physical quenching is surprising,
considering the presence of C-H bonds, which are usually reactive tovJ%E])j.O(

O(lD) + CHCbhCF3 (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 losGFgHCI
relative to the loss of O, agrees well with the recommendation when the recommendatiop@isNised.
Warren et al. report (2B)% physical quenching.

O(1D) + CHCIFCR (HCFC-124). The recommendation is based upon the measurement of Warren et al.
[1222], who report (3210)% physical quenching.
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A39.

A40.

A41l.

A42.

A43.

Ad4.,

A45.

A46.

A47.

A48.

A49.

A50.

AS51.

O(1D) + CHPRCF3 (HFC-125). The recommendation is based upon the measurement of Warren et al.

[1222], who report (85+15/-22)% physical quenching. Green and Wayne [435] measured the loss of
CHPF>CR3 relative to the loss of O and report a loss corresponding to about 40% of the recommended rate

coefficient. This reaction is much faster than one would predict by analogy to similar compounds, such as
CHoFCRs.

O(1D) + CCRCR (CFC-113a). The recommendation is an estimate based on analogy to similar
compounds.

O(lD) + CCbFCCIF (CFC-113). The recommendation is an estimate based on analogy to similar
compounds.

O(1D) + CCbFCR (CFC-114a). The recommendation is an estimate based on analogy to similar
compounds.

O(1D) + CCIRCCIF (CFC-114). The recommendation is based on the measurement by Ravishankara et
al. [951], who report (282)% physical quenching.

O(1D) + CCIPCR3 (CFC-115). The recommendation is based on the measurement by Ravishankara et
al.[951], who report (7697)% physical quenching.

O(lD) + CBrCBrF (Halon 2402). The recommendation is based on data from Thompson and

Ravishankara [1127]. They report that the yield o?l?)(from physical quenching is (28)%. Lorenzen-
Schmidt et al. [728] measured the Halon removal rate relative topBe@&moval rate and report that the rate

coefficient for the Halon destruction path is (Bl.EQ)xlOlli in fair agreement with the result of Thompson
and Ravishankara.

O(1D) + CoFg (CFC-116). The recommendation is based on a measurement by Ravishankara et al. [951],

who report (8%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(1D) + CHRCFCHCHRF (HFC 338 pcc). The recommendation is based on data from Schmoltner et
al. [1005]. They report that the yield of%’() from physical quenching is (89)%.

O(lD) + c-4Fg. 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(1D) + CFRCHFCHFCPBCR3 (HFC 43-10 mee). The recommendation is based on data from Schmoltner
et al. [1005]. The rate coefficients for this compound and ZLHE do not follow the reactivity trend of

other HFCs. Schmoltner et al. report that the yield @P(D(rom physical quenching is (84)%.

O(1D) + CgF12 (CFC 41-12). The recommendation is based on data from Ravishankara et al. [951]. They
report that the yield of (3{3) from physical quenching is (¥92)%.

O(1D) + CgF14 (CFC 51-14). The recommendation is based on data from Ravishankara et al. [951]. They
report that the yield of @P) from physical quenching is (¥9)%.
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A52.

AS53.

A54,

A55.

A56.

AS57.

AS58.

A59.

AG0.

A61.

O(1D) +1,2-(CB)2c-C4Fe. The recommendation is based on data from Ravishankara et al. [951]. They
report that the yield of @P) from physical quenching is (846)%.

O(lD) + SFs. 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.

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

Oz(lA) + Op. 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 Borrell. 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.

Oz(lA) + O3. 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 +2@oducts appears to be close to unity, based on many studies

of the quantum yield of @destruction near the peak of the Hartley band. For example, measurements of the
number of @ molecules destroyed per photon absorbed: Von Ellenrieder et al. [1186], Ravishankara et al.
[957], Lissi and Heicklen [722], and references cited therein and measuremeptess @d O atom

temporal profiles in pulsed experiments Klais et al. [614] and Arnold and Comes [30]. Anderson et al. [26]
report that the rate coefficient for atom exchange betwqﬁﬂ))and Qis< 5x1016 at 300K.

Oz(lA) + 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.

Oz(lA) + N. The recommendation is an upper limit based upon the measurement reported by Westenberg et
al. [1246], who used ESR to deteq(®3z and é—A), O(3P) and N‘@S) with a discharge flow reactor. They
used an excess oszA) and measured the decay of N and the appearance of O at 195 and 300 K. They

observed that the reaction of N Witkz(éA) is somewhat slower than its reaction WitQ(@Z). 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 OQ(%AD“eaction with N that is about 30

times faster than the recommended limit. Schmidt and Schiff attribute the observed IgésﬁmirOexcess
N to a rapid energy exchange with some constituent in discharged nitrogen, other than N.

Oz(lA) + 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].

Oz(lA) + COp. The recommendation is based on the measurements reported by Findlay 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.

02(12) + O. The recommendation is based on the measurement reported by Slanger and Black [1053].
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02(12) + Op. 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 yieIQ(éﬂj)product.

02(12) + O3. 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 Snelling
[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 + 2@products is reported to be ¢20)% by Slanger and Black and Amimoto and

Wiesenfeld.

02(12) + H20O. The recommendation is the average of room temperature measurements reported by Stuhl and

Niki [1092], Filseth et al. [377], Wildt et al. [1251], and Shi and Barker [1020]. 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 [1126] are in good agreement with the recommendation. Wildt et al. [1251] report that

the yield of @(1A) = 90%.
02(12) + N. The recommendation is based on the limit reported by Slanger and Black [1053].

02(12) + N2. The recommendation is the average of measurements reported by 1zod and Wayne [546], Stuhl

and Welge [1095], Filseth et al. [377], Martin et al. [763], Kohse-Hbinghaus 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-Hbéinghaus
and Stuhl observed no significant temperature dependence over the range 203-349 K.

02(12) +COp. The recommendation is the average of measurements reported by Filseth et al. [377],
Davidson et al. [304], Avilés 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 evidencegﬁﬂ)@ a product. Wildt et al.
report that the yield of g1A) = 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 + BIk(O + OH) measured by Keyser [600] agrees with the rate constants

recommended here.

O + HO. The recommendation for the O + bl@action rate constant is the average of five studies at room

temperature (Keyser [599], Sridharan et al. [1064], 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 thg@H + H

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 500Ttoerrhtio

k(O + HO)/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 <]Q/ﬁtf]32) yield.

O + HpO2. There are two direct studies of the O 204 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
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atom-molecule reactions. An indirect measurement of the E/R by Roscoe [972] is consistent with the
recommendation.

H + O3. 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 Clyne 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 HO + 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 .+ O

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

[1133], 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 H@eactant. 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, (5:0.3) x 1011 cm3 moleculel s1 by Thrush and Wilkinson [1133] and (4:89x 1011

by Hack et al. [451] are in reasonable agreement with the recommended value. Three of the studies reported
the product channels: (a) 20H, (b®+ O, and (c) H + Op. Hack et al. [453] ¥k = 0.69, lg/k = 0.02,

and k/k = 0.29; Sridharan et al. [1064}/k = 0.870.04, lg/k = 0.02:0.02, k/k = 0.0%.045; and Keyser
[602] kgy/lk = 0.9G:0.04, ky/k = 0.020.02, and k/k = 0.08:0.04. Hislop and Wayne [491], Keyser et al.

[604], and Michelangeli et al. [801] reported on the yield Qf(®12) formed in channel (c) as (28.3) x

104, <8 x 103, and <2.1 x 1 respectively of the total reactions. Keyser found the rate coefficient and
product yields to be independent of temperature for 245 < T < 300 K.

OH + 3. The recommendation for the OH g @te 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 [460]). The

Anderson and Kaufman rate constants were normalized to k = 6:2%a03 moleculel s1 at 295 K as
suggested by Chang and Kaufman [198].

OH + Hp. The OH + B reaction has been the subject of numerous studies (see Ravishankara et al. [949] for

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 [1153], Zellner and Steinert [1300], and
Ravishankara et al. [949]. Results reported by Taluktlat. [L116] are in excellect agreement.

OH + HD. The recommendation is based on direct measurements made by Talukdar et al. [1116] using pulsed
photolysis-laser induced fluorescence over the temperature range 248-418K. The recommendation is in
excellent agreement with the ratio k(OH $)H(OH + HD) = 1.65:0.05 at 298K reported by Ehhalt et al.

[363] when combined with the recommended k(OH2.H

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], Farguharson and Smith [371], and Wagner and Zellner [1188]. The rate constants for these studies all

fall between (1.4 and 2.3) x 1& cm3 moleculel s1. The temperature dependence is from Wagner and
Zellner, who reported rate constants for the range T = 250-580 K.

OH + HO. A study by Keyser [603] appears to resolve a discrepancy between low-pressure discharge flow
experiments that all gave rate coefficients near 7 ¥%4em3 moleculel s1: Keyser [598], Thrush and
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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 thlx L et al. [712], Hochanadel et al.

[498], DeMore [323], Cox et al. [268], Burrows et al. [166], and Kurylo et al. [644]. 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 excesg 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/=3=)1xir10
agreement with the recommendation. These workers measured the concentrations@ifiH®, 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 label&DH reactant obtained k = (#2) x 1011in good agreement
with the recommendation. They attributed about half of the reactive events to isotope scrambling because

control experiments with® OH gave k = 6 x 131, 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

180H measurements were not. Kurylo et al. [644] found no evidence of significant scrambling in isotope
studies of the OH and HOeaction. 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 + BO2. The recommendation is a fit to the temperature dependence studies of Keyser [596], Sridharan et

al. [1066], Wine et al. [1265], Kurylo et al. [648], and Vaghjiani et al. [1174]. The data from these studies
have been revised to account for thEdd 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
indicate a quite different temperature dependence with k increasing slightly with decreasing temperature. Their
data were not incorporated in the fit. A measurement at room temperature by Marinelli and Johnston [757]
agrees well with the recommendation. Hippler and Troe [489] have analysed data for this reaction at
temperatures up to 1250K.

HOy + O3. 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 usingaheHH® 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 [321] agrees

with the recommendation. The mechanism of the reaction has been studiejeﬁ(Dslagelled HQ® by Sinha

et al. [1049], who reported that the reaction occutsl@%o via H atom transfer at 297K and by Nelson and
Zahniser [828], who reported branching ratios for H transfer vs O transfer over the range 226-355K. They
report that the H atom transfer decreases fronb%tat 22611K to 88&5% at 3558K.

HOp + HOp. Two separate expressions are given for the rate constant for the HOp 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 1 atm. Results of Thrush and
Wilkinson [1131] and Dobis and Benson [346] are inconsistent with the recommendation. The termolecular
expression is obtained from data of Sander et al. [986], 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 H® absorption cross section: Paukert and Johnston
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[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 1012 cm3 moleculel s'l); (c) the rate constant temperature dependence: Cox and Burrows [267], Lii
et al. [711], 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 formationd®2 + Op as the major products at 300 K: Su et 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 ohH~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 1% H

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 plproduction (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: 1 + 1.4'%]1[9120] 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.

O + NG, 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 Dauvis et al.,
Ongstad and Birks, and Geers-Muller and Stuhl with the A-factor adjusted to give the recommended k(298)
value.

O + NG;. Based on the study of Graham and Johnston [433] at 298 K and 329 K. While limited in

temperature range, the data indicate no temperature dependence. Furthermore, by analogy with the reaction of
O with NG,, it is assumed that this rate constant is independent of temperature. Clearly, temperature-

dependence studies are needed.

O + NOg. Based on Kaiser and Japar [582].
O + HNG;. The upper limit reported by Chapman and Wayne [200] is accepted.

O + HGNO,. The recommended value is based on the study of Chang et al. [199]. The large uncertainty in
E/R and k at 298 K are due to the fact that the recommendation is based on a single study.

H+ NG,. The recommended value gfdgis derived from the studies of Wagner et al. [1190], Bemand and

Clyne [103], Clyne and Monkhouse [238], Michael et al. [796] and Ko and Fontijn [624]. The temperature
dependence is from the studies of Wagner et al. and Ko and Fontijn. The data from Wategaonkar and Setser
[1229] and Agrawalla et al. [13] were not considered.

OH + NG;. The recommendation is derived from an average of the results of Boodaghians et al. [128],

Mellouki et al. [782], Becker et al. [88] and Mellouki et al. [785]. There are no temperature dependence data.
The reaction products are probably 5©ONO,.

OH + HONO. The recommended rate expression is derived from the work of Jenkin and Cox [557], which
supersedes the earlier room temperature study of Cox et al. [275]. Recent results from the Ravishankara
group [161] suggest that the reaction may have a small negative temperature dependence.

OH + HNG;. The intensive study of this reaction over the past few years has significantly reduced many of

the apparent discrepancies among (a) the early studies yielding a low, temperature-independent rate constant
(Smith and Zellner [1059] and Margitan et al. [751]); (b) more recent work (mostly flash photolysis) with a
k(298) approximately 40% larger, and a strong negative T dependence below room temperature (Wine et al.
[1264]; Kurylo et al. [642]; Margitan and Watson [752]; Marinelli and Johnston [757]; Ravishankara et al.
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[946]; Jourdain et al. [579]; C. A. Smith et al. [1056]; Jolly et al. [573] (298 K); Stachnik et al. [1068]); and

(c) recent discharge low studies yielding the lower value for k(298 K) but showing substantial negative T
dependence (Devolder et al. [335]; Connell and Howard [260]). Major features of the data are (1) a strong
negative T dependence below room temperature, (2) a much weaker temperature dependence above room
temperature, possibly leveling off around 500 K, and (3) small, measurable pressure dependence which
becomes greater at low temperature. The pressure dependence has been determined by Margitan and Watson
[752] over the ranges 20-100 torr and 225-298 K and by Stachnik et al. [1068] at pressures of 10, 60, and 730
torr at 298 K. The two studies are in excellent agreement. Their "low pressure limit" agrees well with the

average k(298 K) = 1.0 x 183 cm® molec s derived from the four low pressure discharge flow 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,Jcwith a Lindemann-Hinshelwood expression for the P dependence:

ks [M] kg = 7.2x101  exp(785/T)
KMT) =k +—3— o witd  ky =4.1x1016 exp(1440/T)
k3 M] K = 1.9x1033  exp(725/T)
1+ 3

k2
The coefficients K and k, are the termolecular and high pressure limits for the "association” channel. The
value of k at high pressures is the sygnH,. 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 for 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
conflict with the effect seen by Stachnik et al. over the same range in a much more detailed study. Jolly et al.
also could not detect a pressure dependence between 1 torr (M ) BNOG00 torr (M = S at 298 K.

Nelson et al. [833], Jourdain et al. and Ravishankara et al. have all shown that within experimental error the
yield of NOg (per OH removed) is unity at 298 K, with similar results at 250 K (Ravishankara et al.).

OH + HGNO,. The recommendation for both k at 298 K and the Arrhenius expression is based upon the

data of Trevor et al. [1141], Barnes et al. [61], C. A. Smith et al. [1056] and Barnes et al. [63]. Trevor et al.
studied this reaction over the temperature range 246-324 K and reported a temperature invariant value of 4.0 x

1012 ¢ molecule? s'l, although a weighted least squares fit to their data yields an Arrhenius expression
with an E/R value of (198193) K. In contrast, Smith et al. studied the reaction over the temperature range
240-300 K and observed a negative temperature dependence with an E/R value:80}(850rhe early

Barnes et al. study [61] was carried out only at room temperature and 1 torr total pressure while their most
recent study was performed in the pressure range 1-300jamd\temperature range 268-295 K with no rate

constant variation being observed. In additiopydderived in Barnes et al. [61] was revised upward in the

later study from 4.1 x 18210 5.0 x 1012due to a change in the rate constant for the reference reaction. The
values of k at 298 K from the four studies are in excellent agreement. An unweighted least squares fit to the
data from the above-mentioned studies yields the recommended Arrhenius expression. The less precise value
for k at 298 K reported by Littlejohn and Johnston [723] is in fair agreement with the recommended value.
The error limits on the recommended E/R are sufficient to encompass the results of both Trevor et al. and
Smith et al. It should be noted that the values of k at 220 K deduced from the two studies differ by a factor of
2. Clearly, additional studies of k as a function of temperature and the identification of the reaction products
are needed.

OH + NH;. The recommended value at 298 K is the average of the values reported by Stuhl [1090], Smith

and Zellner [1059], Perry et al. [909], Silver and Kolb [1024], Stephens [1076] and Diau et al. [338]. The
values reported by Pagsberg et al. [891] and Cox et al. [274] were not considered because these studies
involved the analysis of a complex mechanism and the results are well outside the error limits implied by the
above six direct studies. The results of Kurylo [636] and Hack et al. [447] were not considered because of
their large discrepancies with the other direct studies (factors of 3.9 and 1.6 at room temperature, respectively).
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Because the Arrhenius plot displays considerable curvature, the temperature dependence is based only on the
data below 300 K, i.e., the studies of Smith and Zellner [1059] and Diau et al. [338], and the A-factor has
been selected to fit the recommended room temperature value.

C12. HG, +NO. The recommendation for HG NO is based on the average of eight measurements of the rate

constant at room temperature and below: Howard and Evenson [512], Leu [689], Howard [509], Glaschick-
Schimpf et al. [423], Hack et al. [450], Thrush and Wilkinson [1132] and Jemi-Alade Thrush [554], and
Seeley et al. [1012]. All of these are in quite good agreement. The results of Imamura and Washida [540]
were not considered due to the relatively large uncertainty limits reported in this study. An earlier study,
Burrows et al. [164] has been disregarded because of an error in the reference rate constant K{gH + H

The room temperature study of Rozenshtein et al. [976] has also been disregarded due to an inadequate
treatment of possible secondary reactions. The recommended Arrhenius parameters are obtained from a fit to
all the data. The recommended value of k(298) is obtained from the Arrhenius line.

C13. HOQ + NOp. Tyndall et al. [1165] obtained an upper limit to the rate coefficient of%lens
moIecuIé1 s'l based on static photolysis experiments with FTIR analysis at 296 K and 760 Torr of N

C14. HO, + NOg. The recommendation fopkgis based on a weighted average of the data of Hall et al. [455],

Mellouki et al. [782], Becker et al. [88] and Mellouki et al. [785]. There are insufficient data on which to base
the temperature dependence of the rate coefficient. The measured branching ratios for the3HG, NO

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 1.1)0-0/-0_3 at 298 K

C15. HO, + NH,. 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
products is not known; however, Kurasawa and Lesclaux suggest that the most probable reaction channels
give either NH + O, or HNO + H,0O as products.

C16. N+ G. The recommended expression is derived from a least squares fit to the data of Kistiakowsky and

Volpi [610], Wilson [1254], Becker et al. [90], Westenberg et al. [1246], Clark and Wayne [220], Winkler et
al. [1273] and Barnett et al. [71]. k(298 K) is derived from the Arrhenius expression and is in excellent
agreement with the average of all of the room temperature determinations.

C17. N+ Q; The recommendation is based on the results of Barnett et al. [71]. The value;@z1201x01016

cmd moleculel 1 reported by Barnett et al. should probably be considered an upper limit rather than a

determination. The low values reported by Barnett et al., Stief et al. [1086] and Garvin and Broida [410] cast
doubt on the much faster rates reported by Phillips and Schiff [914], and Chen and Taylor [208].

C18. N +NO. The recommended temperature dependence is based on the discharge flow-resonance fluorescence
studies of Wennberg and Anderson [1238], and the discharge flow-resonance fluorescence and flash photolysis-
resonance fluorescence studies of Lee et al. [671]. There is relatively poor agreement between these studies and
the results of Clyne and McDermid [235], Kistiakowsky and Volpi [611], Herron [482], Phillips and Schiff
[914], Lin et al. [716], Ishikawa et al. [543], Sugawara et al. [L099], Cheah and Clyne [203], Husain and
Slater [530], Clyne and Ono [242], Brunning and Clyne [149] and Jeoung et al. [568].

C19. N+ NG, The recommendation fopkgis from the discharge flow-resonance fluorescence study of

Wennberg and Anderson [1238]. The latter study had significantly better sensitivity4tb)'1ﬂdan the

discharge flow-resonance fluorescence study of Clyne and Ono [242], which obtained a value about four times
smaller. The results of Husain and Slater [530] and Clyne and McDermid [235] are not considered. The
temperature dependence is obtained from the study of Wennberg and Anderson. In the latter study, atomic
oxygen was shown to be the principal reaction product, in agreement with Clyne and McDermid. A recent
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study by lwata et al. [544] suggested an upper limit of 3.3%3am3 moleculs? 51 for the corresponding
reaction involving N%D) and N@P) atoms (sum of all reaction channels).

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

[120], Lippmann et al. [721], Ray and Watson [963], Michael et al. [790] and Borders and Birks [130] 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 + NG;. The recommendation is based on the studies of Hammer et al. [459], Sander and Kircher [985]
and Tyndall et al. [1166], which are in excellent agreement.

NO, + Og. 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 [1177] and Stedman and Niki [1071] were not considered because of systematic discrepancies with the
other studies.

NG, + NO3. The existence of the reaction channel forming NO + M@, has not been firmly
established. However, studies 0§0f thermal decomposition that monitor y@Daniels and Johnston

[298]; Johnston and Tao [571]; Cantrell et al. [183]) and NO (Hjorth et al. [492], and Cantrell et al. [186])
require reaction(s) that decompose N@o NO = O,. The rate constant from the first three studies is

obtained from the product Ig& where Keq is the equilibrium constant for NOF NOg = N,Og, while for the
latter two studies the rate constant is obtained from the ratio k/k(NOg), M@ere k(NO + N@Q) is the rate
constant for the reaction NO + NO- 2NO,. Using I%q and k(NO + N@) from this evaluation, the rate

expression that best fits the data from all five studies is 4.5]x4m(p (-1260/T) cm moleculéd 1 with
an overall uncertainty factor of 2.

NO; + NOg. . The recommendation for k(298) is from the studies of Graham and Johnston [433] and Biggs
et al. [116]. The temperature dependence is from Graham and Johnston.

NH, + O,. This reaction has several product channels which are energetically possible, including,®O + H

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 for a reaction. The following upper limits have been

measured (cr?hmoleculé1 s'l): 3x 1018 (Lesclaux and Demissy [684]), 8 x18 (Pagsberg et al. [891]),
1.5 x 1017 (Cheskis and Sarkisov [212]), 3 x'18 (Lozovsky et al. [735]), 1 x 167 (Patrick and Golden

[901]) and 7.7 x 108 (Michael et al. [792]) and 6 x 1%t (Tyndall et al. [1167]). The recommendation is
based on the study of Tyndall et al., which was sensitive to reaction paths leading to the products NO, NO

and N,O. The reaction forming NyO, cannot be ruled out, but is apparently not important in the
atmosphere.

NH, + O3. There is poor agreement among the recent studies of Cheskis et al. [211], k(298) =}5x10

cm3 51 Patrick and Golden [901], k(298) = 3.25 x¥9cr3 ™1, Hack et al. [445], 1.84 x 183 cm

s'l, Bulatov et al. [154], 1.2 X 163 cm3 s'l, and Kurasawa and Lesclaux [635], 0.63 dfem3 sl The
very low value of Kurasawa and Lesclaux may be due to regeneration,dfdihisecondary reactions (see
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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 (1151 K) with Hack et al. (710 K).

NH, + 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. [28] Whyte and Phillips
[1247], Dreier and Wolfrum [357], Atakan et al. [33], Wolf et al. [1274], Diau et al. [336] and Imamura and
Washida [540]. The results of Gordon et al. [429], Gehring et al. [413], Hack et al. [452] 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 averagelﬂ-.em310
moleculel 51 (except for the pulse radiolysis study of Gordon et al.), while those obtained using the

discharge flow technique average 0.9 sdd@m3 moleculel s1. 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 for k. Whyte and Phillips have suggested that the
difference may be due to decomposition of the adduciNMB 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 tempekhtiniéio calculations by

Walch [1193] show the existence of four saddle points in the potential surface leadjng tap® without a

reaction barrier. Elimination to form OH + HBNan 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 [896]) agree on
a value around 0.1 at 300 K, witlpMH20O making up the balance.

NH, + NO,. 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 ot énd Tl'?’). The recommended
values of k at 298 K and the temperature dependence of k are averages of the results reported in these four
studies. Hack et al. have shown that the predominant reaction channel (>95%) progiieesjO. Just as

for the NH, + NO reaction, the data for this reaction seem to indicate a factor of two discrepancy between
flow and flash techniques, although the data base is much smaller.

NH +NO. The recommendation is derived from the room temperature results of Hansen et al. [464], Cox et
al. [264] and Harrison et al. [466]. The temperature dependence is from Harrison et al.

NH + NG, The recommendation is derived from the temperature-dependence study of Harrison et al. [466].
O3 + HNO,. Based on Kaiser and Japar [581] and Streit et al. [1089].

NOg + HyO. The recommended value at 298 K is based on the studies of Tuazon et al. [1148], Atkinson et

al. [47] and Hjorth et al. [493]. Sverdrup et al. [1101] obtained an upper limit that is a factor of four smaller
than that obtained in the other studies, but the higher upper limit is recommended because of the difficulty of
distinguishing between homogeneous and heterogeneous processes in the experiment. See Table 59 for
heterogeneous rate data for this reaction.

Ny(A,v) + O,. . Rate constants for the overall reaction for the v=0, 1 and 2 vibrational levej§*)ftdve

been made by Dreyer et al. [358], Zipf [1312], Piper et al. [915], lannuzzi and Kaufman [538], Thomas and
Kaufman [1125] and De Sousa et al. [318]. The results of these studies are in relatively good agreement. The

recommended values are (204), (4.&0.6) and (4.%50.6) (xlO12 cmd moleculel s'l), from the work of
De Sousa et al. The only temperature dependence data are from De Sousa et al., who obtained
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k(T,v):k(v,298K)(T/3009'55for v=0,1,2. The observation of high@ production initially reported by Zipf

[1312] has not been reproduced by other groups, and the branching ratio for this channel is probably less than
0.02 (lannuzzi et al. [537], Black et al. [123], De Sousa et al. [318], Fraser and Piper [394]). The branching
ratios for the other channels are poorly established, although there is strong evidence for the formation of both

o(Cp) and (B33 ).

Ny(A,v) + Og. . The only study is that of Bohmer and Hack [127], who obtained 298K rate constants of

4.1+1.0, 4.%1.2, 8.@¢2.3, and 163.0 (x1011 cmS moleculél s'l) for the v=0-3 vibrational levels of
N5(A), respectively. This study determined that the NO channel accounts for about 20% of the reaction

products.

O + CHs. The recommended k(298 K) is the weighted average of three measurements by Washida and Bayes

[1227], Washida [1224], and Plumb and Ryan [920]. The E/R value is based on the results of Washida and
Bayes [1227], who found k to be independent of temperature between 259 and 341 K.

O + HCN. Because it is a very slow reaction, there are no studies of this reaction below 450 K. Davies and
Thrush [307] studied this reaction between 469 and 574 K while Perry and Melius [911] studied it between
540 and 900 K. Results of Perry and Melius are in agreement with those of Davies and Thrush. Our
recommendation is based on these two studies. The higher-temperature (T>1000 K) combustion-related
studies [Roth et al. [973], Szekely et al. [1102], and Louge and Hanson [729]] have not been considered.
This reaction has two reaction pathways: O + HECNH + NCO,AH = -2 kcal/mol (lg); and O + HCN-

CO + NH (ky), AH = -36 kcal/mol. The branching ratig/kp for these two channels has been measured to

be ~2 at T = 860 K. The branching ratio at lower temperatures, which is likely to vary significantly with
temperature, is unknown.

O + OH2. 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 [1244], and Aleksandrov et al. [15]].
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
recommended. The A-factor was calculated to reproduce k(298 K). This reaction can have two sets of
products, i.e., @HO + H or CH + CO. Under molecular beam conditionsHD has been shown to be the

major product. The study by Aleksandrov et al. using a discharge flow-resonance fluorescence method (under
undefined pressure conditions) indicates that thtd@+ H channel contributes no more than 7% to the net
reaction at 298 K, while a similar study by Vinckier et al. [1183] suggests that botlai@H>HO are

formed.

O + HHCO. The recommended values for A, E/R and k(298 K) are the averages of those determined by

Klemm [616] (250 to 498 K) using flash photolysis-resonance fluorescence, by Klemm et al. [617] (298 to
748 K) using discharge flow-resonance fluorescence, and Chang and Barker [195] (296 to 436 K) using
discharge flow-mass spectrometry techniques. All three studies are in good agreement. The k(298 K) value is
also consistent with the results of Niki et al. [861], Herron and Penzhorn [484], and Mack and Thrush [737].
Although the mechanism for O +J80 has been considered to be the abstraction reaction yielding OH +

HCO, Chang and Barker suggest that an additional channel yielding H $ M@pbe occurring to the
extent of 30% of the total reaction. This conclusion is based on an observatiop as @@roduct of the
reaction under conditions where reactions such as O + HGD+ COy and O + HCO- OH + CO
apparently do not occur. This interesting suggestion needs independent confirmation.

O + CHCHO. 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
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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]].

O3 + CoH2. The database for this reaction is not well established. Room temperature measurements (Cadle

and Schadt [174]; DeMore [319]; DeMore [320]; Stedman and Niki [1070]; 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-factordf 1.0 x 10
cm3 s1 similar to that for the @+ CpHy 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 areGDAdEECOOH, 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]).

O3+ CoH4.  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. [1135], Su et al. [1097], Adeniji et al. [9], Kan et al. [587],
Atkinson et al. [36], and Bahta et al. [52].

O3 + C3Hp. 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
investigators [Overend and Paraskevopoulos [889], Perry et al. [910], Chan et al. [194], Biermann et al. [114],
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 @H#i€one
atmosphere of air by following Cproduction using FTIR. The recommended 298 K value was obtained by
using a weighted nonlinear least squares analysis of all pressure-dependent géamskevopoulos and

Irwin [893], DeMore [324], Hofzumahaus and Stuhl [499], and Hynes et al. [535]] 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 offBiermann et al. [114]) has been resolved and is attributed to secondary
reactions [DeMore [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 OHGoHeaction. The corrected rate
coefficient is in approximate agreement with the recommended value. Currently, there are no indications to
suggest that the presence gf @as 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 1 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.
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The bimolecular channel yields H + @@hile the addition leads to HOCO. In the presencepftiae
HOCO intermediate is converted to H® COp (DeMore [324], Miyoshi et al. [803]). Miyoshi et al. report

a rate constant for the reaction of HOCO with @ ~1.5 x 1012 cm3 moleculel s1 at 298 K). Therefore,
for atmospheric purposes, the products can be taken to paitDCQ.

OH + CH;. This reaction has been extensively studied. The most recent data are from Vaghjiani and

Ravishankara [1173], Saunders et al. [997], Finlayson-Pitts et al. [383], Dunlop and Tully [360],
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 1055 cm3 moleculel 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 follow 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 = 2.80X1@)T0-667exp(—1575/T). This three-parameter fit may be preferred for
lower stratosphere and upper troposphere calculations.

OH +13CH4 . This reaction has been studied relative to the OH # @ction, 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 measurggd/kq 3 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 gp/Kirgl to be

independent of temperature between 273 and 353 K.

OH + CH3D. 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 CHD and CHy 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
therefore 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. [1116], Gordon and
Mulac [430]).

OH + BCO. The value for k(298 K) is the average of those determined by Atkinson and Pitts [44], Stief et

al. [1085], Temps and Wagner [1124], and Zabarnick et al. [1286]. The value reported by Morris and Niki
[814] agrees within the stated uncertainty. There are two relative values that are not in agreement with the
recommendations. The value of Niki et al. [863] relative to OHpHAis higher, while the value of Smith

[1060] relative to OH + OH is lower. The latter data are also at variance with the negligible temperature
dependence observed in the two flash photolysis studies. The combined data set suggests E/R = 0. The
abstraction reaction shown in the table is the major channel [Temps and Wagner [1124], Niki et al. [869]];
other channels may contribute to a small extent (Horowitz et al. [507]).

OH + CHOH. The recommended value for k(298 K) is the average of seven direct studies [Overend and

Paraskevopoulos [888], Ravishankara and Davis [944], Hagele et al. [454], Meier et al. [776], Greenhill and
O'Grady [438], Wallington and Kurylo [1211], and Hess and Tully [486]]. Indirect measurements by

Campbell et al. [178], Barnes et al. [62], Tuazon et al. [1149] and Klopffer et al. [619] are in good agreement
with the recommended value. The temperature dependence of k has been measured by Hagele et al., Meier et
al., Greenhill and O'Grady, Wallington and Kurylo, and Hess and Tully. The recommended value of E/R was
calculated using the results obtained in the temperature range of 240 to 400 K by Greenhill and O'Grady [438]
and Wallington and Kurylo [1211], the only investigators who have measured k below 298 K. Hess and

Tully report a curved Arrhenius plot over the temperature range 298 - 1000 K, while Meier et al. do not
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observe such a curvature. This reaction has two pathways: abstraction of the H-atom from the methyl group
or from the OH group. The results of Hagele et al., Meier et al., and Hess and Tully suggest that H
abstraction from the methyl group is the dominant channel below room temperature.

OH + CHBOOH. The recommended value for k(298 K) is the average of the rate coefficients measured by
Niki et al. [868] and Vaghjiani and Ravishankara [1172], which differ by nearly a factor of two. Niki et al.
measured the rate coefficient relative to that for OH wijthl£(= 8.0 x 1012 cm3 moleculel s'l) by

monitoring CHROOH disappearance using an FTIR system. Vaghjiani and Ravishankara monitored the

disappearance of OH, OD, ah8OH in excess CBOOH 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 withgOBH occurs via abstraction of H from the oxygen end to
produce the CHBOO radical and from the Cigroup to produce the CIOOH radical, as originally proposed

by Niki et al. and confirmed by Vaghjiani and Ravishankarap@®H is unstable and falls apart to &bl

and OH within a few microseconds. The possible reaction gf3@H with O is unimportant under

atmospheric conditions (Vaghjiani and Ravishankara). The recommended branching ratios are,

OH + CHOOH - CH302 + H20 (@ 70%
OH + CH3OOH - CHpOO0H + HO (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 scaG®H.

End product studies are also consistent with the formation ofa®@® HO in this reaction (Singleton et al.
[1048]). The products of this reaction would be mostly HC(O)O gr@. HThe fate of HC(O)O in the
atmosphere will be to give HCeither directly via reaction with £or via thermal decomposition to H atom,

which adds to ©.

Wine et al. have suggested that, in the atmosphere, the formic acid could be hydrogen bonded to a water
molecule and its reactivity with OH could be lowered because the hydrogen bonded water would obstruct the
abstraction of the H atom. This suggestion needs to be checked.

OH + HCN. This reaction is pressure dependent. The recommended value is the high pressure limit
measured by Fritz et al. [401] using a laser photolysis-resonance fluorescence apparatus. Phillips [913]
studied this reaction using a discharge flow apparatus at low pressures and found the rate coefficient to have
reached the high pressure limit at ~10 torr at 298 K. Fritz et al.'s results contradict this finding. They agree
with Phillip's measured value, within a factor of two, at 7 torr, but they find k to increase further with
pressure. The products of the reaction are unknown.

OH + GHg. There are nineteen studies of this reaction at 298 K [Greiner [440], Howard and Evenson

[510], Overend et al. [890], Lee and Tang [673], Leu [689], Tully et al. [1154], Jeong et al. [565], Tully et al.
[1152], Nielsen et al. [856], Zabarnick et al. [1286], Wallington et al. [1213], Smith et al. [1056], Baulch et

al. [85], Bourmada et al. [135], Abbatt et al. [1], Schiffman et al. [999], Talukdar et al. [1118], Sharkey and
Smith [1019] and Anderson and Stephens [24]]. The recommended value is obtained by averaging the results
of the recent investigations by Tully et al., Wallington et al., Abbatt et al., Schiffman et al., Talukdar et al.
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and Anderson and Stephens. The results of Sharkey and Smith are approximately 20% higher than those
recommended here. When the measurements were not carried out at exactly 298 K, we have recalculated k
using an E/R of 1070 K. The temperature dependence of the rate coefficient below 298 K has been measured
only by Jeong et al., Wallington et al., Talukdar et al. and Anderson and Stephens. The last three studies are
in good agreement. The recommended E/R is obtained from an analysis of the data of these three studies.
The ratio of the rate coefficients for OH reactions witiHg and GHg has been measured by Finlayson-Pitts

[383]. Our recommendations are in reasonable agreement with this ratio. Crowley et al. [287] have measured
k at 247, 294, and 303 K, and the results are in agreement with the recommendations.

OH + GHg. 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 [359], Schmidt
et al. [1003], Baulch et al. [85], Bradley et al. [138], Abbatt et al. [1], Schiffman et al. [999], Talukdar et al.
[1118], Anderson and Stephens [24] and Mellouki et al. [788]]. The 298 K value is the average of these ten
studies. Greiner, Tully et al. [1151], 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 1012 exp(-1050/T) crd moleculel s'1
ksecondany 6.3 x 1012 exp(-580/T) crd moleculel s'1

These numbers are in reasonable agreement with the older data of Greiner. The ratio of the rate coefficients for
OH reactions with @Hg and @Hg has been measured by Finlayson-Pitts et al. [383]. Our recommendations

are in reasonable agreement with this ratio.

OH + CHCHO. 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 + GH50H. The recommended value for k(298 K) is the average of those reported by Campbell et al.

[178], 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 al.

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 fronp te@@Hs

the dominant channel [Meier et al. [777], Hess and Tully [485]], leading gOEID and HO.
OH + CHC(O)OH. The recommended k(298K) is the average of the values obtained by Dagaut et al. [297]

and Singleton et al. [1047]. The earlier results of Zetzsch and Stuhl [1303] are lower than these values, but
within the uncertainty of the recommended value. The temperature dependence has been studied by Dagaut et
al., who observe a very slight increase in k with temperature between 298 and 440 K and by Singleton et al.,
who observe a significant decrease with increase in temperature between 298 and 446 K. Further, Singleton et
al. observe that the Arrhenius plot is curved. While Dagaut et al. observed that the acetic acid dimer reacts
twice as fast as the monomer, Singleton et al. found the dimer to be essentially unreactive toward OH! The
latter observations are consistent with the mechanism for the OH + HC(O)OH reaction, which is discussed in
the note for that reaction. It is also consistent with the decrease in reactivity upon D substitution on the
carboxylic site and no change upon substitution on the methyl group (Singleton et al. [1047]. Thus, there is
some uncertainty as to the T dependence and the reaction mechanism. Here we recommend a slightly negative
T dependence, but with an uncertainty that encompasses both the studies. The A factor and E/R suggest that
this reaction may not be a simple metathesis reaction. Based on the analogy with OH + HC(O)OH reaction
and the evidence of Singleton et al., the products are expected to be magligQJ@ + HO. In the

atmosphere, CEC(O)O is expected to give GH COp.
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D23. OH + CHC(O)CHz. The rate coefficient for this reaction has been measured at temperatures close to 298 K

by Cox et al. [277], Zetzsch [1302], Chiorboli et al. [214], Kerr and Stocker [593], Wallington and Kurylo
[1212], and Bauerle et al.[84] The 298 K value was derived from the results of Zetzsch, Kerr and Stocker,

Wallington and Kurylo, and Bauerle et al. Cox reported only an upper limit of <513 6 moleculel

s'1, which is consistent with this recommendation. The primary aim of Chiorboli et al. was to examine the
atmospheric degradation of styrene, which produces acetone. They employed a relative rate measurement and
reported a value of k(298 K) that is almost 3 times faster than the recommended value. Because of possible
complications in their system, we have not included their results in arriving at the recommended value. Only
Wallington and Kurylo and Bauerle et al. have reported k as a function of temperature; both these studies
directly measured the rate constant using the pulsed photolysis method. Their results are in good agreement,
and the recommended temperature dependence is based on these two studies.

D24. OH + CHCN. This rate coefficient has been measured as a function of temperature by Harris et al. [465]

between 298 and 424 K, Kurylo and Knable [645] between 250 and 363 K, Rhasa [968] between 295 and 520
K, and Hynes and Wine [533] between 256 and 388 K. In addition, the 298 K value has been measured by
Poulet et al. [927]. The 298 K results of Harris et al. are in disagreement with all other measurements and
therefore have not been included. The recommended 298 K value is a weighted average of all other studies.
The temperature dependence was computed using the results of Kurylo and Knable, the lower temperature
values (i.e., 295-391 K) of Rhasa, and the data of Hynes and Wine. Three points are worth noting: (a) Rhasa
observed a curved Arrhenius 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 1 atmosphere, and this observation is contradictory to the results
of other investigations; (c) Hynes and Wine have carried out extensive pressure, temperature, O

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 presencéhaf O

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.

D25. OH + CHBONO». 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., ingCHNOy, CoH5ONO,, and GH7ONOs), variation with

isotopic substitution in the hydroxyl radical (OH?OH and OD) and methyl nitrate (GBNO, and
CD30NOy) 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 al.
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 ar
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.
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D26. OH + CHC(O)O2NO2 (PAN). This reaction has been studied by four groups, Winer et al. [1271],

Wallington et al. [1198], Tsalkani et al. [1142], and Talukdar et al. [L115]. 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.

D27. OH + OHs50NOp. 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 w({ENCH,
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 + CH30NO,, 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<é29B 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.

D28. HOp + CHpO. There is sufficient evidence to suggest thaptd@ds to CHO [Su et al. [1096, 1098],

Veyret et al. [1180], Zabel et al. [1288], Barnes et al. [67], and Veyret et al. [1179]]. The recommended

k(298 K) is the average of values obtained by Su et al. [1096], Veyret et al. [1180], and Veyret et al. [1179].
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 addugt@EH»O seems to isomerize to

HOCHOO reasonably rapidly and reversibly. There is a great deal of discrepancy between measured values of

the equilibrium constants for this reaction.

D29. HOp + 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. [710]. In all
the studies, except that of Jenkin et al., botlgGpland HOQ have been monitored via UV absorption.
Jenkin et al. used IR absorption of pl@nd UV absorption of C4D2 to obtain the rate constants. Because
of overlapping absorption spectra of @bp and H® and the unavoidable occurrence of thez0Obl +
CH302 and HOQ + HOp reactions along with the G2 + HOp reaction, the extraction of the rate
coefficient requires modelling of the system and reliance on the UV cross sections of gth &id HO.
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
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(Ty/k2gg) Vs 1/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 O + CHO + Op rather than CHOOH + Q. The lower value of k measured by

monitoring CHBOOH 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 whg@@H product yield is monitored. However,
the recent work of Wallington [1194] indicates that4CHDH is the dominant (>92%), if not the only,
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product. Further work on measurement of k without reliance on UV absorption cross sections and branching
ratios where CHO is monitored is needed.

HOp + CoH502. 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 bothHE02 and H®. The absorption cross section git3;02 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 Maricqg and
Szente. Wallington and Japar [1210] have shown thEEO2H and @ are the only products of this

reaction.

HOp + CH3C(O)Op. 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(0)Op, CH302, and H®. 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(0O)Op + HOp —~ CH3C(O)OOH + O @
CH3C(O)O2 + HO2 —~ CH3C(O)OH + &g (b)

At 298 K, Niki et al. [870] measuregylk 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 ratikgp be k
= 330 exp(-1430/T).

NO3 + CO. The upper limit is based on the results of Hjorth et al. [494], who monitored isotopically
labeled CO loss in the presence of Ny FTIR. Burrows et al. [168] obtained an upper limit of 4 180

cm3 moleculel s, which is consistent with the Hjorth et al. study. Products are expected toghbe NO
COp, if the reaction occurs.

NQO3 + CHpO. There are three measurements of this rate coefficient at 298 K: Atkinson et al. [46], Cantrell

et al. [188], and Hjorth et al. [495]. The value reported by Atkinson et al. [46], k =X 2®) x 1016

cm3 moleculel s1, is corrected to 5.8 x 186 cm3 moleculel s1 to account for the different value of the
equilibrium constant for the N§+ NO2 — N20sg 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.
[1150]]. The values reported by Cantrell et al. and Hjorth et al., k = 6.3 &6 moleculel s and

(5.4+1.1) x 1016 cm3 moleculel 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 H§@nd CHO are the products of this reaction. The temperature dependence of this

rate coefficient is unknown, but comparison with the analogoug -NOH3CHO reaction suggests a large
E/R.

NO3 + CH3CHO. There are four measurements of this rate constant: Morris and Niki [815], Atkinson et
al. [46], Cantrell et al. [182], and Dlugokencky and Howard [341]. The value reported by Atkinson et al.
[46], k = (1.34:0.28) x 1015 cmB3 moleculel s, is corrected to 2.4 x 189 cm3 moleculel s1 as

discussed for the Ng+ HoCO reaction above and as suggested by Tuazon et al. [1150]. The recommended

value is the average of the values obtained by Atkinson et al., Cantrell et al., and Dlugokencky and Howard.
The results of Morris and Niki agree with the recommended value when their original data is re-analyzed using
a more recent value for the equilibrium constant for the reactign-NO3 ~ N20s5 as shown by

Dlugokencky and Howard. Dlugokencky and Howard have studied the temperature dependence of this reaction.
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Their measured value of E/R is recommended. The A-factor has been calculated to yield the k(298K)
recommended here. Morris and Niki, and Cantrell et al. observed the formation gfatid®AN in their

studies, which strongly suggests that Hj\&hd CHCO are the products of this reaction.

CHz + Op. This bimolecular reaction is not expected to be important based on the results of Baldwin and

Golden [54], who found k < 5 x 187 cm3 moleculel s1 for temperatures up to 1200 K. Klais et al. [613]
failed to detect OH (via Cgl+ Op -~ CH20 + OH) at 368 K and placed an upper limit of 3 s1foem3

moleculel s1 for this rate coefficient. Bhaskaran et al. [109] measured k :'?t;(]a&p (-12,900/T) c

moleculel s1for 1800 < T < 2200 K. The latter two studies thus support the results of Baldwin and
Golden. Studies by Selzer and Bayes [1017] and Plumb and Ryan [920] confirm the low value for this rate
coefficient. Previous studies of Washida and Bayes [1227] are superseded by those of Selzer and Bayes.
Plumb and Ryan have placed an upper limit of 33¢8am3 moleculel s1 based on their inability to find
HCHO in their experiments. A study by Zellner and Ewig [1298] suggests that this reaction is important at
combustion temperature but is unimportant for the atmosphere.

CHz + O3. The recommended A-factor and E/R are those obtained from the results of Ogryzlo et al. [876].
The results of Simonaitis and Heicklen [1034], based on an analysis of a complex system, are not used.
Washida et al. [1226] used O l@4 as the source of CH Studies on O + §Hg reaction (Schmoltner et

al. [1004], Kleinermanns and Luntz [615], Hunziker et al. [525], and Inoue and Akimoto [542]) have shown
this reaction to be a poor source of £ZHrherefore, the results of Washida et al. are also not used.

HCO + @. The value of k(298 K) is the average of the determinations by Washida et al. [1228], Shibuya et

al. [1022], Veyret and Lesclaux [1178], and Langford and Moore [659]. There are three measurements of k
where HCO was monitored via the intracavity dye laser absorption technique (Reilly et al. [964], Nadtochenko
et al. [822], and Gill et al. [420]). Even though there is excellent agreement between these three studies, they
yield consistently lower values than those obtained by other techniques. There are several possible reasons for
this discrepancy: (a) The relationship between HCO concentration and laser attenuation in an intracavity
absorption experiment might not be linear, (b) there could have been depletipindh® static systems

that were used (as suggested by Veyret and Lesclaux), and (c) these experiments were designed more for the
study of photochemistry than kinetics. Therefore, these values are not included in obtaining the recommended
value. The recommended temperature dependence is essentially identical to that measured by Veyret and
Lesclaux. We have expressed the temperature dependence in an Arrhenius form even though Veyret and

Lesclaux preferred aT form (k = 5.5 x 1011 7-(0.4£0.3) cy3 moleculel s‘l).

CHOH + Op. The rate coefficient was first measured directly by Radford [938] by detecting thprbiddict

in a laser magnetic resonance spectrometer. The wall lossp@K Elould have introduced a large error in

this measurement. Radford also showed that the previous measurement of Avramenko and Kolesnikova [50]
was in error. Wang et al. [1218] measured a value of 1.4%210n3 moleculel s1 by detecting the H®

product. Recently, Dobe et al. [344], Grotheer et al. [442], Payne et al. [904], Grotheer et al. [443] and
Nesbitt et al. [840] have measured k(298 K) to be close to 1.0L &6m3 moleculel s'1 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 ClOH)+Op adduct which can isomerize to @B*HO or decompose to reactants.

The CHO<HO2 isomer can also decompose tofHand H® 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.

CH3O + Op. 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 followin®@t4 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
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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)btained 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 reactign are HO

and CHO, as shown by Niki et al. [866].

CHzO + NO. The reaction of C3D with NO proceeds mainly via addition to form gBNO (Batt et al.

[81], Wiebe and Heicklen [1250], Frost and Smith [402], and Ohmori et al. [877]). However, a fraction of the
energized CHONO adducts decompose to gbl+ HNO, and appear to be a bimolecular channel. This

reaction has been investigated recently by direct detection g0@ta laser-induced fluorescence [Zellner

[1296]; Frost and Smith [402]; Ohmori et al. [877]]. The previous end-product studies (Batt et al. [81],
Wiebe and Heicklen [1250]) are generally consistent with this conclusion. Since the fraction oR®NCH

adduct that falls apart to @@ + HNO decreases with increases in pressure and decreases in temperature, it is

not possible to derive a "bimolecular” rate coefficient. A value of k < &2@m3 moleculel s1 can be
deduced from the work of Frost and Smith [402] and Ohmori et al.[877] for lower atmospheric conditions.

CH3O + NOp. The reaction of CED with NO, proceeds mainly via the formation of gBINO».
However, a fraction of the energized adducts fall apart to yietQCHHNO,. The bimolecular rate
coefficient reported here is for the fraction of the reaction that yieldgOCGihd HNG. It is not meant to

represent a bimolecular metathesis reaction. The recommended value was derived from the study of
McCaulley et al.[771] and is discussed in the section on association reactions.

CHzO2 + O3. 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.

CHzO2 + 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
CH302 and hence measuredkivherec is the absorption cross section for €t at the monitored

wavelength. Therefore, the derived value of k critically depends on the vajuéatfis used. Even though
there is good agreement among the measured valueas, tiiéve are large discrepancies (approximately a
factor of 2) among the values @fmeasured by Hochanadel et al., Parkes, Sander and Watson, Adachi et al.
[6], McAdam et al., Kurylo et al. [652], and Simon et al. To obtain the recommended k value at 298 K, an

average value af at 250 nm, 4.0 x 188 cn? (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 valgeaofl the weighted average value af kt

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 valurioflependent of T. It has been recently shown by
Lightfoot and Jemi-Alade [707] thatis essentially invariant with temperature. It is not clear whether the
above procedure of recalculating k using an average vamésofalid. Therefore, the quoted error limits
encompass the values of k calculated by various authors. This reaction has four possible sets of products,
i.e.,

CH302 + CHg02 — 2CHgO + Op ka: ka/k = 0.3 at 298 K
CH302 + CHg02 - CHpO + CHROH + Op  kp; kp/k = 0.6 at 298 K
CH302 + CHgO2 — CHaOOCHz + Op ke ko/k = 0.1 at 298 K
CH302 + CHgO2 — CH30O0H + CHO2 kd; kdg/k = 0.0 at 298 K

FTIR studies by Kan et al. [586] and Niki et al. [866] are in reasonable agreement on the branching ratios at
298 K; ky/lk ~ 0.35, lg/k ~ 0.55. The recent study by Lightfoot et al. also yielglk k0.35 while Horie et

al. [503] obtain 0.30. The last two groups see a large decreagk ofith decreasing temperature, which
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may be expressed agf{k) = 1/[1 + {exp(1130/T)}/19]. The results of Ballod et al. [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.

CHzO2 + NO. The value of k(298 K) was derived from the results of Sander and Watson [987] ,

Ravishankara et al. [949], Cox and Tyndall [286] , Plumb et al. [923], Simonaitis and Heicklen [1036],
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 @BINO 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 1011 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 18- 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 oad€bunts for at least 80% of the reaction.

Zellner et al. have measured the yield of4CHo be 1.80.2. These results, in conjunction with the indirect
evidence obtained by Pate et al. [900], confirm thap ff®mation is the major reaction path, at least at low
pressures.

CHzO2 + CH3C(O)Op. 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 CHC(O)Op 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:
CHC(O)Op + CH3O2 - CH3C(O)O + CHO + O @

~ CHC(O)OH + CHO + Op (b)

Horie and Moortgat [504] have measured the branching between these two channelgkig=b@ R x 16

exp(-3820/T). This report is expected to supersede the earlier branching ratio given by Moortgat et al. [811].
Roehl et al. [971] report thaplkp = 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.

CHg + Op. This is a complex reaction that involves the formation of g2tig02 adduct, which can either
be stabilized by collisions or fall apart to H@nd GHg (Wagner et al. [1187], Bozzelli and Dean [137], and
Kaiser et al. [583]). The fraction of the energized adducts that fall apart to giyahtldH>H4 will decrease
with increasing pressure and decreasing temperature, i.e., agHB®£formation increases. TheoBg

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.

CH50 + Op. The recommendation is based on the pulsed laser photolysis studies of Gutman et al. [444]
and Hartmann et al. [467]. In both these studies, removapld§Q in an excess of Pwas directly
monitored via laser induced fluorescence. Gutman et al. measured k at only two temperatures, while
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Hartmann et al. measured k at 5 temperatures between 295 and 411 K. The E/R is from Hartmann et al. The
298 K value deduced from an indirect study by Zabarnick and Heicklen [1285] is in reasonable agreement with
the recommended value.

CoH502 + CoH502. k(298 K) has been studied by Adachi et al. [5], Anastasi et al. [22], Munk et al. [819],
Cattell et al. [192], Anastasi et al. [20], Wallington et al. [1204], Bauer et al. [83], and Fenter et al. [376].

All the above determinations used only UV absorption to monipbigO2 and hence measuredkivhereo

is the absorption cross section gfHE02 at the monitoring wavelength. These investigators also measured
theo that was used in evaluating the rate coefficient. There are large discrepancies in the measured values of
0. 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 HBOp is formed by the reaction of G&H20 with

O2 and it reacts with gH502 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 yielpR«£D + Op accounts for about 60% of the reaction;

the channel to yield C4CHO + CoH50H + Op accounts for about 40% of the reaction; and the channel to

yield CoH502CoH5 + Op 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.

CoH502 + 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 How@ll], 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 CHO2 + 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.

CHC(O)Op + CH3C(O)Op. 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 for 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 CHO2 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 gfwhich was attributed to the reaction channel which
produces CHC(O)OCHC(O) + 3. Moortgat et al. place an upper limit of 2% for this channel. The main
products of this reaction appear to be ICHO)O + @. The CHC(O)O radicals rapidly decompose to give

CH3 and CO.

CHC(O)Op + NO. This rate coefficient has been directly measured as a function of temperature by Villalta
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 CEC(O)Op 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(0O)Op with NO and NQ 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 proba@y@Band NG.
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O + FO. The recommended value is based on results of the room temperature study of Bedzhanyan et al.
[101] The temperature dependence of the rate constant is expected to be small, as it is for the analogous CIO
reaction.

O + F@. No experimental data. The rate constant for such a radical-atom process is expected to approach
the gas collision frequency, and is not expected to exhibit a strong temperature dependence.

OH + CHF (HFC-41). Relative rate data of DeMore [329] are in good agreement with the JPL 94-26

recommendation, which is based on results of Hsu and DeMore [519], Schmoltner et al. [1005], Nip et al
[872], and Howard and Evenson [511].

OH + CHF2 (HFC-32). The preferred rate expression is derived from the results of Schmoltner et al. [1005]

and Hsu and DeMore [519] and from the data of Jeong and Kaufman [567], Talukdar et al. [1114] below 400 K
and the room temperature data of Howard and Evenson [511] and Nip et al. [872].

OH + CHRB (HFC-23). The recommended value is based on the absolute rate measurements by Schmoltner

et al. [1005] , the relative rate measurements of Hsu and DeMore [519], the room temperature points of
Howard and Evenson [511], and the 387 K and 410 K points of Jeong and Kaufman [567].

OH + CROH. New Entry. There are no measurements of the rate coefficient of this reaction. The
recommendation is based upon the recommended limit for the reverse reaction rate coefficient and an estimated
equilibrium constant. The thermochemistry offCFand CEOH are taken fronab initio calculations

(Montgomery et al. [809] and Schneider and Wallington [1006]) and laboratory measurements (Huey et al.
[523]) to estimatéAG°»gg(OH + CROH - CF30 + HyO) to be about (+24) kcal motL. 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 + CHCHoF (HFC-161). The recommended value is based on a fit to the temperature dependent data of

Hsu and DeMore [519] and Schmoltner et al. [1005] and the room temperature result of Nip et al. [872].
Singleton et al. [1045] determined that83% of the abstraction by OH is from the fluorine substituted
methyl group.

OH + CHCHP (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 + CHFCHoF (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 + CHCF3 (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 + CHFCHP (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 (3CE€IQH

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 [231] were not considered.

OH + CHFCF3 (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 tqGEH3CCI3, 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
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the room temperature data of Martin and Paraskevopoulos [762]. The data of Jeong et al. [565], Brown et al.
[144], and Clyne and Holt [231] were not considered. Data of Bednarek et al. [96] at 298 K are in good
agreement with the recommendation.

OH + CHBCHP (HFC-134). The preferred rate expression is based on results of the relative rate study of
DeMore [327]. The room temperature value of Clyne and Holt [231] is in good agreement.

OH + CHBCF3 (HFC-125). The preferred rate expression is derived from the temperature dependence data of
Talukdar et al. [1114] and the room temperature data of Martin and Paraskevopoulos [762] and DeMore [327].

OH + CHOCHR (HFOC-152a). Based on data of Orkin et al. [884].

OH + CBOCH3 (HFOC-143a). Based on data of Hsu and DeMore [520] and Orkin et al. [884], which are in
excellent agreement.

OH + CBHOCRH (HFOC-134). Temperature-dependent expression based on the results of Hsu and
DeMore [520]. The significantly higher measurements of Garland et al. [407] were not used in derivation of
the preferred value.

OH + CBOCRH (HFOC-125). Recommended value is based on results of the relative rate study of Hsu and
DeMore [520]. The room temperature result of Zhang et al. [1308] is significantly higher.

OH + CBCH2CH3 (HFC-263fb). Based on room temperature measurement of Nelson et al. [831].

OH + CHBCPHCH2F (HFC-245ca). The absolute rate constant results of Zhang et al. [1306] are about

40% higher at 298 K than the relative rate data (Hsu and DeMore [519]) but show a similar T-dependence.
The recommended value averages results of these studies.

OH + CHBCHFCHR (HFC-245ea). Based on room temperature measurement of Nelson et al. [831].
OH + CBCHFCHpF (HFC-245eb). Based on room temperature measurement of Nelson et al. [831].

OH + CHBCH2CF3 (HFC-245fa). The recommended room temperature value is the mean of the values

reported by Orkin et al. [881] and Nelson et al. [831], which are in good agreement. The temperature
dependence is from Orkin et al. The A-factor from that study has been adjusted to fit the recommended room
temperature value.

OH + CBCPHCH2F (HFC-236¢b). The preferred rate expression given is that for the reaction of OH with
CR3CHoF (HFC-134a). These reactions are expected to have very similar Arrhenius parameters. This

estimate is preferred over the results reported by Garland et al. [407], the only published experimental study.
The A-factor reported in that study is much lower than expected.

OH + CBCHFCHP (HFC-236ea). Recommended value is based on the temperature-dependence data of Hsu

and DeMore [519] by the relative rate method and the absolute study of Nelson et al. [831] at room
temperature, which are in good agreement. The significantly higher values of Garland et al. [407] and Zhang
et al. [1306] were not used.

OH + CBCH2CR3 (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 + CBCHFCR3 (HFC-227ea). Data of Nelson et al. [830], Zellner et al. [1297], and Zhang et al. [1306]

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.

OH + CHBOCH2CF3 (HFOC-245fa). Based on data of Orkin et al. [884].
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OH + CBCH2CPHCH3 (HFC-365-mfc). There are data for this reaction by Mellouki et al. [789] and Barry

et al. [74]. The recommended Arrhenius expression is from the relative rate study of Barry et al., normalized
to the reference rate constant (OH +4CKI3) recommended in this evaluation.

OH + CBCH2CH2CR3 (HFC-356mff). Recommended value is based on the room temperature measurement
of Nelson et al.[831], and the temperature-dependent data of Zhang et al. [1306].

OH + CBCF2CH2CH2F (HFC-356mcf). Based on Nelson et al. [831].

OH + CHBCRHCRFCPH (HFC-338pcc). Recommended value is based on results of Schmoltner et al.
[1005] and Zhang et al. [1307].

OH + CBCH2CFCH2CF3 (HFC-458mfcf). Based on Nelson et al. [831].

OH + CBCHFCHFCPECR3. (HFC-43-10mee). Data of Schmoltner et al. [1005] and Zhang et al. [1307]

are in reasonable agreement at 298 K and show similar Arrhenius parameters. Recommended value average
results of these studies.

OH + CBCFHCH2CH2CHCR3 (HFC-55-10mcff). Based on Nelson et al. [831]. As expected, the rate
constant is similar to that for GEH2CH2CF3.

F + &. The recommended value is based on results of the room temperature study of Bedzhanyan et al. [100]

and the temperature-dependent study of Wagner et al. [1191]. The value appears to be quite reasonable in view
of the well-known reactivity of atomic chlorine withgO

F + B. The value of k at 298 K seems to be well established with the results reported by Zhitneva and

Pshezhetskii [1311], Heidner et al. [473, 474], Wurzberg and Houston [1281], Dodonov et al. [347], Clyne et
al. [236], Bozzelli [136], Igoshin et al. [539], Clyne and Hodgson [229] and Stevens et al. [1080] being in

excellent agreement (range of k being 2.3-3.07t16m3 moleculel s'l). The preferred value at 298 K is

taken to be the mean of the values reported in these references. Values of E/R range from 433-595 K (Heidner
et al.; Wurzberg and Houston; Igoshin et al.; and Stevens et al.). The preferred value of E/R is derived from a
fit to the data in these studies. The A-factor was chosen to fit the recommended room temperature value.

F + BO. 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 [1215]. 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 + HNG. 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 + CH. The recommended room temperature value is the mean of the results of Wagner et al. [1189],

Clyne et al. [236], Kompa and Wanner [627], Foon and Reid [391], Fasano and Nogar [373], and Persky et al.
[912]. The temperature dependence is that reported by Persky et al. in a competitive study using the reaction
F + Dp as the reference reaction. These results are preferred over the temperature dependences reported in the

earlier studies of Wagner et al. and Foon and Reid.

FO + @. 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 gxciss O
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appreciable decay of FO, and only a small increase in W&s detected, allowing an upper limit to the rate

constant of 1 x 184 cm3 moleculels ! to be derived. A two orders of magnitude higher upper limit was
derived by Sehested et al. [1016]. A lower value of the upper limit was derived by Colussi and Grela [258]
from a re-analysis of data on the quantum yields for ozone destructipfOg fRixtures reported by Starrico

et al. [1069]. The results of the recent, more direct, study of Li et al. [704] are preferred over the earlier
results of Starrico et al. There are two possible pathways which are exothermic, resulting in the production of

F + 20 or FOp + Op.

FO +NO. The recommended value is based on results of the temperature-dependent study of Bedzhanyan et
al. [99] and the value reported by Ray and Watson [962] for k at 298 K using the discharge flow-mass
spectrometric technique.

FO +0. The recommended value is based on the results of Bedzhanyan et al. [98] and Clyne and Watson
[248]. Wagner et al. [1191], in a less direct study, report a higher value. The results of Bedzhanyan et al.
indicate the predominant reaction channel is that to produce 2k + O

FO + 03. Recommended value is based on results of Sehested et al. [1016]. A higher upper limit has been
reported by Li et al. [704].

FO + NO. Recommended values are based on results of Li et al. [704], the only temperature-dependent

study. The room temperature value is nearly a factor of 2 less than the previous recommendation, which was
based on the results of Sehested et al. [1016].

FO + NOp. Recommended values are based on results of Li et al. [704], the only temperature-dependent

study. The room temperature value is a factor of 2.5 less than the previous recommendation, which was based
on the results of Sehested et al. [1016]. This discrepancy might be attributable to a small NO impurity in the
NO2 sample used in the Sehested et al. study.

FO + CO. Recommended value is based on results of Sehested et al. [1016], the only published study of
this reaction.

FO + CHg. Recommended value is based on results of Li et al. [704]. This upper limit is a factor of 20
less than the previously recommended upper limit, which was based on the results of Sehested et al. [1016].

CRBO + O». The recommendation is based upon the results of Turnipseed et al. [1157] who reported
k(373K)< 4 x 1017, 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 abstractiorthey ©

factor is likely to be much smaller.

CRO + O3. 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 detectiong® @kh pulsed photolysis and flow tube

reactors, respectively. Wallington and Ball used a competetive reaction scheme with IR absorption detection
and CRO + CHy as the reference reaction. The recommended A factor is estimated by comparison to other

CR30 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. [1208] 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.

CRO + HpO. The recommendation is based upon the measurement K(38<L1016 reported by
Turnipseed et al. [1155]. The A factor is estimated and the E/R is calculated to fit k(381). The limits k =
(0.2-40) x 1017 at 296:2K given by Wallington et al. [1209] are consistent with the recommendation.
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E52. CBO + NO. The recommendation is based upon the room temperature rate coefficients reported by Sehested

and Nielsen [1014], Turnipseed et al. [1157], 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
et al. [339] are in good agreement with the recommendation. The reaction products have been reported by

Chen et al. [206] Bevilacqua et al. [108], Bhatnagar and Carr and Dibble et al.

E53. CBO + NOp. There are no published measurements of the rate coefficient for this reaction. The reaction
products have been reported by Chen et al. [205] who used photolysighd®G& prepare C§02 and
subsequently C30 in 700 torr of air at 292K. They considered two product channels: (a3@RO2
obtained via three-body recombination and (b»@F FNQ obtained via fluorine transfer. Products from
both channels were observed and found to be thermally stable in their reactor. Theyyépo# ky) =
90% and k/(kg + kp) < 10%, thus the formation of G®NO2 is the dominant channel at 700 torr and
297K.

E54. CBO + CO. The kinetics of this reaction were studied by Turnipseed et al. [1155], who used pulsed laser

photolysis with pulsed laser-induced fluorescence detection and a flow tube reactor with chemical ionization
detection to obtain data at temperatures from 233 to 332 K and at pressures from 0.8 to about 300 torr in He
and at about 300 torr in §F The reaction was found to be predominantly a three-body recombination,

presumably producing GB®CO as described in Table 2. The bimolecular reaction has at least two product
channels: (a) C#O + CFO and (b) C&+ COp. The recommended bimolecular rate coefficient limit is

derived from the low pressure results of Turnipseed et al., where the reaction was in the fall-off region. Their
low pressure data indicate thag 4 x 1016 cm3 moleculel s1 at 298K. The fate of the @CO adduct

is uncertain, and it may lead to the regeneration gf @FCF30 radicals in the atmosphere. Wallington and

Ball [1202] report a yield of (3B)% CG, at one atmosphere and (226K.

E55. CBO + CHg. The absolute rate coefficients reported by Saathoff and Zellner [979], Barone et al. [72], Jensen

et al. [562], Bourbon et al. [134], and Bednarek et al. [97] at room temperature are in excellent agreement.
Kelly et al. [590] used a relative method with FTIR detection to determine the ratig®(€EEHg)/k(CF30

+ CoHg) = R = 0.0%0.001 at 2982K. This does not agree with the ratio of our recommended values,

which is 0.017. A relative rate measurement reported by Chen et al. [207] using FTIR methods also gives a
low result for the rate coefficient. 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. 3(id @duct was

observed by Jensen et al. and Bevilacqua et al. [108].

E56. CBO + CHg. 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 thgGC+ 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 REF CHg)/k(CF30 + CHg) = 0.010.001

at 29&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 = 000.8D23 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 reactiong@fith organic

compounds.

E57. CBO2 + O3. The recommended upper limit is given by the measurements reported by Ravishankara et al.
[953] who used chemical ionization detection of30B 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 [753]
and Turnipseed et al. [1157] all report somewhat larger upper limits to the rate coefficient. An observable
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reaction was reported in an indirect measurement by Meller and Moortgat [778]. Their result fog&he CF
O3 reaction is not consistent with the value recommended above. Their study may have interference from
unknown reactions. The products are assumed to R® GROp.

E58. CBO2 + CO. The recommended upper limit is reported by Turnipseed et al. [1155] who used chemical

ionization mass spectrometric detection oBOP 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
the thermal decomposition of @BOOCHK; to accelerate in the presence of CO at 315-343K. It is possible

that the reaction of CGJ© with CO could account for their observations.

E59. CBO2 + NO. The recommendation is an average of the room temperature rate coefficients reported by Plumb

F1.

F2.

F3.

F4.

and Ryan [921], Dognon et al. [349], Peeters et al. [906], Bevilacqua et al. [108], Sehested and Nielsen

[1014], Turnipseed et al. [1157], Bourbon et al. [133], and Bhatnagar and Carr [110], 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 detggtad Op(1A) and
set upper limits to the branching ratios for their production of 4.4%ad 2.5 x 1% 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 torr. 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 +NMIO3 + 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 + CpO. 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 + HCI. Fair agreement exists between the results of Brown and Smith [147], Wong and Belles [1275],
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
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F5.

F6.

F7.

F8.

F9.

F10.

F11.

F12.

F13.

reported by Brown and Smith, Wong and Belles, Ravishankara et al., Hack et al. and Singleton and
Cvetanovic, but not on those reported by Balakhnin 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
Cl atom abstraction is the predominant primary reaction channel.

O + CIONG®. 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.
[945] at 245 K is a factor of 2 greater than those from the other studies, and this may possibly be attributed to
(a) secondary kinetic complications, (b) the presence of &Ca reactive impurity in the CIONQor ()

formation of reactive photolytic products. None of the studies reported identification of the reaction products.
The room temperature result of Adler-Golden and Wiesenfeld [10] is in good agreement with the recommended
value.

O3 + OCIO. The recommended value is based on results over the temperature range 262-296 K reported by

Wongdontri-Stuper et al. [1276]. Within the indicated uncertainty limits it also encompasses the somewhat
lower room temperature result of Birks et al. [119].

O3 + Clp0O2. The recommended upper limit is that determined by DeMore and Tschuikow-Roux [333]. It

refers to a temperature of 195 K, and while the reaction possibly could be faster at higher temperatures, the
value of the rate at the higher temperatures would be of no significance because of the thermal decomposition
of the dimer.

OH + Cp. The recommended room temperature value is the average of the results reported by Boodaghians et

al. [129], Loewenstein and Anderson [725], Ravishankara et al. [947], and Leu and Lin [697]. The
temperature dependence is from Boodaghians et al. Loewenstein and Anderson determined that the exclusive
products are Cl + 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 HO- Cl as products has been determined by Leu and Lin (>0.65);

Burrows et al. (0.880.2); Hills and Howard (0.8®.14); and Poulet et al. (088.12). The latest study
gives an upper limit of 0.14 for the branching ratio to give HCbhta® 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 HOCh#@s 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 HCI by UV and IR spectrophotometry. Earlier studies

by Takacs and Glass [1106], Zahniser et al. [1294], Smith and Zellner [1058], Ravishankara et al. [950], Hack
et al. [448], Husain et al. [528], Cannon et al. [179], Husain et al. [529], 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)1)3 e moleculel s1. A temperature-
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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 constant.

The large uncertainty factor is needed to encompass the entire range.

F14. 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 for a channel to produce HORIO

F15. OH +CIONOp. The results reported by Zahniser et al. [1291] and Ravishankara et al. [945] are in good
agreement at ~245 K (within 25%), considering the difficulties associated with handling IOM®
preferred value is that of Zahniser et al. Neither study reported any data on the reaction products.

F16. OH + CHCI. 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].

F17. OH + CHCI2. 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 al. [311],
and Jeong and Kaufman [567], and the room temperature data of Perry et al. [908] and Howard and Evenson
[511].

F18. OH +CHCI3. 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 al. [311], and the room temperature data of Howard and Evenson [511].

F19. OH + CCh. 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.

F20. OH +CFCl3. 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.

F21. OH + CBCl2. 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.

F22. OH + CHFCI(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.

F23. OH +CHFCbk (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 [197], 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.
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F24. OH + CHBCI (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. [1231], Chang and Kaufman [197], Handwerk
and Zellner [463], Paraskevopoulos et al. [894] and Jeong and Kaufman [567].

F25. OH + CHROCI. Recommended value is based on results of Crowley et al. [287], the only reported study of
this reaction.

F26. OH + CHCCI3. The k(298K) recommendation is based on absolute rate studies of Talukdar et al. [1119] and
Finlayson-Pitts et al. [382], and a relative rate studyf@sireference) of DeMore [326]. The temperature
dependence is that of Talukdar et al. [1119]. These studies indicate both a lower k(298K) and E/R than was
reported in earlier studies: Nelson et al. [835], Jeong and Kaufman [566], and Kurylo et al. [640]. Recent
measurements by Jiang et al. [569] and Lancar et al. [657] yield rate constants that are slightly higher at 298
K than this recommendation.

F27. OH + GHCI3. The preferred value at 298 K is a mean of the values reported by Howard [508] and Chang

and Kaufman [197]. The value derived from a relative rate coefficient study by Winer et al. [1272] is a factor
of ~2 greater than the other values and is not considered in deriving the preferred value at 298 K. The
Arrhenius parameters are based on those reported by Chang and Kaufman (the A-factor is reduced to yield the
preferred value at 298 K). Kirchner et al. [609] report a room temperature rate constant and Arrhenius
parameters in reasonable agreement with the recommended values.

F28. OH + GCly. 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.

F29. OH + CC3CHO. 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].

F30. OH + CHCFCbh (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.

F31. OH + CHCFCI (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.

F32. OH + CHCICHCI (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.

F33. OH +CHCIbCRCI (HCFC-122). Based on the data of Orkin and Khamaganov [883] and DeMore [329],
which are in good agreement.

F34. OH +CHFCICFCbh (HCFC-122a). Fit to data of Hsu and DeMore [519] and Orkin (private
communication), which are in good agreement.

74



F35.

F36.

F37.

F38.

F39.

F40.

F41.

F42.

F43.

OH + CHCICF3 (HCFC-133a). The temperature dependence of the preferred rate expression was derived
from the data of Handwerk and Zellner [463]. The recommended valpgg@ikthe average of the values of
Howard and Evenson [510] and Handwerk and Zellner [463] adjusted to 298 K.

OH +CHCIpCF3 (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
of the new studies with the earlier temperature-dependence data below 400 K of Nielsen [852], Gierczak et al.
[416], Liu et al. [724], Watson et al. [1233], and the room temperature data of Howard and Evenson [510].

OH +CHFCICPCI (HCFC-123a). Based on the data of Orkin and Khamaganov [883].

OH +CHFCICR (HCFC-124). The relative rate measurements of Hsu and DeMore [519], using both HFC-
134 and CH 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 + CHRCFCFCh (HCFC-243cc). The preferred rate expression is derived from the temperature-
dependence data of Nelson et al. [829]. The recommended valpggi$ lobtained from the temperature
dependence expression.

OH + CBCF2CHCIo (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 + CBCICFCHFCI (HCFC-225ch). The preferred rate expression is derived from the temperature-
dependence data of Nelson et al. [829] and Zhang et al. [1305].

HO + Cl. 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 detectiop,ddHCand CIO. The total

rate constant is temperature independent with a value af0(Z)2x 1011 cm3 moleculel s 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 Cl +42 [Leu and DeMore [693], Poulet et al. [933], Burrows et al. [164]] or to

Cl + H2 [Cox [265]]. The contribution of the reaction channel producing OH + CIO (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 torr, 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 contribu#id®ojf the channel producing

OH + CIO. The rate constant for the channel producing CIO + OH can be combined with that for the reaction
ClO + OH > CI + H® to give an equilibrium constant from which a value of the heat of formation of HO

at 298 K of 3.0 kcal/mol can be derived.

HO + 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 al. [668]), and two were molecular modulation studies; at one atmosphere (Burrows and Cox

[165]), and over the pressure range 50-760 torr (Cattell and Cox [193]). The 298 K values reported, in units of

1012 cm3 moleculel 51, are: 3.80.5 (Reimann and Kaufman), &B3 (Stimpfle et al.), 440.9 (Leck et

al.), 5.4 (Burrows and Cox), and &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 al.) resulted in a nonlinear Arrhenius

behavior. The data were best described by a four parameter equation of the fornPkl=ra@T, possibly
suggesting that two different mechanisms may be occurring. The expression forwarded by Stimpfle et al. was

3.3 x 1011 exp(-850/T) + 4.5 x 182 (T/300)3-7. Two possible preferred values can be suggested for the
temperature dependence of k: (a) an expression of the form suggested by Stimpfle et al., but where the values
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Fa4.

F45.

F46.

F47.

F48.

F49.

of A and C are adjusted to yield a value of 5.0 2@t 298 K, or (b) a simple Arrhenius expression which

fits the data obtained at and below 300 K (normalized to 5.05%¢10 298 K). The latter form is preferred.

The two most probable pairs of reaction products are, (1) HOG an@® (2) HCl + @. 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, op/k. Burrows and Cox report an upper limit of 0.3% fofikat 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% at all temperatures). The branching
ratio values for f/k were determined to be <1% at 300 K and 2704192 at 240 K, and£8% at 210 K.

No evidence for any other product channel was found.

HO + CIONO. This recommendation is based on the upper limits to the homogeneous bimolecular rate

constant reported by Atkinson et al. [47], and by Hatakeyama and Leu [470, 471]. Atkinson et al. observed
by FTIR analysis the decay of CION@ the presence of 30 in large-volume (2500 and 5800 liters) Teflon

or Teflon-coated chambers. Their observed decay rate gives an upper limit to the homogeneous gas phase rate
constant, and they conclude that the decay observed is due to heterogeneous processes. Hatakeyama and Leu,
using a static photolysis system with FTIR analysis, derive a similar upper limit. Rowland et al. [974]
concluded that the decay they observed resulted from rapid heterogeneous processes. The homogeneous
reaction is too slow to have any significant effect on atmospheric chemistry.

NO +OCIO. The Arrhenius expression was estimated based on 298 K data reported by Bemand, Clyne and
Watson [104].

NO + CpO2. The recommended upper limit is that determined by Fried! (private communication) in a study
using a DF-MS technique.

NQ3 + HCI. The recommended upper limit is that 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. Somewhat lower upper limits have been reported by Cantrell et al. [184] and Canosa-Mas et al.
[181]; the latter study also reports Arrhenius parameters at higher temperatures (333-473 K).

HONO2 + HCI. This upper limit is based on results of static photolysis-FTIR experiments reported by Leu
et al. [696].

Cl + . 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 =134 x 1011 exp(-31&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. [1011] 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 8}X(Cl + CHy) 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
for some production (0.1-0.5%) oszlza) in this reaction. The possible production of singlet molecular
oxygen in this reaction has also been discussed by DeMore [322], in connection with phetGsensitized
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decomposition of ozone. However Choo and Leu [216] were unable to dg(é@)@r Oz(lA) in the CI +

03 system and set upper limits to the branching ratios for their production of 4 rrid®2.5 x 1,

respectively. They suggested two possible mechanisms for the observed production of oxygen atoms,
involving reactions of vibrationally excited CIO radicals witg @ with Cl 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 Cl atoms, the vibrationally excited CIO radicals produced in the
Cl + Oz reaction can react with Cl atoms to give @hd oxygen atoms, which can then remove additional

ClO radicals. These authors point out the possibility for systematic error from assuming a 1:1 stoichiometry
for [C)]:[O3]o When using the CI + ®reaction as a quantitative source of ClO radicals for kinetic and

spectroscopic studies.

Cl + K. This Arrhenius expression is based on the data below 300 K reported by Watson et al. [1230], Lee

et al. [669], Miller and Gordon [802], and Kita and Stedman [612]. The results of these studies are in
excellent agreement below 300 K; the data at higher temperatures are in somewhat poorer agreement. The
results of Watson et al., Miller and Gordon, and Kita and Stedman agree well (after extrapolation) with the
results of Benson et al. [107] and Steiner and Rideal [1074] at higher temperatures. For a discussion of the
large body of rate data at high temperatures, see the review by Baulch et al. [86][86]. The room temperature
value of Kumaran et al. [632], in a study primarily at high temperatures, is in excellent agreement with this
recommendation. Miller and Gordon and Kita and Stedman also measured the rate of the reverse reaction, and
found the ratio to be in good agreement with equilibrium constant data.

Cl + HhO2. The absolute rate coefficients determined at ~298 K by Watson et al. [1232], Leu and DeMore

[693], Michael et al. [800], Poulet et al. [933] and Keyser [597] range in value from (3.6—6.2])3x The

studies of Michael et al., Keyser, and Poulet et al. are presently considered to be the most reliable. The
preferred value for the Arrhenius expression is taken to be that reported by Keyser. The A-factor reported by
Michael et al. is considerably lower than that expected from theoretical considerations and may possibly be
attributed to decomposition ofd®2 at temperatures above 300 K. The data of Michael et al. at and below

300 K are in good agreement with the Arrhenius expression reported by Keyser. More data are required before
the Arrhenius parameters can be considered to be well-established. Heneghan and Benson [481], using mass
spectrometry, confirmed that this reaction proceeds only by the abstraction mechanism giving HC) and HO

as products.

Cl + N@&. The recommended value at room temperature is based on the discharge flow-EPR study of

Mellouki et al. [781] and the discharge flow-mass spectrometric study of Becker et al. [89]. The results of
these direct absolute rate studies are preferred over results of the earlier relative rate studies of Cox et al. [266],
Burrows et al. [168], and Cox et al. [278], in all of which :\@as monitored in the photolysis of£l

CIONO2-N2 mixtures. Complications in the chemistry of the earlier systems probably contributed to the

spread in reported values. This radical-radical reaction is expected to have negligible temperature dependence,
which is consistent with the results from the study of Cox et al. [278] in which the complications must have
been temperature independent.

Cl + NO. This rate coefficient has been determined in a study of the halogen-catalyzed decomposition of

nitrous oxide at about 1000 K by Kaufman et al. [589]. The largest value reported-whsri®moleculel

s'1, with an activation energy of 34 kcal/mol. Extrapolation of these results to low temperature shows that
this reaction cannot be of any significance in atmospheric chemistry.

Cl + HNQ. 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 appearange of NO
following the pulsed laser photolysis ofg2&HNO3 mixtures with no evidence for N{production was

observed. Inthe same study a less sensitive upper limit was derived from monitoring Cl 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. [933] are not used.
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F55. Cl+ CH;. 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 1B3, with a mean value of 1.15 x #®. 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 1013 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 [745]; 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 (0.95-1.1“§f’x\mth an

average value of 1.02 x 183, The preferred value of 1.0 x I8 was obtained by taking a mean value from
the most reliable absolute and relative rate coefficient studies.

There have been nine absolute studies of the temperature dependence of k. In general, the agreement between
most of these studies can be considered to be quite good. However, for a meaningful analysis of the reported
studies it is best to discuss them in terms of two distinct temperature regions: (a) below 300 K, and (b) above
300 K. Three resonance fluorescence studies have been performed over the temperature range 200 to 500 K
[Whytock et al. [1248], Zahniser et al. [1290] and Keyser [594]], and in each case a strong nonlinear

Arrhenius behavior was observed. Ravishankara and Wine [954] also noted nonlinear Arrhenius behavior over
a more limited temperature range. This behavior tends to explain partially the large variance in the values of
E/R reported between those other investigators who mainly studied this reaction below 300 K [Watson et al.
[1232] and Manning and Kurylo [745]] and those who only studied it above 300 K [Clyne and Walker [246],
Poulet et al. [932], and Lin et al. [719]]. The agreement between all studies below 300 K is good, with

values of (a) E/R ranging from 1229-1320 K, and (b) k(230 K) ranging from (2.64—3.32%« The mean

of the two discharge flow values [Zahniser et al. [1290] and Keyser [594]] is 2.6%% wile the mean
of the flash photolysis values [Watson et al. [1232], Manning and Kurylo [745], Whytock et al. [1248], and

Ravishankara and Wine [954]] is 3.22 x$at 230 K. There have not been any absolute studies at
stratospheric temperatures other than those which utilized the resonance fluorescence technique. Ravishankara
and Wine [954] have suggested that the results obtained using the discharge flow and competitive chlorination

techniques may be in error at the lower temperatures (<240 K) due to a non-equilibratio%ngi;th

2P3/2 states of atomic chlorine. Ravishankara and Wine observed that at temperatures below 240 K the
apparent bimolecular rate constant was dependent upon the chemical composition of the reaction mixture; i.e.,
if the mixture did not contain an efficient spin equilibrator, e.g., Ar orsCthke bimolecular rate constant
decreased at high Gttoncentrations. The chemical composition in each of the flash photolysis studies
contained an efficient spin equilibrator, whereas this was not the case in the discharge flow studies. However,
the reactor walls in the discharge flow studies could have been expected to have acted as an efficient spin
equilibrator. Consequently, until the hypothesis of Ravishankara and Wine is proven it is assumed that the
discharge flow and competitive chlorination results are reliable.

Above 300 K the three resonance fluorescence studies reported (a) "averaged" values of E/R ranging from

1530-1623 K, and (b) values for k(500 K) ranging from (7.74-8.7673(310r hree mass spectrometric

studies have been performed above 300 K with E/R values ranging from 1409-1790 K. The data of Poulet et
al. [932] are sparse and scattered; those of Clyne and Walker [246] show too strong a temperature dependence
(compared to all other absolute and competitive studies) and k(298 K) 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 (2.11-2.51f1xvit a

mean value of 2.27 x 184 It can be seen from the above discussion that the average values at 230 K are:
3.19 x 1014 (flash photolysis), 2.67 x &4 (discharge flow), and 2.27 x 1 (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 1.04331and at 230 K is 2.71 x 14 (thisis 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 % (EXp(-1200/T)) can be obtained (k(298 K) = 1.07 x
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1013 and k(230 K) = 3.19 x Ié4). The room temperature result of Beichert et al. [102] is in good
agreement with the recommendation. The results of Seeley et al. [1011], 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.

Cl + CHD. Recommended value is based on results of Wallington and Hurley [1207].

Cl + CO. 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(Cl2C@)/k(Cl + GHg) reported by Niki et al. (1£D.1)

and by Poulet et al. (1.26.12) with the preferred value of 5.7 x4 for k(Cl + CHg) at 298 K. The

preferred value of E/R was obtained from a least squares fit to all the data reported in Michael et al. and in
Anderson and Kurylo. The A-factor was adjusted to yield the preferred value at 298 K.

Cl + CH0O2. 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 GO ¢aCH

and HCI + CHO2 (b). The branching ratio for the reaction channels producing HCI203kKb) 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.

Cl + CHROH. 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@HCihd as a source of H®y the reaction

of CHpOH with Op.

Cl + GHg. 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 assumegduwasiproportional to [Cﬂ-g,

whereas a linear relationship betwegarid [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 x48 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 10L1 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.

Cl + ®H502. Recommended value is based on results of Maricq et al. [756].

Cl + CHCN. 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.

Cl + CHBCO3NO2 (PAN). The recommended value is based on results of the relative rate study of

Wallington et al. [1195]. In this study no reaction of PAN was observed in the presence of Cl atoms. These
results are preferred over the results of the direct study of Tsalkani et al. [1142] using a discharge flow system
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with EPR detection of Cl atom decay (in which study the authors reported a rate constaﬁﬂo'f)(31013

cm3 moleculel s'l). 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 CI
atom decay; however, solvent impurities in the PAN sample would be of no consequence in the relative rate
study of Wallington et al.

Cl + GHg. 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.

Cl +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 these
two studies. The slight negative temperature dependence reported by Toohey [1136] is accepted but with error
limits that encompass the temperature independence reported in the earlier study.

Cl +CIOO. The recommended value is based on the results of studies by Mauldin et al. [768] and Baer et al.
[51], in which CIOO was formed by the pulsed photolysis af@p mixtures and its overall loss rate was

monitored by UV absorption. In both studies k was found to be independent of temperature. These results are
preferred over the results of the earlier, indirect studies of Johnston et al. [570], Cox et al. [273], and Ashford

et al. [32]. The earlier studies did show that the predominant reaction pathway is that yieidinQoGls

products. From the branching ratio data of Cox et al., Ashford et al., and Nicholas and Norrish [841], it can

be estimated that this reaction channel constitutes 95% of the overall reaction with CIO + CIO the products of
the minor (5%) reaction channel.

Cl + CpO. 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 kfC)#KETIl + Hp)

= 6900 in modulated photolysis experiments. The earlier value reported by Basco and Dogra [77] has been
rejected.

Cl + CpO2. The recommended value is that determined by Friedl| (private communication) in a study using a

DF-MS technique. Itis in agreement with the value reported by Cox and Hayman [280] in a study using a
static photolysis technique with photodiode array UV spectroscopy.

Cl +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 producgs+GQDH with a yield of 916%, whereas Vogt and

Schindler report this yield to be 281%, with the major reaction channel giving HCI + CIO as products.

Cl +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 Cl 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 ofzmg@tate. 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. [839], and Kita and Stedman

[612]. The recommended temperature dependence is from the study of Abbatt et al. [3].

Cl +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. [646] 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+ONO3 as products.
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Cl + CHCI. 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. [1195].

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 Clgta@Hi, 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.

Cl + CHCI2. 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 (@) +e€€béimmended in this

evaluation. The room temperature value is in good agreement with results of the relative rate study of Niki et
al. [864] and the absolute rate study of Beichert et al. [102]. The higher results of Clyne and Walker [246]
were not used.

Cl +CHCI3. 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.

Cl + CHF (HFC-41). The recommended value is based on results of the temperature-dependent relative rate

study of Tschuikow-Roux et al. [1143] and the relative rate studies of Tuazon et al. [1147] 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.

Cl + CHF2 (HFC-32). The recommended room temperature value is the mean of results of the relative rate

studies of Tschuikow-Roux et al. [1144] and of Nielsen et al. [853], both normalized to the value of the rate
constant for the reference reaction (Cl +4fecommended 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.

Cl + CBH (HFC-23). Recommended value is based on results of Coomber and Whittle [262].

Cl + CHFCI (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 (Cl #)@etommended in this evaluation.

Cl +CHFCk (HCFC-21). The recommended room temperature value is the mean of results of the relative

rate study of Tuazon et al. [1147] and the absolute rate study of Talhaoui et al. [1111]. 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].

Cl + CHBCI (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.
[1111]. The temperature dependence is from Talhaoui et al. The A-factor from that study has been adjusted to
fit the recommended room temperature value.

Cl + CHCCI3. Recommended value is based on results of the absolute rate study of Talhaoui et al. [1112].
It is consistent with the previous recommendation, which was a much higher upper limit reported by Wine et
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al. [1266] in a study in which it was concluded that a reactive impurity accounted for a significant fraction of
the Cl atom removal. The value reported by Platz et al. [919] is in agreement with the recommendation.

F82. Cl+ CHCHoF (HFC-161). The recommended values for the two reaction channels are 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 (Cl + Gfjfirecommended in this evaluation.

F83. Cl+ CHCHF (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 (Cl +98g) 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].

F84. Cl+ CHFCHoF (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 (Cl +
C2oHg) recommended in this evaluation.

F85. Cl+ CHCFCk (HCFC-141b). The recommended value is based on results of absolute rate studies of

Talhaoui et al. [1112] by the discharge flow - mass spectrometric technique and Warren and Ravishankara
[1223] by the pulsed photolysis-resonance fluorescence technique and the relative rate studies of Wallington
and Hurley [1207] and Tuazon et al. [1147].

F86. Cl+ CHCPHCI (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. [1147], 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.

F87. Cl+ CHCF3 (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 (Cl +
CHg) recommended in this evaluation.

F88. Cl+ CHFCHR (HFC-143). The recommended values for the two reaction channels are 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 (Cl + Gffirecommended in this evaluation.

F89. Cl+ CHCICF (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 Cl atoms. The A-factor is lower than expected.

F90. Cl+ CHFCR (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. [998].

F91. Cl+ CHBCHF2 (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 (Cl +98g) recommended in this evaluation.

F92. Cl+CHCIpCF3 (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 [1207] and Tuazon et al. [1147] at room temperature.

F93. Cl +CHFCICR (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. [1147] at room temperature. The A-factor is lower than expected.

F94. Cl+ CHBCR (HFC-125). Recommended value is based on results of the relative rate studies of Tuazon et
al. [1147] and Sehested et al. [1013].
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F95. CIO + O3. There are two possible channels for this reaction: CI@ +CCIO0 + O (k1); and CIO + @
- OCIO + @ (k2). The recommended upper limit for &t 298 K is based on results of the recent study by

Stevens and Anderson [1078]. These authors also reportthaidk?) x 1016 cm3 moleculel s1 at 413

K. These data can be combined to derive the Arrhenius parameters A =12 ¢m8 moleculel s1 and
E/R > 3600 K. The upper limit forkis based on results reported by DeMore et al. [331] and Wongdontri-

Stuper et al. [1276]; the Arrhenius parameters fowkre estimated.

F96. CIO + Hp. The Arrhenius expression was estimated based on the ~600 K data of Walker (reported in Clyne
and Watson [247]).

F97. 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 fair agreement with the
other values, it is not considered as it is dependent upon the E/R value assumed for tRadzictiah. The
Arrhenius expression was derived from a least squares fit to the data reported by Clyne and Watson, Leu and
DeMore, Ray and Watson, Clyne and MacRobert, and Lee et al.

F98. 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 OCJO + NO

There is now agreement among all studies that the major reaction channel forms ClIQQse®&Biggs et
al. [117] Cox et al. [278], and Kukui et al. From a study of the OCI@/s¢3tem Fried| et al. [400]
conclude that at 220 K the formation of CIOO + N® favored.

F99. CIO + NpO. The Arrhenius expression was estimated based on the ~600 K data of Walker (reported in Clyne
and Watson [247]).

F100.CIO + CO. The Arrhenius expression was estimated based on the ~600 K data of Walker (reported in Clyne
and Watson [247]).

F101.CIO + CHg. The Arrhenius expression was estimated based on the ~600 K data of Walker (reported in Clyne
and Watson [247]).

F102.ClO + HpCO. Poulet et al. [934] have reported an upper limit 6#28m3 moleculel s for k at 298 K
using the discharge flow-EPR technique.

F103.CIO + CH3O2. The recommended expressions for the overall rate constant is based on the results of Helleis

et al. [477]. Itis consistent with the room temperature measurements of Simon et al. [1031] 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 CIO@@3 @Hand CHOCI + Op

(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.

F104.CIO + CIO. There are three bimolecular channels for this reaction: CIO +Q8» + Op (kq); CIO +
ClO - CIOO + Cl (k); and CIO + CIO- OCIO + CI (k3). The recommended values for the individual
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F105.

F106.

F107.

F108.

F109.

F110.

F111.

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 ratiplaréx

=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 &D2 dimer is given in Table 3.

HCI + CIONOp. 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: 1P grird
moleculel s1 by a static wall-less long-path UV absorption technique and a steady-state flow FTIR technique

(Molina et al. [805]); 5 x 168 using a flow reactor with FTIR analysis (Fried! et al. [398]); and 8.4%40
using a static photolysis system with FTIR analysis (Hatakeyama and Leu [470] and Leu et al. [696]), and 1.5
x 1019 by FTIR analysis of the decay of CIONM@ the presence of HCl in large-volume (2500 and 5800

liters) Teflon or Teflon-coated chambers (Atkinson et al. [38]). Earlier, Birks et al. [119] had reported a higher
upper limit. All studies found this reaction to be catalyzed by surfaces. The differences in the reported upper
limits can be accounted for in terms of the very different reactor characteristics and detection sensitivities of
the various studies. The homogeneous reaction is too slow to have any significant effect on atmospheric
chemistry.

CHCIO + O». The CHCIO radical is reported to be resistant to unimolecular dissociation into CI +
CH20 products, according to chain reaction/product analysis studies by Sanhueza and Heicklen [993] and Niki

et al. [864] and kinetics studies by Catoire et al. [191]. The recommendation is based on the work of Kaiser
and Wallington [585] who studied the competition between reaction vwittin@ HCI elimination in a

complex photochemical reaction system using FTIR detection of stable products. The recommendation is a
factor of 5 higher than estimated using the empirical relationship given by Atkinson and Carter [40]. The fate
of CH2CIO in the atmosphere is this reaction with. O

CHCIO2 + HOp. The recommendation is based on the measurement reported by Catoire et al. [191], who
used pulsed photolysis with UV absorption detection at 1 atm pressure and 251- 588 K.

CHCIO2 + NO. The recommendation is based on the value reported by Sehested et al. [1015], who used
pulsed radiolysis and UV absorption detection ofN@measure the rate coefficient. The temperature
dependence is estimated by analogy to similap ROIO reactions.

CC302 + NO. The recommendation is based upon the measurements of Ryan and Plumb [978] and

Dognon et al. [349], who agree well at room temperature. The temperature dependence is derived from the
data of Dognon et al., who covered the temperature range 228-413 K. Ht@ @{dhary product of the

reaction of CC302 with NO decomposes rapidly to eliminate Cl, according to Lesclaux et al. [685].

CCpPFO2 + NO. The recommendation is based on the measurements made by Dognon et al. [349] using

pulsed photolysis with mass spectrometry detection at 1-10 torr and 228-413 K. These results supersede the
earlier study of Lesclaux and Caralp [683]. The £C) radical primary product of the Cf02 + NO

reaction is reported by Lesclaux et al.[685] and Wu and Carr [1280] to rapidly decompose to eliminate Cl and
to give the products indicated.

CCIBO2 + NO. The recommendation is based on the measurements made by Dognon et al. [349], who

used pulsed photolysis with mass spectrometry detection at 1-10 torr and 228-413 K, and Sehested et al.
[1015], who used pulsed radiolysis with UV absorption detection of the@luct at one atm and 298K.

Wu and Carr [1280] observed the C&UFradical primary product to rapidly dissociate tgOFand Cl.
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G1.

G2.

G3.

GA4.

G5.

G6.

G7.

G8.

G9.

G10.

G11.

G1i2.

O + BrO. The preferred value is based on the value reported by Thorn et al. [1128] using a dual laser flash
photolysis/long path absorption/resonance fluorescence technique. Clyne et al. [239] reported a value
approximately 40% lower.

O + HBr. Results of the flash photolysis-resonance fluorescence study of Nava et al. [825] for 221-455 K and
the laser flash photolysis-resonance fluorescence study of Nicovich and Wine [849] for 250-402 K provide the
only data at stratospheric temperatures. Results reported include those of Singleton and Cvetanovic [1041] for
298-554 K by a phase-shift technique, and discharge flow results of Brown and Smith [147] for 267-430 K and
Takacs and Glass [1104] at 298 K. The preferred value is based on the results of Nava et al., as well as those
of Nicovich and Wine and those of Singleton and Cvetanovic over the same temperature range, since these
results are less subject to complications due to secondary chemistry than are the results using discharge flow
techniques. The uncertainty at 298 K has been set to encompass these latter results.

O + HOBr. Recommended room temperature value is the mean of results of Monks et al. [1128] and Kukui

et al. [630]. The temperature dependence is from Nesbitt et al. [838]. The A-factor from that study has been
adjusted to fit the recommended room temperature value. Kukui et al. determined that the Br atom abstraction
channel is the only pathway at room temperature.

OH + Bp. The recommended room temperature value is the average of the values reported by Boodaghians et

al. [129], Loewenstein and Anderson [725], and Poulet et al. [929]. The temperature independence is from
Boodaghians et al. Loewenstein and Anderson determined that the exclusive products are Br + HOBT.

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 + plO

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 [1105] 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 + CHBr2. 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 + CHBg. Arrhenius expression from DeMore [329]. Results of Orkin et al. [884] are higher by a factor
of 2 but have a similar temperature dependence.

OH + CHBBr. The recommended value is a fit to the data of Talukdar et al. [1113], 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 + CHCIBr. Arrhenius expression fit to data of DeMore [329] and Orkin et al. [885], which are in good
agreement.

OH + CBCIBr. 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].
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G13.

G14.

G15.

G16.

G17.

G18.

G19.

G20.

G21.

G22.

G23.

G24.

G25.

OH + CBBr2. 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 + CRBBr. 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 + CHBrCF3. Fit to the data of Nelson et al. [830] and Orkin and Khamaganov [882], which are in
reasonable agreement.

OH +CHFBrCR. Based on data of Orkin and Khamaganov [882].
OH +CHCIBrCF3. Based on data of Orkin and Khamaganov [882].
OH + CBBrCHFCI. Based on DeMore [329].

OH + CBBrCFBr. 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. The upper limit of
Orkin and Khamaganov [882] is in agreement.

HO + Br. This recommendation is based on results obtained over the 260-390 K temperature range in the
study by Toohey et al. [1138], using a discharge flow system with LMR detectionpéletay 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 wiglopl HCHO, and HQ are all slower than the

corresponding reactions of Cl atoms by one to two orders of magnitude.

HO + BrO. The recommendation is based on results of the temperature-dependent studies of Larichev et al.

[660], 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 #1@e study of Li et al. was done under pseudo-first-order

conditions with either H@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. [142], 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 HBy. and O

From a study of the reverse reaction above room temperature, Mellouki et al. [786] determined by
extrapolation that the yield of HBr +43s an insignificant fraction (<0.01%) of the total reaction down to

200 K.

NQ3 + 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.

Cl + CHCIBr. Recommended value is based on results of Tschuikow-Roux et al. [1143] normalized to the
value of the rate constant for the reference reaction (Cl 4) &dommended in this evaluation.

Cl + CHBr. 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.

Cl + CHBr2. 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. [1143] were not used in derivation of the recommended value.
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G26.

G27.

G28.

G29.

G30.

G31.

G32.

G33.

G34.

Br + @&. The results reported for k(298 K) by Clyne and Watson [249], Leu and DeMore [694], 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 + HpO2. 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. [1138] using 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 Cla0d 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 + NQ3. The recommended value is that reported by Mellouki et al. [783] in a study using DF-DPR
techniques.

Br + HHCO. There have been two studies of this rate constant as a function of temperature: Nava et al. [827],
using the flash photolysis-resonance fluorescence technique, and Poulet et al. [928], using the discharge flow-
mass spectrometric technique. These results are in reasonably good agreement. The Arrhenius expression was
derived from a least squares fit to the data reported in these two studies. The higher room temperature value of
Le Bras et al. [667], using the discharge flow-EPR technique, has been shown to be in error due to secondary
chemistry (Poulet et al.).

Br +OCIO. The recommended value at room temperature is the mean of the values reported by Clyne and
Watson [250] and Toohey [1136]. In the study of Clyne and Watson, correction for the effect of the rapid
reverse reaction was required. The temperature dependence reported by Toohey [1136] is accepted but with
increased error limits.

Br + CpO. The recommended value is based on results reported by Stevens and Anderson [1079] and by
Sander and Friedl [984], which are in good agreement.

Br + CpO2. The recommended value is that determined by Fried! (private communication) in a study using a
DF-MS technique.

BrO + @. There have been two recent studies of this reaction. Rattigan et al. [943] report an overall rate

constant of ~18-7 cm3 moleculels1 over the temperature range 318-343 K. Rowley et al. [975] report a
room temperature upper limit of 2x2d cm3 moleculelsl. Both papers report a value of ~2si®cm3
moleculel s1 for the channel to produce OBrO ©.0The recommended upper limit of 2 x¥6cm3

moleculelslis a factor of 2.5 less than the previously recommended upper limit of 3% thich was
based on Mauldin et al. [769]. The pre-exponential factor was estimated, and E/R was calculated.

BrO + NO. The results of the three low pressure mass spectrometric studies (Clyne and Watson [249]; Ray
and Watson [962]; Leu [688]) and the high pressure UV absorption study (Watson et al. [1234]), which all

used pseudo first-order conditions, are in excellent agreement at 298 K and are thought to be much more
reliable than the earlier low pressure UV absorption study (Clyne and Cruse [225]). The results of the two
temperature-dependence studies are in good agreement and both show a small negative temperature dependence
The preferred Arrhenius expression was derived from a least squares fit to all the data reported in the four recent
studies. By combining the data reported by Watson et al. with those from the three mass spectrometric

studies, it can be shown that this reaction does not exhibit any observable pressure dependence between 1 and
700 torr total pressure. The temperature dependences of k for the analogous CIQ asacki@hs are also

negative and are similar in magnitude.
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G35. BrO + NO3. The recommended value is the geometric mean of the lower and upper limits reported by

Mellouki et al. [783] in a study using DF-DPR techniques. These reported limits are encompassed within the
indicated uncertainty limits.

G36. BrO + CIO. Friedl and Sander [399], using DF/MS techniques, measured the overall rate constant over the
temperature range 220-400 K and also over this temperature range determined directly branching ratios for the
reaction channels producing BrCl and OCIO. The same authors in a separate study using flash photolysis-
ultraviolet absorption techniques (Sander and Friedl [984]) determined the overall rate constant over the
temperature range 220-400 K and pressure range 50-750 torr and also determined at 220 K and 298 K the
branching ratio for OCIO production. The results by these two independent techniques are in excellent
agreement, with the overall rate constant showing a negative temperature dependence. Toohey and Anderson
[1137], using DF/RF/LMR techniques, reported room temperature values of the overall rate constant and the
branching ratio for OCIO production. They also found evidence for the direct production of BrCl in a
vibrationally excitedtstate. Poulet et al. [926], using DF/MS techniques, reported room temperature values
of the overall rate constant and branching ratios for OCIO and BrClI 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. [1160] 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 BrCl yield by channel (3) of about 8%, relatively independent of
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].

G37. 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
[249] and Lancar et al. [656]. This provides the basis for the reommended room temperature value. The
temperature dependence is based on results of Sander and Watson, Turnipseed et al. [1159] and Gilles et al.

There are two possible bimolecular channels for this reaction: BrO +BgBr + O (k1) and BrO + BrO
- Bro + Op (k). The partitioning of the total rate constant into its two componennd ko, 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 thaki= 0.85:0.03 at 298 K. From the values offk

=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 expressiofklke 1.60 exp(-190/T). From the recommended Arrhenius expression for

the overall rate constant k g k ko and the expression for the branching ratitkkone can derive the
following Arrhenius expressions for the individual reaction channejs: x4x1012 exp(40/T) crd
moleculels and o= 2.8x1014 exp(860/T) crd moleculels .

G38. CHBrO2 + 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 N@duct formation rate. The temperature
dependence is estimated based on analogy to similarR@D reactions. The CHBrO product has been
shown to undergo rapid unimolecular decomposition to yield@H Br by Chen et al. [204] and Orlando et
al. [886] The domination of this channel over the reaction oD with Op 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].

H1l. O + b. Based on the room temperature data of Ray and Watson [962] and Laszlo et al. [662]. 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.
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H2.

H3.

H4.

H5.

H6.

H7.

H8.

HO9.

H10.

H11.

H12.

H13.

H14.

H15.

H16.

O +10. 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 concentrationg afdl 10 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 + b. 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 + CHgl. Based on the data of Brown et al. [145], the only reported study of this reaction.

OH + CRIl. 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.

HOp + |. Based on the data of Jenkin et al. [561], the only reported study of this reaction.

HOp + 10. The recommended value is the average of the values reported by Jenkin et al. [560] and Maguin et
al. [743].

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]).
| + O3. Based on the room temperature data of Jenkin and Cox [556] and Sander [983], and the temperature

dependent data of Buben et al. [152] and Turnipseed et al. [1162].

| + 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 ip/éBY20 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 | atom to€.2.8

IO + BrO. Based primarily on results of Laszlo et al. [661]. Gilles et al. [421] reported the following
Arrhenius expression for non-iodine atom producing channels: 29 % Bxp (260/T) cr

moleculelsl, They also reported a branching ratio of <0.35 for channels producing | atoms. From their
data they could constrain the value of the overall rate constant to be:-Eb10< 10 x 1011 cm3
moleculels !, the range of which is consistent with the results of Laszlo et al.

IO +10. 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 1O 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 dimepD> is the dominant reaction channel in the 10 self-reaction.

INO + INO. Based on the data of Van den Bergh and Troe [1175].
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H17. INOp + INO2. Based on the data of Van den Bergh and Troe [1175].

1.

12.

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. [111], Lilenfeld and Richardson [715], and Hancock and Smith [462]. The temperature
dependence is that of Lilenfeld and Richardson, with the A-factor adjusted to yield the recommended value of
k(298 K).

O + HpS. This recommendation is derived from an unweighted least squares fit of the data of Singleton et al.

[1044] 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 Hollinden 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. AHiRsywas 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. [1046]. 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/mole 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
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 [141].
The recommended value of E/R is the average value taken from the first three listed studies. Hsu et al. [517]
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 + CS. The value of k(298 K) is an average of the rate constants determined by Wei and Timmons
[1237], Westenberg and de Haas [1241], Slagle et al. [1051], Callear and Smith [176], Callear and Hedges
[175], 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 GutmanAH/Rehas 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 al. [517] report that 1.4% of the reaction at 298 K proceeds through a channel yielding
CO + S 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{B@% and (8.51.0)% respectively.

O + CH3SCHg. This recommendation is based on a fit of the data from Nip et al. [871], 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. [903]

examined the pressure and reactant ratio dependencies o? @t)(And SQ(SB, 1B) emissions in this

reaction system. Their observations are consistent with initial product formation as written, followed by
secondary generation of both OH andhSO

O + CH3SSCHs. 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
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110.

111.

112.

113.

et al. [903] examined the pressure and reactant ratio dependencies c?f}Oer-lémd SQ(SB, 1B) emissions in

this reaction system. Their observations are consistent with initial product formation as written, followed by
secondary generation of both OH andpSO

O3 + HpS. This upper limit was determined by Becker et al. [93] from measurements of the rates of SO
production and @ consumption. The heterogeneous reaction betwe&nadd @ is far more efficient in
most laboratory systems.

O3+ CH3SCHg. This rate constant upper limit is based on the measurements of Martinez and Herron
[764], which represent the only reported study of this reaction.

SO + O3. 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 + HpS. 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. [909], Cox and Sheppard [283], Wine et al. [1257], Leu and Smith [700],
Michael et al. [795], Lin [717], Lin et al. [720], 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) formation. 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 [1091] lies just
outside the & error limit set for k(298 K).

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 a8thnpurities and also to

possible regeneration of OH. Nevertheless, the uncertainty factor at 298 K has been set to encompass the
earlier study within 8. The work by Wahner and Ravishankara [1192] 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. [43] 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 @partial pressure) on the rate constant and are supported by the more limited pressgre and O

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 +
COp through a complex (adduct) mechanism similar to that observed for the Oblre&@fon. However,

the absence of anapressure effect for OH + OCS is in marked contrast with the strong dependence seen in
studies of OH + C&(see note for the latter reaction).

Experiments by Greenblatt and Howard [436] have shown that oxygen atom exchange in the rekfdibh of

with OCS s relatively unimportant, leading to an upper limit of 1 X 2®eing set on the rate constant of
the exchange reaction.

OH + CS. 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 1.5% @®3 moleculel s1.
A consistent upper limit is also reported by lyer 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
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is further supported by the studies of Leu and Smith [699] and of Biermann et al. [113], 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 excitec@®oduced via the 350 nm photolysis) with @ the

one-atmosphere synthetic air mixture) as well as by the accelerating effeconft®e OH + C8reaction

itself, which has been observed by other workers as summarized below. The possible importance of
electronically excited Csreactions in the tropospheric oxidation of238 OCS has been discussed by Wine

et al. [1256].

An accelerating effect of Pon the OH + CSreaction 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 fore8@ OCS. In the latter two
studies the effective bimolecular rate constant was found to be a function of total pregstiféojOand

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 [647] followed by its
reaction with @:

Ka
OH+C$+M o HOCS +M
Kb

ke
HOCS + O - Products

Hynes et al. [534], Murrells et al. [820], Becker 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 pf#@E8lIculated (-

27.4 kcal/mole). A rearrangement of this adduct followed by dissociation into OCS and SH corresponds to
the bimolecular (low k) channel referred to earlier. Hynes et al. [534] measured the rate constant for this
process in the absence o (at approximately one atmosphere of) kb be < 8 x 1046 cm3 moleculel s 1.
Hynes et al. [534], Murrells et al. [820], and Diau and Lee [337] agree quite well on the vatuevith lan

average value of 2.9 x 1 being reported independent of temperature and pressure. Diau and Lee also report
the rate constants for the reactions of the adduct@Et$ with NO and NQ to be 7.3 x 183 and 4.2 x 10

11 respectively.

The effective second order rate constant fop @30OH removal in the above reaction scheme can be expressed
as

1keff = (Ko/kake)(1/P02) + (1/ka)(1/Rv)

where B2 is the partial pressure of2@nd Ry equals B2 + P\2. The validity of this expression requires
that kg and lg are invariant with the @2/PN2 ratio. A 1/k vs 1/@)2 plot of the data of Jones et al. [575]

taken at atmospheric pressure exhibits marked curvature, suggesting a more complex mechanistic involvement
of O, 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 conditiopanfi®p 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 fixggl Bnd varying B2, and the other at fixedd>» and varying i (i.e., varying

added ). Within each data set, rate constants calculated from both fits agree reasonably well for mole
fractions of @ near 0.2 (equivalent to air) but disagree by more than a factor of 2 for measurements in a pure
O2 system. Finally, the temperature dependence (from 264 - 293 K) aiffhealues from Barnes et al.

varies systematically from an E/R of -1300 K for experiments in pgr&@O700 torr total pressure) to -

2900 K for experiments in a 50 torp@lus 650 torr M mixture. An Arrhenius fit of the Hynes et al. data
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(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 sugggahthigf faay 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 mosti€8xidized 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 1012 cm3 moleculel s1

The uncertainty factor, f(298) = 1.5, encompasses the results of Barnes et al. [66] avitiim @mpute
values of k below 298 K, we have accepted the analysis of Hynes et al.

k(T) = {1.25 x 1016 exp(4550/T)}/{T + 1.81 x 163 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 rggulainds

that are independent of the amount offor partial pressures between 145 - 680 torr. This suggests that the
adduct is quite stable with respect to dissociation into the reactants (Op) atGis low temperature and

the that effective rate constant for reactant removal approaches the elementary rate constant for adduct
formation.

From a mechanistic viewpoint, the primary products of reaction ¢ determine the producpsosida8on in
air. Lovejoy et al. [732] have shown that the yields of bothpld®d S@ are equal and near unity. Together
with the earlier mentioned unity yield of OCS, these observations suggest that the oxidation equation

OH + C® + 20p — OCS + HQ + SO

describes this atmospheric system. Further insight is provided by the mechanistic study of Stickel et al.
[1081], who observe OCS and CO product yields of (0088) and (0.160.03) respectively. The results
from this study are interpreted to imply that OCS and CO are formed either as primary products of the
CSO0H + Op reaction or as products of a secondary reaction between a primary product afldeSe same

authors report an Syield of (1.150.10), with the results suggesting that only about 75% of thpe SO

formed as a prompt product, with the remainder generated via a slow reaction of SO (generated as a prompt
product of the C80H + Op reaction) with @. Insight into the specific reaction pathways can be gleaned

from the study of Lovejoy et al. [731] in whiclg kor the reaction of DOC&S+ Op was found to be the same
as that for HOCS indicating that simple H atom abstraction is not the likely process. Rather, HO
production most likely involves complex formation followed by H&imination. Lovejoy et al. [733]

found that the1 80 atom in the180H reactant is transferred predominantly £920)% to the S@ product.
These findings are consistent with an S-O bondegt@$ adduct and preservation of the S-O bond in the
steps leading to S&Xormation. Additional work involving direct intermediate observations would be helpful
in elucidating this reaction mechanism.

114. OH + CHgSH. 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 presepemdfND 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 [1169] have determined the yield o§€Kia laser-induced fluorescence) to be unity, indicating
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115.

116.

that any adduct must be short lived (less thanuB)0 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 @ on the rate constant.

OH + CHSCHg. This recommendation is based on the results of Hynes et al. [536], Wine et al. [1257],

Hsu et al. [521], Abbatt et al. [2], and Barone et al.[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. [760], Wallington et al. [1197], and Nielsen et al. [860]. While
the reasons for these differences are not readily apparent, these results are encompassed avighiarthe 2

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 1 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-forming) 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 al.) from second and third law calculations, respectively. Values of the rate constant for the reaction of the

adduct with @ were also nearly identical (0.8 x 16 e molect s X from Hynes et al., and 1.0 X 16

cm3 molec_1 s_1 from Barone et al for both DMS ang—ﬂ)MS) 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 af0(QB¢for

the OD + CHSCHg. Further mechanistic insight comes from the studies of Barnes et al. [69, 70] and
Turnipseed et al. [1158] who find that the abstraction producgSCHib, leads predominantly to Ci$

under atmospheric conditions. Barnes et al. measure a 0.7% yield of OCS underdoondifions, which

they attribute to further oxidation of G@S. 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 adductwi#h@o

et al. [1310] determined an upper yield of 0.07 forg@Himination in the OD + CESCH3 reaction system.

Due to the rapid decomposition of a DMS-OH adduct, only the direct abstraction channel is measured in the
absence of @ The reaction of the adduct witlpQas 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

in the observed rate constangd with increasing @ 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. [73], and Hynes et al.

[531]. This G, 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:

-10 -10
Kops= {T exp(-234/T) + 8.46 x 10 exp(7230/T) + 2.68 x 10 exp(7810/T)}

11
{1.04 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 wightl@t 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 # @te constant on thgyksexpression is not easily ascertained.

OH + CHSSCHs. This recommendation is based on the temperature-dependent studies of Wine et al.

[1257] and Abbatt et al. [2] and the room temperature relative rate study of Cox and Sheppard [283]. Domine
and Ravishankara [352] have observed bothEfia laser-induced fluorescence) and3SBH (via

photoionization mass spectrometry) as products of this reaction. At 298 K, the yiela®faltite 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 thgSCHi product is the principal source of the

methane sulfonic acid observed.
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117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

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 for 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.

HOp + H2S, HOp + CH3SH, HO + CH3SCH3.  These upper limits are taken from the discharge flow
laser magnetic resonance study of Mellouki and Ravishankara [784]. oEhedtie 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 CHSCHg, which respectively agree with upper limits from the work of Barnes et al. [60] and

Niki (reported as a private communication in the Mellouki and Ravishankara paper).

HOp + SO. 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 1017 (determined relative to OH +d4@2). Their limit is based on the assumption that the
products are OH and $0 The weight of evidence from both studies suggests an error in the earlier
determination by Payne et al. [905].

NOp + SO. 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 N@.+ SO

NO3 + H2S. This recommendation accepts the upper limit set by Dlugokencky and Howard [340] based on
experiments in which N@Iloss was followed in the presence of large concentration®®f Hess sensitive
upper limits for the rate constant have been reported by Wallington et al. [1199] and Cantrell et al. [184].

NO3 + OCS. This upper limit is based on the relative rate data of MacLeod et al. [739].

NO3 + CS®. This upper limit is based on the study of Burrows et al. [168]. A somewhat higher upper

limit was derived in the relative rate data of MacLeod et al. [739].
NO3 + CH3SH. The recommended values are derived from a composite fit to the data of Wallington et al.

[1199], Rahman et al. [940], and Dlugokencky and Howard [340]. The room temperature rate constant derived
in the relative rate experiments of MacLeod et al. [739] is in good agreement with the recommended value.
The suite of investigations shows the rate constant to be pressure independent over the range 1 - 700 torr.
Dlugokencky and Howard place an upper limit of 5% on the production oflithis reaction at low

pressure. Based on the product distribution observed in their investigation, Jensen et al. [564] propose a
reaction mechanism initiated by abstraction of the hydrogen atom from the SH group, possibly after
formation of an initial adduct as suggested by Wallington et al. and Dlugokencky and Howard.

NO3 + CH3SCH3. The recommended values are derived from a composite fit to the data of Wallington et al.
[1199], Tyndall et al. [1164], and Dlugokencky and Howard [340]. The relative rate study of Atkinson et al.

[45] yields a rate constant at room temperature in good agreement with that recommended. The experimental
data from all investigations demonstrate the pressure independence of the rate constant over the range 1 - 740
torr. Room temperature investigations by Daykin and Wine [316] and Wallington et al. [1200] are also in
agreement with the recommended value. Jensen et al. [563] propose a mechanism that involves hydrogen
abstraction as the first step to explain their observed product distribution. In a later study, Jensen et al. [564]
measured a kinetic isotope effect for the rate constant f@SCHg vs. that for CR3SCD3 of ky/kp =

(3.8t0.6), providing further confirmation of such abstraction. Butkovskaya and Le Bras [170] utilized
chemical titration of the primary radical produced fromgdNEOCH3SCHg in a discharge flow mass
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127.

128.

129.

130.

131.

132.

133.

spectrometer system to show that the reaction produces predominag®C&pi+ HNO3. An upper limit
of 2% was placed on the reaction channel yielding €LH3SONGp.

NO3 + CH3SSCHs. The recommended values were derived from 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 té@ne of the sulfur atoms results in

formation of CHS + CH3SO + NO.

NO3 + SO. 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. [168], Wallington et al. [1199],
Canosa-Mas et al. [180], and Dlugokencky and Howard [340].

N2Og + CH3SCHg. This recommendation is based on the value estimated by Tyndall and Ravishankara
[1171] from the study by Atkinson et al. [45].

CH302 + SO. 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 @82 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
CH302SOp adduct at high CBO2 concentrations prior to its reversible decomposition intg@Qpland

SOp. They suggest that such behavior ofJCHSOp or its equilibrated adduct withZdCH302S0x02)

would be expected in the studies yielding high k values, while decompositiong&iZS@p 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 Ig@4CH

F + CHRSCH3. 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 §6GHzEnd CH; +

CH3SF with a branching ratio of approximately 0.8/0.2 respectively.

Cl+ HpS. This recommendation is based on the study by Nicovich et al. [847], who conducted an elaborate

study with attention to sources of possible systematic error. The rate constant at 298K is in good agreement
with that determined by Nesbitt and Leone [836], who refined the data of Braithwaite and Leone [140], but is
significantly greater than the values reported by Clyne and Ono [243], Clyne et al. [234], and Nava et al.
[826]. The small, but clearly observed, negative activation energy determined by Nicovich et al. contrasts

with the lack of a temperature dependence observed by Nava et al.. In fact, at the lowest temperature of
overlap, the results from these two studies differ by 50%. Nevertheless, the Nicovich et al. study yields
consistent results for bothg3 and CHSH as well as for BS and CR3SD. While the reason for these

differences remains to be determined, the full range of reported values is encompassed witenrtine 2

limits recommended. Lu et al. [736] also measured a temperature-independent rate constant but report a value
at 298K, about 40% greater than that of Nicovich et al. However, the presence of 4000 t@Clabak

gas in the Lu et al may suggest a slight pressure dependence of the reaction, although Nicovich et al.
observed no pressure dependence for pressures ranging up to 600 togr. with N

Cl + OCS. This upper limit is based on the minimum detectable decrease in atomic chlorine measured by
Eibling and Kaufman [364]. Based on the observation of product SCI, these authors set a lower limit on

k(298 K) of 1018 for this reaction channel. Considerably higher upper limits on k(298 K) were determined
in the studies of Clyne et al. [234] and Nava et al. [826].
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134. CI+ CS. This upper limit for the overall reaction is based on determinations by Nicovich et al. [846] and

Wallington et al. [1196]. The first authors confirm that the reaction proceeds via reversible adduct formation
as suggested by Martin et al. [758]. The much larger rate constant values determined by Martin et al. may
possibly be attributed to reactive impurities in thee@8mple. Nicovich et al. set an upper limit on the rate

constant for the adduct (@SI) reacting with @ of 2.5 x 1016 at room temperature.

I35. CI+ CHgSH. This recommendation is based on the results of Nicovich et al. [847], who used laser
photolysis with resonance fluorescence detection to study the reactions of Cb&itbi$, CHySH, and
CD3SD. The room temperature determination by Nesbitt and Leone [836] is in good agreement with the
value recommended. The k(298K) value from the study by Mellouki et al. [780] is nearly a factor of 2 lower.
However, the low sensitivity of EPR detection of Cl atoms did not permit these latter authors to conduct a
precise determination of k under pseudo-first-order conditions, and a more complex analysis of experiments
conducted under second-order conditions was required. Nesbitt and Leone [837] report that less than 2% of the
reaction occurs via abstraction of an H atom from theg Gtdup.

I136. CI+ CH3SCHg. Stickel et al. [1082] have used laser photolysis resonance fluorescence to measure that rate

constant between 240-421K, over the pressure range of 3-700 torr. The rate constant is near collisional but
-10 -10

increases with increasing pressure from a low pressure limit of 1.8xtt0a value of 3.3x10 at 700 torr.

The yield of HCI at 297K, measured by diode laser spectroscopy, decreased from near unity at low pressure

to a value of approximately 0.5 at 203 torr, suggesting that stabilization of9®&E adduct becomes

competitive with hydrogen atom abstraction with increasing pressure. These investigators also observed a

negative temperature dependence for the reaction. Butkovskaya et al. [171] conducted a discharge flow mass

spectrometric study at 298K, in which they determined that the reaction proceeds to form H§8GHEH

almost exclusively at 1 torr total pressure. The sum of all other possible channels was estimated at less than

3%. Zhao et al. [1310] used laser photolysis coupled with @3tection by time-resolved tunable diode laser

absorption spectroscopy to determine an upper limit fog Elinination at 298K and pressures between 10-

30 torr. Room temperature measurements by Nielsen et al. [859] at 740 torr and Kinnison et al. [606] at 760

torr agree quite well with the results of Stickel et al. Kinnison et al. also observed the rate constant to

increase from 3.6 x 10°to 4.2 x 16™° cm molec s * when the bath gas was changed from puyréaN

synthetic air, suggesting that the (§bSCI adduct reacts with£D

I37. CIO + OCS; CIO + S@ These recommendations are based on the discharge flow mass spectrometric data

of Eibling and Kaufman [364]. The upper limit on k(298 K) for CIO + OCS was set from the minimum
detectable decrease in CIO. No products were observed. The upper limit on k(298 K) for Ci@-b&@d

on the authors’ estimate of their §@etection limit. The upper limit for this same reaction based on the

minimum detectable decrease in ClIO was not used due to the potential problem of ClO reformation from the
Cl + O3 source reaction.

138. CIO + CH3SCHs. This recommendation is based on the study by Barnes et al. [64] using discharge flow

mass spectrometry. The authors prefer the present value of the rate constant to one a factor of 4 higher, which
they determined in an earlier version of their apparatus. The uncertainty factor reflects the absence of any
confirming investigations.

139. CIO + SO. The value of k(298 K) is an average of the determinations by Clyne and MacRobert [233] and
Brunning and Stief [150]. The temperature independence is taken from the latter study with the A-factor
recalculated to fit the k(298 K) recommendation.

140. Br+ HpS, Br + CHBSH. These recommendations are based on the study by Nicovich et al. [844] who

measured both the forward and reverse reactions by time-resolved resonance fluorescence detection of Br atoms.
The uncertainties placed on these recommendations have been increased over those estimated by the authors to
reflect the absence of any confirming investigations.

141. Br+ CHSCHz. Wine et al. [1259] used laser photolysis resonance fluorescence to study reversible adduct
formation in the Br + CHSCHg reaction system over the temperature range 260 - 310K from which they
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142.

143.

144.

145.

146.

147.

148.

149.

150.

derive a (CH)2S-Br bond strength of 14:561.2 kcal molél. Above 375K, adduct decomposition is so rapid

that the addition channel is effectively negligible. Extrapolation of these data to conditions typical of the
springtime Arctic boundary layer (760 torr, 230 - 270K) leads these authors to suggest that under such

conditions, the addition of Br to C33CHg proceeds with a rate constant of approximately 1.3_>1<01ﬂn3

moleculé1 s_l. Researchers from the same laboratory (Jefferson et al. [553]) studied the abstraction reaction
over the temperature range 386 - 604K. These authors observed the reactants to be in equilibrium with the
products HBr + CHSCHp and determined Arrhenius expressions for the forward and reverse reactions

respectively of 9.0 x iot exp(-2386/T) cmmolect st and 8.6 x 10-° exp(836/T) crit molec L s L,
Analysis of the equilibrium data also permitted determination of the heat of formatiom8CGEH (see

Appendix 1).

BrO + CHRSCH3. This recommendation is based on the discharge flow mass spectrometric study by

Bedjanian et al. [95], performed at 1 torr over the temperature range 233-320K. The rate constant at 298K is
nearly identical to that derived by Barnes et al. [64], using a similar experimental system. Bedjanian et al.
also determined a near unity yield for the production of dimethylsulfoxide and suggest that the reaction
proceeds via production of an adduct that decomposes into the sulfoxide and bromine atoms.

BrO + SO. This recommendation is based on the measurements of Brunning and Stief [151] performed under
both excess BrO and excess SO conditions. The rate constant is supported by the lower limit assigned by
Clyne and MacRobert [233] from measurements of $f@duction.

IO + CHSH. The value of k(298K) comes from the study by Maguin et al. [744] using discharge flow

mass spectrometry. The investigators establish a branching ratio near unity for the production of HOI. The
uncertainty factor reflects the absence of any confirming investigations.

IO + CHBSCH3. This recommendation comes from the studies by Daykin and Wine [315] using laser
photolysis absorption spectroscopy and by Maguin et al. [744] and Barnes et al. [64] using discharge flow
mass spectroscopy. These groups obtained rate constan& ok 1014, 1.5 x 1014 and 8.8x10L°
respectively. The last two studies supersede earlier, less direct measurements by the same groups, which

resulted in rate constants of 1.5 x4B(Martin et al. [759]) and 3.0 x 181 (Barnes et al. [65]).

S + @. This recommendation is based primarily on the study of Davis et al. [310]. Modest agreement at

298 K is found in the studies of Fair and Thrush [368], Fair et al. [369], Donovan and Little [354], and Clyne
and Townsend [245]. The study by Clyne and Whitefield [252], which indicates a slightly negative E/R
between 300 and 400 K, is encompassed by the assigned uncertainty limits.

S + Q. This recommendation accepts the only available experimental data of Clyne and Townsend [245].
In this study the authors measure a value of the rate constant fop $1rgasonable agreement with that
recommended above.

SO + @. 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 + @&. 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 + N@. The value of k(298 K) is an average of the determinations by Clyne and MacRobert [232], 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.
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I51.

152.

153.

154.

I55.

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 + H2O. Several research groups have attempted to quantify the rate of sulfuric acid formation via this

reaction in the gas phase. Reiner and Arnold [966] placed an upper limit of 2]2[5>cﬁ§ molec_1 s'l on

the rate constant, slightly lower than that determined by Wang et al. [1219]. 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.

They derived a value of 1.2 x'fé cm3 molec'1 s'l, independent of pressure (from 31-260 mbar of synthetic
air). Evidence was also obtained thaS@y 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 i‘gcms molec1 s 1. 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 a:
the temperature was lowered from 333K to 243K. These observations, together with calculations by

Morokuma and Mugurama [813], led the latter authors to suggest tlatd@Sumption likely involved its

reaction with the water dimer or the reaction o330 + HoO, leading to the formation of sulfuric acid.

A laminar flow reactor study by Lovejoy et al. [730] over the temperature range 256 - 360K also revgaled SO
loss to be second order in water concentration and independent of pressure (from 20 to 89 &irBOOK]).

These latter authors measured a strong negative temperature dependence for the rate constant and a significant
kinetic isotope effect (420 = 2kp20), leading them to describe the reaction as proceeding via the rapid

association between 3@nd HO followed by a slower reaction between the adduct and water to form sulfuric

acid. Lovejoy at al.’'s measurement of a -13 kcal_%ﬂﬁctivation" energy was viewed as energetically
inconsistent with the S+ water dimer reaction mechanism since it would require a large negative activation
energy for the S@+ (H20)2 step. The first order expression for $l0ss derived by these authors is 2.26 x

10_43 T exp(6544/T) [IjO]2 and is recommended here.

SO3+ NOp. 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 NS§) This claim is supported by ESCA spectra.

SH + @. This upper limit for k(298 K) is based on the study by Stachnik and Molina [1067] utilizing

experiments sensitive to the production of OH. Somewhat higher upper limits of tHand 1.5 x

1017 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
SH decay, may have been complicated by SH regeneration. Much less sensitive upper limits have been

calculated by Tiee et al. [1134], Nielsen [851], and Cupitt and Glass [289]. Stachnik and Molina [1067] also

report a somewhat higher upper limit (< 1.0 Xlﬁ) for the rate constant for the sum of the two SHo+ O
reaction channels (producing OH + SO and H 50

SH + §. The value for k(298 K) is an average of the determinations by Friedl et al. [397] (laser-induced

fluorescence detection of SH), Schonle et al. [1007] (mass spectrometric detection of reactant SH and product
HSO) as revised by Schindler and Benter [1000], and Wang and Howard [1216] (laser magnetic resonance
detection of SH). The temperature dependence is from Wang and Howard with the A-factor calculated to agree
with the recommended value for k(298 KYE/R reflects the fact that the temperature dependence comes from
measurements above room temperature and, thus, extrapolation to lower temperatures may be subject to
additional uncertainties. Wang and Howard report observing a minor reaction channel that produces H + SO +
O2.
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I56. SH + HO2. This recommended upper limit for k(298 K) is based on the study of Friedl et al. [397]. Their

value is calculated from the lack of SH decay (measured by laser-induced fluorescence) and the lack of OH
production (measured by resonance fluorescence). The three possible product channesSyieldOpi

HSOH + OH, and HSO + $0.

I57. SH+ NQ. This recommendation is based on the measurements of Wang et al. [1217]. These authors

suggest that the lower values of k(298 K) reported by Black [121], Friedl et al. [397], and Bulatov et al. [156]
are due to SH regeneration from thgSHource compound. In the study by Stachnik and Molina [1067],

attempts were made at minimizing such regeneration, and the reported value of k(298 K) was significantly
higher than that from the earlier studies, but still 30% lower than that measured by Wang et al., who used two
independent SH source reactions. A slightly higher rate constant measured by Schonle et al. [1007], as
revised by Schindler and Benter [1000], has not been recommended due to the somewhat more limited database
for their determination. The reaction as written represents the most exothermic channel. In fact, HSO has
been detected as a product by Leu and Smith [700], Bulatov et al. [156], Schonle et al. [1007], and Wang et

al. [1217]. The absence of a primary deuterium isotope effect, as observed by Wang et al. [1217], coupled

with the large magnitude of the rate constant suggests that the (four-center intermediate) channels producing
SO + HNO and OH + SNO are of minor importance. No evidence for a three-body combination reaction was
found by either Black [121] or Friedl et al. [397]. Based on a pressure independence of the rate constant

between 30 - 300 torr, Black set an upper limit of 7.0 4 @or the termolecular rate constant. Similarly,
Stachnik and Molina [1067] saw no change in decay rate between 100 and 730 tory (eith@ugh these

O2 experiments were designed primarily to limit SH regeneration). The recommendation given here is
supported by the recent discharge flow laser-induced fluorescence study of the SDreabtidon by Fenter

and Anderson [375]. These investigators report a rate constant at 298K of é].'é’xrm% molec_1 s_l,

which compares favorably with the value of 7.1 Ko molect s determined in the Wang et al. of
the same reaction. Fenter and Anderson also obtained an E/R value of -210 K, very similar to the -237 K
value derived by Wang et al. for the SH reaction.

I58. SH + Cp; SH + BrCl; SH + Bp; SH + . The recommendations for these reactions are derived from the

data of Fenter and Anderson [374] for the SD radical. The uncertainties have been increased over those
estimated by the investigators to reflect the absence of any confirming investigations and the influence of the
secondary isotope effect. For the BrCl reaction, the channel producing CISD + Br was found to be described

by the rate expression k = 2.3 x4 exp(100/T).

I59. HSO + @. This recommendation is based on the study by Lovejoy et al. [734], who employed laser

magnetic resonance monitoring of HSO in a discharge flow system. The upper limit thus derived for
k(298 K) is nearly two orders of magnitude lower than measured by Bulatov et al. [158].

160. HSO + @&. This recommendation is based on the determinations by Friedl et al. [397] and Wang and
Howard [1216]. In the first study, performed at highgrd®ncentrations, greater quantities of HSO were
produced in the flow tube and SH approached a steady state due to its generation via 3She 1@te
constant for this reaction was thus determined relative to Sglffof measurements of the steady state SH

concentration as a function of the initial SH concentration. In the second study, the rate constant and its
branching ratio were measured at two temperatures. At room temperature, the overall rate constant is in
excellent agreement with that of Friedl et al. More recently, Lee et al. [681] determined a room temperature

rate constant of 4.7 x 184 for the sum of all reaction channels not producing HS. This value is

approximately 30% greater than that measured by Wang and Howard for the same channels. Lee et al. derive
an Arrhenius activation energy of 1120K for these channels from data between 273-423K, in agreement with
the more limited temperature data of Wang and Howard.

The lack of an isotope effect when SD was employed in the Friedl et al. study suggests that the products of
the HSO + @ reaction are SH + 2¢)analogous to those for HG- O3). However, Wang and Howard

found that only 70% of the reaction leads to HS formation. In addition, their observations pfétiDction
in the presence of suggests the existence of a reaction channel producing HED followed by HS®
+ O2 - HO2 + SOp. At the present time, no recommendation is given for the product channels. Further
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161.

162.

163.

164.

165.

166.

167.

mechanistic work is suggested, since it is important to understand whether this reaction in the atmosphere
leads to HS regeneration or to oxidation of the sulfur.

HSO + NO; HSO + N@ The recommendations for these reactions are based on the study by Lovejoy et al.

[734] in which laser magnetic resonance was used to monitor HSO in a discharge flow system. Their upper
limit for the NO reaction is a factor of 25 lower than the rate constant measured by Bulatov et al. [157] using
intracavity laser absorption at pressures between 10 and 100 torr. Since it is unlikely that this reaction rate
undergoes a factor of 25 increase between 1 torr (the pressure of the Lovejoy et al. work) and 10 torr, the
higher rate constant may be due to secondary chemistry associated with the HSO production methods
employed.

The recommendation for the M@eaction is a factor of 2 higher than the rate constant reported by Bulatov et

al. [156]. Lovejoy et al. have attributed this difference to HSO regeneration under the experimental conditions
used by Bulatov et al. [156]. The product assignment for this reaction is discussed in the note forthe HSO

+ Op reaction.

HSO + Op. This recommendation is based on the rate o i@mation measured by Lovejoy et al. [734]
upon addition of @ to the HSO + NO@ reaction system. While HSQvas not observed directly, a
consideration of the mechanistic possibilities for HSO +Nupled with measurements of the $10
production rate at variousgressures, led these authors to suggest thaphtSiivth a major product of the
HSO + NOQ reaction and a precursor for H®@ia reaction with @.

HOSO + Op. This recommendation is based on the studies of Gleason et al. [427] and Gleason and Howard
[425] in which the HOS@ reactant was monitored using a chemical ionization mass spectrometric technique.

Gleason and Howard conducted their measurements over the 297-423 K temperature range in the only
temperature dependence investigation. TAESR has been increased from their quoted limits to account for
the potential uncertainties in extrapolating their data to sub-ambient temperatures. The value of k(298 K)
derives further support from the studies of Margitan [750] and Martin et al. [761], both of whom used
modeling fits of OH radical decays in the OH +0M reaction system in the presence gf@ad NO. In

this latter analysis, the HOS®eacts with Q@ yielding HOp, which subsequently regenerates OH through its
reaction with NO. The infrared spectrum of HOS@as been recorded in low temperature matrix isolation
experiments by Hashimoto et al. [469] and Nagase et al. [823]. Mass spectrometric detection pitHOSO
the gas phase has also been reported by Egsgaard et al. [362].

CS + @. The recommendation given for k(298 K) is based on the work of Black et al. [123] using laser-

induced fluorescence to monitor CS. This value agrees with the somewhat less precise determination by
Richardson [969] using OCS formation rates. The latter author presents evidence that this reaction channel
dominates over the one producing SO + CO by more than a factor of 10. Measurements by Richardson at
293 K and 495 K yield an E/R of 1860 K. However, use of this activation energy with the recommended

value of k(298 K) results in an unusually low Arrhenius A-factor of 1.5-%80In view of this, no
recommendation is given for the temperature dependence.

CS + 3; CS + NO. The k(298 K) recommendations for both reactions accept the results of Black et al.

[123], who used laser-induced fluorescence to monitor the CS reactant in a room temperature experiment. The
uncertainty factors reflect the absence of any confirming measurements.

CH3S + @. This upper limit is based on the study by Tyndall and Ravishankara [1170]. Somewhat higher

upper limits were derived in the earlier studies of Balla et al. [56] and Black and Jusinski [122].
CH3S + 3. This recommendation is based on the temperature-dependent study of Turnipseed et al. [1156]

and the room temperature determinations of Tyndall and Ravishankara [1169] and Domine et al. [353].
Domine et al. measured the yield of €30 to be 15% at low pressure and used this value to revise the

corrections applied in the Tyndall and Ravishankara investigation to account8rr€gkneration by

CH3SO + 5. A failure to observe significant reaction in the study by Black and Jusinski [122] is interpreted
as due to rapid regeneration of €Hlin their system. The value 8E/R has been set larger than that derived

by Turnipseed et al. to reflect the existence of only one temperature dependence investigation.

101



168.

169.

170.

I71.

172.

173.

174.

175.

I76.

177.

CH3S + NO. The upper limit for the bimolecular reaction betweeg®#hd NO is based on estimates by
Balla et al. [56], who conducted a temperature dependence study of the termolecular reaction.

CH3S + NO». This recommendation is based on the temperature dependent data of Turnipseed et al. [1156]

and the room temperature results of Tyndall and Ravishankara [1170]. The room temperature value of Domine
et al. [351] is encompassed by the recommended uncertainty factor. The iR dfas been set larger

than that derived by Turnipseed et al. to reflect the existence of only one temperature dependence investigation.
An earlier study by Balla et al. [56] yielded a room temperature rate constant nearly a factor of two higher than
the present recommendation, which may be attributed to secondary reactions at higher radical concentrations.
Tyndall and Ravishankara determined the NO vyield to be: @D)%. Together with the unity yield of

CH3SO obtained by Domine et al., this implies that the primary reaction channel is as written.

CHpSH + @. This recommendis the ation 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 H® + CHpS, by analogy with the reaction betweengCHH and &.

CHpSH + O3.  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.

CHpSH + 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.

CHpSH + NO».  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 + 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 + Qg reaction system. Domine et al. place the direct yield giStMHat approximately 10% and

that of CH3S at 13% at low pressure.

CH3SO + NO@. 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].

CH3SOO0 + @, CH3SOO + NO, CHSOO + NO@. These recommendations are based on the experiments
of Turnipseed et al. [1156] in which G8 was monitored by LIF in equilibrium with G300. The upper
limit for the Og reaction was determined from experiments at 227K. The results for the NO and NO

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.

CH3SOp + NOp.  This recommendation is based on the study by Ray et al. [960] using a discharge flow
reactor equipped with laser-induced fluorescence and mass spectrometric detectiongS®ewzts produced

by the sequential oxidation of @8 and CHSO by N and is to be differentiated from the weakly bound
adduct, CHSOO, formed by the reaction of GB with O at low temperature (Turnipseed et al [1156]). The

uncertainty limit on the rate constant has been increased over that given by the authors to reflect the absence
of any confirming investigation. However, some additional support for this recommendation does come from
the study of the CBS + NOp reaction by Tyndall and Ravishankara [1170]. These authors observed

fluorescence from a product species tentatively identified aSOp| produced by the reaction of GEHO
with NO2. Computer simulation of the rise and fall of the fluorescence signal yielded an approximate rate
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179.

180.

181.

J1.

J2.

J3.

J4.

JS.

constant value for the reaction @60y + NOp of 7.0 x 1612 cm3 moIec_1 s_l. However, an unambiguous

differentiation between the production and disappearance rate constants was not possible.

CH3SCHp + NO3. This recommendation is based on the experiments of Butkovskaya and Le Bras [170].
The uncertainty factor reflects the absence of any confirming investigation.

CH3SCHpO2 + NO. This recommendation is based on the experiments of Wallington et al. [1206]. The
uncertainty factor reflects the absence of any confirming investigation.

CH3SS + . This recommendation is based on the discharge flow photoionization mass spectroscopy study

by Domine et al. [353]. The uncertainty factor reflects the absence of any confirming investigations. The
rate constant ratio for the reactions of §3% with G and NQ is consistent with the rate constant ration for

the corresponding C4$ reactions.

CH3SS + NOQ; CH3SSO + N@. These recommendations are based on the discharge flow photoionization

mass spectroscopy study by Domine et al. [351]. The rate constant ratio for these two reactions agrees with
that observed for other RS/RSO radicals withadNO'he assigned uncertainties reflect this agreement but

acknowledge the absence of any confirming investigation. In the Domine et al. stgB5Ckvas produced
by reacting away all C§6S with high NQ concentrations. Thus, as expected, O atom transfer may be the
primary channel in the C3$S reaction.

Na + @. The recommendation is based on the measurements of Ager et al. [12], Worsnop et al. [1277] as

corrected in Worsnop et al. [1278], and Plane et al. [917]. The data of Worsnop et al. supersede earlier work
from that laboratory (Silver and Kolb [1026]). Measurements made by Husain et al. [527] at 500 K are
somewhat lower, probably because they did not recognize that secondary chemistry, §laONaG 20O,

interferes with the rate coefficient measurement. The temperature dependence is from results of Worsnop et al.
[1278] (214-294 K) and Plane et al. [917] (208-377K). Ager et al. [12] estimate that thetNa@roduct

channel i<5%. Evidence that the NaO product is in4ad excited electronic state was reported by Shi et
al. [1021] and Wright et al. [1279].

Na + MO. The recommendation incorporates the data of Husain and Marshall [526], Ager et al. [12], Plane

and Rajasekhar [918], and Worsnop et al. [1278]. Silver and Kolb [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 et al.
[12]. The NaO product does not react significantly witfONat room temperature [k (for Na 2N Op

products)le’l6 and k (for Na® + N2 productsx2 x 1015 Ager et al.]. Wright et al. [1279] used UV
photoelectron spectroscopy to determine the product NaO is formed predominantly in theZssteittade.

Na + Cp. 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 that1% of the Na product is in theB excited state.

NaO + @. This reaction was studied by Silver and Kolb [1026], Ager et al. [12], and Plane et al. [917], 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 thegKeaetion, which is about

1/2 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 §ai{@tem. Plane et al. reported rate coefficient

measurements for the Na@ Op 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 + 2@hannel is based upon the results of Silver and Kolb and Ager et al. The

latter reaction channel may also have a significant temperature dependence.
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J6.

J7.

J8.

Jo.

J10.

J11.

J12.

J13.

NaO + k. The recommendation is based on a measurement by Ager and Howard [11]. They also reported a

significant Na + BO product channel and that a small fraction of the Na from this channel is #the 3
excited state.

NaO + BO. The recommendation is based on a measurement by Ager and Howard [11].

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 NaCl and OH, although some NaOH and Cl
production is not ruled out.

Na® + O.  The recommendation is based on a flow tube study at 300K by Helmer and Plane [479].

Na® + NO. This reaction is endothermic. The upper limit recommended is from an experimental study by
Ager et al. [12].

Na® + HCI. The recommendation is based on a measurement reported by Silver and Kolb [1027]. They
indicated that the products are NaCl +#i®ut NaOOH + Cl 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

Low Pressure Limft
ko(T) = ko009 (T/300y"

High Pressure Limt
Koo(T) = keo 300 (T/300yM

Reaction K 300 n K 300 m Notes
(0] 00
Ox Reactions
0O+ M O3 (6.0£0.5) (-34) 2.30.5 - - Al
O(lD) Reactions
O(1D) + Nop M NoO (3.5£3.0) (-37) O_&S.g - - A2
HOx_Reactions
H+ O M HOp (5.7+0.5) (-32) 1.60.5 (7.54.0) (-12) @1.0 Bl
OH + OH'\_/', HoO2 (6.2£1.2) (-31) 1.0%.8 (2.6£1.0) (-112) 0+0.5 B2
NOx_Reactions
o + NOM NOp (9.0£2.0) (-32) 1.50.3 (3.:1.0) (-11) @1.0 C1
0 + NOp M NO3 (9.0+1.0) (-32) 2.@1.0 (2.20.3) (-12) @1.0 Cc2
OH + NoM HoNO (7.0£1.0) (-31) 2.6£0.3 (3.6£1.0) (-112) 0.1+0.5 C3
OH + NOp M HNO3 (See note) (2.5+0.1) (-30) 4.4+0.3 (1.6£0.2) (-11) 1.740.2 C4
HO + NOp M HOPNO2 (1.8+0.3) (-31) 3.20.4 (4.#1.0) (-12) 1.41.4 C5
NO» + NO3 M N2Os5 (2.2£0.5) (-30) 3.91.0 (1.520.8) (-12) 0.20.4 C6
NO3 M NO + 02 See Note Cc7
Hydrocarbon Reactions
CH3 + Op M CHz02 (4.5+1.5) (-31) 3.@1.0 (1.80.2) (-12) 1.21.7 D1
CoHs + Op M CoH502 (1.5t1.0) (-28) 3.@1.0 (8.:1.0) (-12) @1.0 D2
OH + GHo M HOCHCH (5.5£2.0) (-30) 0.@0.2 (8.31.0) (-13) -Zii D3
OH + CoHa M HOCHCH> (1.0+0.6) (-28) 0.82.0 (8.80.9) (-12) Oig D4
CH30 + noM CH3ONO (1.4£0.5) (-29) 3.81.0 (3.6:1.6) (-11) 0.&1.0 D5
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Table 2. (Continued)

Low Pressure Limft
ko(T) = ko320 (T/300y"

High Pressure Limi
Koo(T) = ko300 (T/300y™M

Reaction k0300 n koo 300 m Notes
CH30 + Nop M CHzONOy (1.1£0.4) (-28)  4.0+2.0 (1.6£0.5) (-11)  1.0t1.0 D6
CoH50 + NOM  CoH50NO (2.8£1.0) (-27)  4.0x2.0 (5.0+1.0) (-11) 1.0x1.0 D7
CoH50 + NO M CoHEONO, (2.0t1.0) (-27)  4.@2.0 (2.804) (-11)  1.@1.0 D8
CH302 + NOp M CH30,NO (1.5t0.8) (-30)  4.@2.0 (6.33.2) (-12)  2.@2.0 D9
CH3C(0)Op + NOp M (9.7+3.8) (-29) 5.62.8 (9.30.4)(-12) 1.50.3 D10
CHC(O)O2NO2
EO Reactions
F+roM Fo (4.4+0.4) (-33)  1.20.5 - - E1
F+NOM EnO (1.8:0.3) (-31)  1.0t10 (2.8:1.4) (-10)  0.0t1.0 E2
F+NOpM ENO, (6.3:3.0) (-32)  2.0+2.0 (2.6t1.3) (-10)  0.0t1.0 E3
FO+NM FONO (2.6:2.0) (-31)  1.31.3 (2.0:1.0) (-11)  1.31.5 E4
Crz+ M Crs0, (3.0£0.3) (-29)  4.@2.0 (4.61.0) (-12)  1.81.0 E5
CF30 + NO» M CRONO, See Note E6
CF302 + NOoM  CR09N0O2 (2.2+0.5) (-29) 5.@1.0 (6.:1.0) (-12) 2.51.0 E7
CF0 + coM cRoCO (2.50.2) (-31) - (6.80.4) (-14)  -1.2  E8
cFo0M crO +F See Note E9
ClOx Reactions
cl+ oM cioo (2.7¢1.0) (-33)  1.30.5 - - F1
cl+NoM cino (9.0:2.0) (-32)  1.80.5 - - F2
cl+NopM cloNno (1.3t0.2) (-30)  2.@1.0 (1.20.5) (-10)  1.@1.0 F3
(1.8:0.3) (-31)  2.@¢1.0 (1.60.5) (-10)  1.81.0

M ciNnop
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Table 2. (Continued)

Low Pressure Limft
ko(T) = ko320 (T/300y"

High Pressure Limi
Koo(T) = ko300 (T/300y™M

Reaction k0300 n koo 300 m Notes
cl+coM cico (1.3:0.5) (-33)  3.80.5 - - F4
Cl+ CHa M CicoHy ((5.9£1.0) (-30)  2.1+1.0 (2.10.4) (-10)  1.80.5 F5
Cl+ GHaM CICHy (1.6£1) (-29) 3.3t1.0 (3.1+2) (-10) 1.60.5 F6
cl+ CciaM cocis (1.4t0.6) (-28)  8.5¢1.0 (4.0£1.0) (-11)  1.2¢0.5 F7
clo + NoM CloNO (1.8t0.3) (-31)  3.41.0 (1.%0.7) (-11)  1.91.9 F8
oclo + NaM o,cloND, See Note F9
clo + cloM chbo, (2.2¢0.4) (-32)  3.%0.5 (3.32) (-12) 1.@1.0 F10
clo + ocioM  chL03 (6.2£1.0) (-32)  4.%0.6 (2.41.2) (-11) 0£1.0 F11l
ocio + oM ciog (1.9t0.5) (-31)  1.%1.0 (3.20.8) (-11) @10 F12
CHoCl + ;M CHyCIO (1.9t0.1) (-30)  3.20.2 (2.20.2) (-12)  1.20.6 F13
CHClp + .M CHChLO, (1.3:0.1) (-30)  4.@0.2 (2.80.2) (-12)  1.40.6 F14
cclz+ oM cclzos (6.9:0.2) (-31)  6.40.3 (2.40.2) (-12)  2.30.6 F15
CFCh+ M CFChOy (5.0£0.8) (-30)  4.@2.0 (6.61.0) (-12)  1.81.0 F16
CRCl + oM CRxCIO (3.0t15) (-30)  4.22.0 (32) (-12) 1.61.0 F17
CClz0p + NopM ccigopNo, — (5:0:1.0) (-29)  5.81.0 (6.21.0) (-12)  2.31.0 F18
CFChOp + NopM  CFChooNO, (3:50.5) (-29)  5.81.0 (6.61.0) (-12)  2.%1.0 F19
CRCIOs + NOp M CRClopND, (3:30.7) (-29)  6.E1.3 (4.%1.9) (-12)  2.80.7 F20

BrOx_Reactions
Br+NopM BrNO, (4.2¢0.8) (-31)  2.405 (2.#05) (-11) @10 Gl
Bro + NopM BroNop (5.2t0.6) (-31)  3.20.8 (6.21.0) (-12)  2.21.0 G2
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Table 2. (Continued)

Low Pressure Limft
ko(T) = ko300 (T/300yN

High Pressure Limi
Koo(T) = ke300 (T/300y M

Reaction k0300 n koo 300 m Notes
10y _Reactions
1 +NOM INO (1.8:0.5) (-32)  1.0.5 (1.21.0) (-11) @1.0 H1
I+ N M INO, (3.0t1.5) (-31)  1.¢1.0 (6.65.0) (-11) @1.0 H2
10 +No,M 10N, (5.9+2.0) (-31)  3.%1.0 (9.0:1.0) ((12)  1.31.0 H3
_SO_Reactions
Hs + NOM  HsNO (2.4t0.4) (-31)  3.¢1.0 (2.20.5) (-11) Oig 11
CH3S +NO M CHgsNO (3.2£0.4) (-29)  4.@1.0 (3.20.6) (-11)  2.%1.0 I2
o+seM so3 (Lag Sy 07 3
OH + sSeM HOsSO (3.0t1.0) (-31)  3.31.5 (1.50.5) (-12) Oig 14
CH3SCHp + oM CHgscH0, See Note 15
SOz + NH3M HaNsO3 (3.9:0.8) (-30)  3.0£3.0 (4.7¢1.3) (-11)  0x1.0 16
Metal Reactions
Na+ M Naop (3.2+0.3) (-30)  1.40.3 (6.0:2.0) (-(10)  @1.0 J1
Nao + @M Nao3 (3.5£0.7) (-30)  2.@2.0 (5.23.0) (-10) @1.0 J2
Nao + oM Naco (8.742.6) (-28)  2.@2.0 (6.53.0) (-10) @1.0 J3
(1.3t0.3) (-28)  2.@2.0 (6.84.0) ((10) @G1.0 J4

NaOH + coM NaHCQ

ko (MM]

Note: k(Z) = k(M,T) = (

1+ (ky (MM, (T))

The values quoted are suitable for air as the third body, M.

a Units are criymoleculé-sec.
b Units are cra/molecule-sec.

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

A2,

B1.

B2.

Cl.

C2.

C3.

Notes to Table 2

O + O. Low pressure limit and T dependence are an average of Klais, Anderson, and Kurylo [119] 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 [178]. 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(1D) + N2. Low pressure limit from Kajimoto and Cvetanovic [113]. The T dependence is obtained by
assuming a constafit The rate constant is extremely low in this special system due to electronic curve

crossing. Maric and Burrows [148] extract 68383)x1037 cmBs 1 from a study of the photolysis of
synthetic air, in agreement with the recommended value within mutual error limits.

H + Op. Kurylo [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 constdi>g 2 ~.05 kcal motl. 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. [25/]and\by

Forster et al. [85] in 1-150 kbar He scaled ta NWe 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 correspgndAcsiidy by
Fagerstrom et al. [81] in 85-1000 mbarg3fives slightly different values. A pressure independent

bimolecular channel to$0 + O with a rate 1.9 x 182 is observed (see Table 1). The temperature
dependence ofgtakes into account both Zellner et al. and Fagerstrom et al.. The unsymmetrical error limits
in ko (298) take into account contributions from H + GHH20.  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 + NO@. Values of rate constants and temperature dependences from the evaluation of Baulch et al. [23].
They use E = 0.8 to fit the measured data at 298 K, but our valug:ef .6 gives a similar result. In a
supplementary review, Baulch et al. [22] suggest a slight temperature dependegc@/fachwould cause

their suggested value to rise tg #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]
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C4.

C5.

C6.

Cr.

D1.

and Sharkey et al. (Bottis- andtrans-HONO are expected to be formed.) A study by Zabarnick [254] is
noted.

OH + NO. Both the low pressure limit and the high pressure limiting rate constants are from a fit to the

data (at effective nitrogen densities less than @;Qlﬂolecules/crﬁ) of Anderson et al. [7], Howard and

Evenson [102], Anastasi and Smith [4], Wine et al. [248], Burrows et al. [39], Robertshaw and Smith [193],
Erler et al. [80] and Dohahue et al. [78]. Data of Forster et al [85] appear to be systematically too high. The
Forster et al. results and those of Robertshaw and Smith [193], who have measured k in up to 8.6
atmospheres of Gfr suggest thatdk might be higher than suggested here (~50%). This disagreement might

also be due to other causes (i.e., the failure of the simplified fall-off expression as suggested by Donahue et
al., isomer formation, or involvement of excited electronic states). Burkholder et al. [35] have shown that

HONOg is the only isomer formed (yield - 5%(5)) and the fit to the data used here assumes that only this

isomer is formed. The temperature dependence of both limiting rate constants is from the data of Wine et al.
[248] and Anastasi and Smith [4] and is consistent with Smith and Golden [215] and Patrick and Golden
[178]. The recommendation here fits all data over the range of atmospheric interest.

HOy + NOp. Kurylo and Ouellette [126] have remeasured the 300K range constants. Kurylo and Ouellette

[127] have also remeasured the temperature dependence. The recommended values are taken from this latter
reference wherein their data were combined with that of Sander and Peterson [199]. The recongmended k

(300K) is consistent with Howard [101]. Other studies by Simonaitis and Heicklen [210] and Cox and Patrick
[61] are in reasonable agreement with the recommendation.

NOp + NO3. Data with N as the bath gas from Kircher et al. [118], Smith et al. [213], Burrows et al. [38],
I?cgo. A study by Orlando et al. [168] is in
excellent agreement. The values of n and m are from Kircher et al. [118] and Orlando et al. [168]. Values
from Croce de Cobos et al. [62] are excluded due to arguments given by Orlando et al. [168], who point out
that a reanalysis of these data using better values for the rate constangfolNGD- 2NOp yields a

negative value for N®@+ NO3 + M. The study of Fowles et al. [86] is noted, but not used. Johnston et al.
[106] have reviewed this reaction.

and Wallington et al. [235] were used to obtai%g(% and

A study of the reverse reaction has been carried out by Cantrell et al. [40]. These data are in excellent
agreement with those obtained by Connell and Johnston [54] and Viggiano et al. [230]. The equilibrium
constant recommended in Table 3 is taken from Cantrell et al. [40], who computed it from the ratio of the rate
constant of Orlando et al. [168] and their rate constants for the reverse reaction.

Oz + NO  Johnston et al. [106] and Davidson et al. [69] have suggested significant thermal decomposition
of NO3. This has been disputed by Russell et al. [194]. Davis et al. [71] claim that the barrier to thermal

dissociation is 47.3 kcal midl. This would seem to rule out such a process in the atmosphere.

CH3 + Op. Low pressure limit from Selzer and Bayes [205]. (These workers determined the rate constants as
a function of pressure inNAr, O, and He. Only the plpoints were used directly in the evaluation, but

the others are consistent.) Plumb and Ryan [184] report a value in He which is consistent within error limits
with the work of Selzer and Bayes. Pilling and Smith [181] have measured this process in Ar (32-490 torr).
Their low pressure limiting rate constant is consistent with this evaluation, but their high pressure value is a
little low. Cobos et al. [50] have made measurements in Ar anfddh 0.25 to 150 atmospheres. They

report parameters somewhat different than recommended here, but their data are reproduced well by the
recommended values. The work of Laguna and Baughcum [128] seems to be in the fall-off region. Results of
Pratt and Wood [186] in Ar are consistent with this recommendation, although the measurements are indirect.
Their T dependence is within our estimate. As can be seen from Patrick and Golden [178], the above value
leads to a very smdH, ~.02, and thus temperature dependence is hard to calculate. The suggested value
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D2.

D3.

DA4.

D5.

accommodates the values of Keiffer et al. [115], who measure the process in Ar between 20 and 600 torr and
in the range 334 T/K <582. Ryan and Plumb [197] suggest that the same type of calculation as employed
by Patrick and Golden yields a reasonable valy aiVe 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. [21], Washida and Bayes [244],
Laufer and Bass [130], and Washida [243] are also considered.) The fit to Keiffer et al. [115] is very good,
suggesting that the temperature dependence for the high pressure limit is also reasonable. Kaiser [109] has
determined values in reasonable agreem%) with the recommended values.

CoHg + Op.  Arrelative rate study by Kaiser et al. [111] yieldg & (9.2+ 0.9) x 1012 cm3 moleculglst

and k= (6.5+2.0) x 1029 cmP moleculé®sin He at 298K and pressures between 3 and 1500 torr.

Their ke agrees with the value calculated by Wagner et al. [232HK x 1012 cn3 moleculéls'l) 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 [17&]Hj(o§i|¢g32.4 kcal

molL. The recommended values use the calculated temperature dependence and a 2.5 times higher rate
constant for air as the bath gas.

OH + OH2. 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 1 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 @GH2. The data analyzed include those of Pastrana and Carr [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. Calculatigngiatte methods of

Patrick and Golden [178] yield values compatible with those of Smith et al. [214].

OH + OHy. Experimental data of Tully [225], 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 errogin the k

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 +4E14) 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 HNOG- CH

(Frost and Smith [88]). Studies by Ohmori et al. [166] and Dobé 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.)
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D7

D8.

D9.

D10.

E1l.

E2.

E3.

CH30 + NOp. 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. [151] in helium. A bimolecular (chemical activation) pathway is
also observed. Temperature dependences are estimated.

CoHs0 + 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 tg &hd 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 & needs to be verified by direct studies. The temperature dependence is estimated.

CoHs50 + NOp. High pressure rate constant at 298K from Frost and Smith [89]. Other values estimated
from similar reactions.

CHz02 + NOp. Parameters from a reasonable fit to the temperature- and pressure-dependent data in Sander
and Watson [201] and Ravishankara et al. [187]. These references gep@#-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 016 format and

the adoption of a quite large negative activation energyoforA study of the reverse reaction by Zabel et al.
[255] also uses &= 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 k
independent of temperature angl#+0.36. Bridier et al. [32] are in good agreement with this recommendation
at one atmosphere and 298K.

CHzC(O)Op + NOp.  The recommended parameters are from the data of Bridier et al. [31], who report in the
format represented here, but using=0.3. Their values areggo =(2.7£1.5) x 1028, k30(30 =(12.1+
2.0) x 1012 with n = 7.1+1.7 and m= 0.2 0.15. Studies of the decomposition of §Z{O)OpNO2

[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 + @. A study by Pagsberg et al. [174] reporgsitkk argon = 4.38 x 163 (T/300)‘1'2. 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 assumgithat 3

N2 at all temperatures. Pagsberg et al. [174], also determined the equilibrium constant ARl (R@®).
See F + Q, Table 3. A calculation such as described in Patrick and Golden [178], using the new value

yields: k= 1.06 x 1033 (T/3OO)’1'5 using 2 = 0.3 (i.e., AE> = 2kJ mo11). 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 al. [117], Pagsberg et al. [173] and Wallington et al. [238], reports rate constants for this reaction in
several bath gases. Converting their values to the form used in this compilation yields the recommended
parameters.

F + NO. A study by Pagsberg et al. [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 &l FONO. Patrick and Golden [178]

assumed that the difference between these would be the same as between stlisdili3. Theoretical work
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by Dixon and Christie [76], Lee and Rice [133] and Amos et al. [3] indicates thap E\NE3-40 kcal molt
more stable than FONO, and therefore the measured rate refers podiNf@ation. 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 + N®. Low pressure limit from strong collision calculation and 3 = 0.33. T dependence from resultant
<AE> = 523 kcal mot-. High pressure limit and T dependence estimated. A theoretical study by Rayez
and Destriau [191] indicates that the product is the single isomer BOREzhanyan et al. [24] report a

value extracted from a complex mixture of bath gases.

CF3 + Op. Caralp et al. [42] have measured the rate constarng imelveen 1 and 10 torr. This supplants

the value from Caralp and Lesclaux [41]. Kaiser et al. [112] 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.

CR0 + NOp. 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 photolysighd©Q& prepare C§02 and
subsequently C30 in 700 torr of air at 29F 2K. They considered two product channels: (ag@¥W¥Op

obtained via three-body recombination and (b»GF FNO obtained via fluorine transfer. Both products

were observed and found to be thermally stable in their reactor. They rgflasthky) > 90% and k/(kgtkp)

< 10%, thus the formation of G®NO2 is the dominant channel at 700 torr and 297 K.

CF02 + NOp2, Based on experiments inp@f 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 Kdppenkastrop and Zabel [122].

CR0O + CO. Values taken from Turnipseed et al. [226]. The numbers were obtained for Ar as the bath gas
and are assumed to hold fop s well. The temperature dependence of the high pressure rate constant was
determined over the range 233<T/K<332 irgSINo temperature dependence of the low pressure limiting rate
constant was reported. Wallington and Ball [236] report values in good agreement with Turnipseed et al.

CR0 + M. The activation energy for thermal decomposition @k CPO + F has been reported to

be 31 kcal moft by Kennedy and Levy [116]. Thermochemical data yiHP(298) = 23 kcal mot. This
implies an intrinsic barrier of about 8 kcal mbto elimination of F from Cg0O. Electronic structure
calculations by Li and Francisco [140] support this observation. Adopting the A-factor for unimolecular

dissociation, A = 3 x ¥ s1 and E = 31 kcal mot from Kennedy and Levy,J(298) is about 6 x 18s1.
This corresponds to a lifetime of about 6 years; therefore, thermal decompositiog@igQmimportant
throughout the atmosphere.

Cl + @. Nicovich et al. [161] measure k=¢93) x 1033 cm® moleculé?st at T = 187+ 6K in Op.
Using the methods described in Patrick and Golden [178], but adjusting the thermochemistry &icO
that § 08~ 64.3 cal mott K1 andAH¢ 298 = 23.3+ 0.6 kcal mott (Cl + Op, Table 3). We calculate

5.4 x 1033 cm® moleculé? s at T = 185K, with collisional efficiency of the bath gas taken from the

formula [R/(1-/2)] = <AE>/FEKT and QE> ~ 0.5 kcal mot (i.e., Rigs= .42 and Bog = .30). Since &

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 B9 cmP molec? s'l) compares with an older value of Nicholas and

Norrish [159] of 1.7 x 18°3in an N> + Op mixture. The temperature dependence is from the calculation.
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F2.

F3.

F4.

F5.

F6.

F7

F8.

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.

Cl + 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].

Cl + NO. Low pressure limit and T dependence from Leu [138]. (Assuming similar T dependence in N

and He.) Leu [138] confirms the observation of Niki et al. [164] that both CIONO andCiCformed,

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 [178]. Leu's
results are in excellent agreement with those reported in Ravishankara et al. [189]. 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.

Cl + CO. From Nicovich et al. [162], who measured the procesg forNL85< T/K < 260.

Cl + ©H2. 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 Wallington 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 Wallington et al.

[242]. Using FTIR, Zhu et al. [260] reported branching of 16% and 84% to the trans and cis adduct isomers,
respectively, at 700 torrNand 295K.

Cl + ©Hy. Values at 300K are from Wallington et al. [234]. A study by Kaiser and Wallington [110]

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.

Cl + ©Clg. New Entry. Recommendation is from the flash photolysis study of Nicovich et al. [163] done
at 231-390 K in 3-700 torr i

CIO + NO. 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 ClO disappearance via the CIO>+N@dreaction are in excellent

agreement and give an averag€3k0) near 1.8 x 8lemb sl No product identification was carried out,

and it was assumed that the reaction gave chlorine nitrate, GIOMQ@ontrast, direct measurements of the
rate of thermal decomposition of CIONM@Knauth [121]; Schonle et al. [203]; 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 Raavahaited 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 @/®MiGlso another channel forming an
isomer, such as OCINE CIOONO, or OCIONO (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 CION@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 [215]. 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 lowgr k
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F9.

F10.

F11.

F12.

F13.

F14.

F15.

F16.

F17.

OCIO + N@&, Friedl et al. [87], studied this system at P/torr< 5 for Helium and 22& T/K < 298.
They deduced values for the rate constant consistent with their dgfa aod! andkeo ~ 1011 They also

suggest a value for the equilibrium constant: Kdenoleculel = 1 x 1028 exp (9300/T). However, Boyd et
al. [29] have raised the question of possible heterogeneous effects in this system, and further work is needed.

ClO + 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
Cl2 as third body, as suggested by Nickolaisen et al. With this adjustment all the data are in good

agreement. Thegkvalue for N 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 al. 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 1-5 x 182 cnP s, with N2 or Op as third bodies. The major dimerization product is chlorine
peroxide (Birk et al. [26], DeMore and Tschuikow-Roux [73], Slanina and Uhlik [212], Stanton et al. [219]

and Lee et al. [134]).
ClO + OCIO. Corrected from the entry in 94-26, which had an errqg.irlata are from Burkholder et al.
[36], who measured the rate constant ;madll 200< T/K < 260 and densities from (1.1-10.9) o

molecules criv. 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 10883 cm3slis reported for the chemical activation channel producing CIO +
02, and their value aﬁH?(CIO;;) = 52 kcal mot is derived at 298K. A low pressure study by Gleason et
al. [91] suggests a direct abstraction as well. See Table 1.

CHCI + Op. Measured by Fenter et al. [83] over the range2¥&K < 448 and k 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.

CHCI2 + Op, Measured by Fenter et al. [83] over the range29& < 383 and k 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. A study by Nottingham et al.
[165], in He, is in agreement.

CCBR + Op. 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] gge?ds k

1.5x1030, with 3 = 0.3. A value of%go = 5x1012 has been reported by Cooper et al. [55].

CFClk + Op. 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.

CPBCI + Op. Values estimated from other reactions in this series.
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F18. CCRO2 + NOp. Based on experiments inp@f 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 Képpenkastrop and Zabel [122].

F19. CFCkO2 + NOp. Based on experiments inp@f 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 Képpenkastrop and Zabel [122].

F20. CBCIO2 + NOp. 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 Képpenkastrop and Zabel [122] and Xiong and Carr [252].

G1. Br+NOp. The recommended values are from a study by Kreutter et al. [123]. phaitue 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 Brii@omer and the measured equilibrium by Kreutter et al. [123] underpredicts

ko by an order of magnitude. Participation by other electronic states and isomers such as BrONO merits
further consideration, in keeping with the chlorine analog.

G2. BrO + NOQ. 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 BrONGs higher than that in CIONg) thus rationalizing the relative values of

the low pressure limiting rate constants for these two processes.

H1l. [+ NO. Evaluation taken from IUPAC [105]. The data is from van den Bergh et al. [227] and Basco and
Hunt [19]. Although IUPAC recommendsg E 0.75, any differences will be insignificant, since this reaction

is in the low pressure limit under atmospheric conditions.

H2. 1+ NOp. 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 yse®B3, which is the same as the
universal value adopted here gf£0.6. (No evidence of possible isomers [IN@ IONQ] is reported.)

H3. 10+ NQp. Data taken from Daykin and Wine [72]. They sugggst k.7 x 1031 (T/300§°-0 ke, = 1.5

x 1011 and lc = 0.4. The values recommended here fit the data as well.

1. HS + NO. Data and analysis are from the work of Black et al. [28]. The temperature dependence of k has
been estimated.

2. 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.

13 O + SO New Entry. The recommendation is taken from Atkinson et al. [13] and was transformed to the
format used herein.

4. OH + SQ. Values of the rate constant as a function of pressure at 298 K from Leu [137], Paraskevopoulos

et al. [175], 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 ofislOSO

raised by 4 kcal mot, 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
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J2.

J3.

J4.
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a real activation energy of ~1 kcal mbl Earlier data listed in Baulch et al. [23] and Baulch et al. [22] are
noted. Work of Martin et al. [150], Barnes et al. [18], and Lee et al. [136] confirm the current evaluation.

CH3SCHp + Op . Wallington et al. [239] have employed a pulse radiolysis technique, allowing the
derivation of k = 5.2 0.4 x 1012 in 992 mbar of S§ at room temperature.

SO3 + NH3. New Entry. (Moved from Table 1). Recommendation is from Lovejoy and Hanson [144], who
studied this reaction from 10-400 torp idt 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 1¢. 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 + @. A study by Plane and Rajasekhar [183] fings=k(2.9+ 0.7) x 1030 at 300 K with n = 1.3@
.04. They also estimateokto be about 6 x 180, with a small positive temperature dependence. Another

study by Helmer and Plane [97] yieldg % (3.1+£0.2) x 1030 at 300K with n = 1.520.27. The

recommended values are taken from these studies. They are consistent with values measured by Marshall et
al. [149] at 600K and those measured by Vinckier et al. [231] at higher temperatureg Vitheekis about

60% higher than that of Silver et al. [209].

NaO + @. Ager and Howard [1] have measured the low pressure limit at room temperature in several bath
gases. Their value in]Ns 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 + C®. Ager and Howard [1] have measured the rate constant for this process in the "fall-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 + CQ. 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)/em3 moleculel = 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:

0]

(0]
_ AST AH'|'
logyo[K(T) / cm3molecule™]] = - +1ogyn(T) — 2187
10lK(T) 1= s8R 2308t oo0(D)

Where the superscript "0" 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:

BIOK = 2.303 log o(K200K300 X [(300 X 200)/(300-200)]
B/OK = 1382 log o (K200K300

logo A = log1oK(T) - B/2.303 T

The relationships between the parameters A and B and the quai8R{@98K) andAHO(298K) are as follows:
A = (eR'T/Nay) exp@SYR) = 3.7 x 1022 T exp(ASO/R)

B = —~AHO/R - T(K)
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Table 3. Equilibrium Constants

Reaction Alem3 moleculel  B#AB/°K Kec(298 K) (298 K)A Note
HO, + NOy - HOoNO» 2 1x1027 1090&1000 1 gx10ll 5 1
NO + NOp — NyO3 3351027 4667100 5 1y1020 2 2
NO, + NOp — NpOg 5 251029 6643250 2 5x1019 2 3
NO, + NO3 — NOs 2 7x1027 1100@500 5 gy1gll 1.3 4
CH305 + NOp — CH305NO» 1.3x1028 1120@1000 5 741012 2 5
CH3C(0)Op + NOp — 9.0x1029 1400@200 5 34108 2 6
CBC(O)O2NO2

F+ O - FOO 3.9x1025 610@1200 » 541gl6 10 7
Cl+ Oy - ClOO 5.7x1025 2508750 2 5x1021 2 8
Cl+CO - CICO 1 .6x1025 4008500 1 141019 5 9
CIO + Oy - CIOO> 2.9x1026 <3700 <7.2x1021 - 10
CIO + CIO - ClO> 1 3x1027 8744850  7oy1015 1.5 11
CIO + OCIO - CloO3 1 1x1024 5453300 g gy10l7 3 12
OCIO + NO3 — OoCIONO, 1x1028 930Q:1000 3 gy1gl5 5 13
OH + C$ -~ CSOH 4.5x1025 514@500 1 ax10l7 1.4 14
CH3S + O — CH3SOp 1 8x1027 5545300 5 2y1g19 1.4 15

K/cm3 moleculel = 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:
- 1 1
f(T) = f(298 K) exp [AB (T " 508 )1

Shaded areas indicate changes or additions since JPL 94-26

145



10.

Notes to Table 3

HOp + NOp. 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 oD is unimportant in the stratosphere,

but it is important in the troposphere.

NO + NOQ. 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 + NOp. The data are from JANAF [30] and Vosper [48], Chao et al. [18] and Amoruso et al. [1]. 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 + NOp. Thermochemical values at 300 K for gBpNO2 and CHO2 are from Baldwin [6]. In the

absence of dat&H°® andAS°® 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 1010 cm3. Our values predict 3.94 x 19 cm3, in good agreement.

Zabel et al. [49] have measured k(dissociation) as a function of pressure and temperatg@= +Cldy,
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 188 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(0O)Op + NO2 . New Entry. From measurements of the rate constants in both directions by Bridier et
al. [9].

F + Q. Calculated from JANAF thermochemical values exceplifdf 29g(FO2) = 6.24+ 0.5 kcal moitl.

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 vgji® métkin good agreement

with the experiment (see F +@f Table 2).

Cl + Op. Baer et al. [4] determined K in the temperature range 180 to 300K. Their value at 185.4 K (5.23 x
1019¢m3 moIecuIél) compares well with the Nicovich et al. [36] measurement K = 4770103

molecule'l, and within error with the Mauldin et al. [33] value of 2.55 sem3 moleculel. A different
expression for K by Avallone et al. [3] givePAggCIO0) = 61.8 cal kL mor? andAH(f) 298(CIOO) =

23.3 kcal mol. Using known thermochemistry for Cl ang @nd computed entropy values for CIOO,
AHf 298 (CIO0) = 23.3+0.6 kcal molel is obtained from the Nicovich et al. [36] data. The valuefokb§

(CIOO) = 64.3 cal motd K-1 used is computed from a structure with a°1§dnd angle and CI-O and O-O

bond lengths of 1.73 and 1.30 A respectively. Frequencies of 1441, 407 and 3z8efrom Arkell and
Schwager [2]. Symmetry number is 1 and degeneracy is 2.

Cl + CO. From Nicovich et al. [37] who measured both k and K between 185 and 269K irhy report
AHf 298 (CICO) = -5.2+ 0.7 kcal molel.

ClO + @. DeMore [20] reports K <4 x 168 cm3 moleculel at 197K. His temperature dependence of the
equilibrium constant is estimated usir@p8g (CIO-Op) = 73 cal moltk 1 andAHO29g < 7.7 keal mott.
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A higher value of K has been proposed by Prasad [41], but it reqd{e¥S0p) to be about 83 cal ol

K-1, which seems unreasonably high. Carter and Andrews [16] found no experimental evidence foiCIO-O

matrix experiments. Prasad and Lee [42] discuss these issues and question the validity of the upper limit
reported by DeMore.

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 catrof at 300K, is
calculated from structural and spectroscopic data given by Birk et al. [7]. The heat of formation at 300K is

AHOf’300 = 30.8 kcal moft. A study of branching ratios of CIO + CIO channels ip/Gp/O3 mixtures
by Horowitz et al.[28] also finds the equilibrium constant imdD 285 K to be in agreement wih the
recommendation.

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 deduaH(Clo03) = 37 kcal mall and S (CloOg) = 95 cal malt °K™L. 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 (CIO@L(QOhe deviation that Burkholder et al. [12]

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, OCCHO)

OCIO + N@@. Deduced by Friedl et al. [22].

OH + C$. 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.

CHsS + @. Turnipseed et al. [47] report the equilibrium constant for2T8K < 258. From a third law
analysis usinddS®237 = -36.8+2.6 eu, they obtainH%p37 = -11.5:0.9 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 op @nd G 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 thee@chumann-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 [1], and Minschwaner and Siskind [195]).

For some other species having highly structured spectra, suchha€SQ®, some comments are given in
the text, but the photochemical data are not presented. The spegi®s KiBp, 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 éID) production from photolysis of ) 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:
| = Igexp(-onl),

where p and | are the incident and transmitted light intensity, respectiwegythe absorption cross section inem

moleculel; n is the concentration in molecule ©nand | 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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Table 4. Photochemical Reactions

CIONO + hv - products

& O2+hv - O+0 * CIONO2 + hv — products
& O3+hv - O2+0 CClg + hv — products
* 03+ - Oy +0(@D) CCI3F + v — products
H20 + v - H + OH CRCICFCI2 + v - products
H202 + v — OH + OH CR2CICRCI + v — products
NO+h o N+O CRF3CFCl + hv - products
& NO2+h - NO+O CF4 + hv — products
* NO3+hv - products CoFg + v - products
N2O + v - Np + 0dD) CCI20 + v - products
NoO= + hv CCIFO + v - products
205+ v - products CF0 + hv - products
Egﬂgrfhj NH02H++HNO @) # CF30H + hv — products
* HNOS +hv : OH + NC)Z CH3C| +hv - products
HO2NO2 + hv — products ggfé?é'i +mh’ "pforggggs
CO+h -C+0O 1) -
COo+hv - CO+0 1) CH3CF2Cl + hv - products
CHg + hv - products ) CF3CHCI2 + v — products
CH20 - products CR3CHFCI + hv - products
& CH302 + hv - products CH3CFClz + v — products
& CoHs502 + hv - products CF3CF2CHCI2 + hv — products
CH300H + v - products CF2CICFCHFCI + hv - products
# CH3C(O)OpNO2 + hv - products # BCFgOil} +hy ~dpr0duct8
HCN + hv - products rO + hv - products
CH3CN + tv - products # HOBr + v - products
C|2 +hv = Cl+cCl * BTON02+ hv - pl’OdUCtS
# BrCl+h - Br+Cl
IO+h - Cl+
glgo +h —>Cpl’0d(l)JCtS CHgBr + fw — products
& OCIO+Hh - O+ CIO CHBr3 + hv - products
& CIO3 + hv - products & CF3Br +hv - products
& CI20 + hv - products & CF2Bro + hv - products
& CIl202 + hv - products & CF2BrCrFBr + hv - products
* Cl203 + hv - products & CF2CIBr + hv — products
Cl204 + hv - products CR3l + hv —» CF3+I
Cl20g + hv - products SO +hv - SO+0
HCl++Hh - H+Cl HoS+h - HS+H 1)
HF+h - H+F CSy+hv - CS+S
& HOCI + hv - OH + Cl OCS + I - CO +S
CINO +hv - Cl+ NO
SFg + hv - products
# FNO + v — F+ NO NaOH + v — Na + OH
CINO2 + hv — products NaCl + b - Na + Cl
(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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Table 5. Combined Uncertainties for Cross Sections and Quantum Yields

Species Uncertainty

O2 (Schumann-Runge bands) 1.2

O2 (Continua) 1.2

O3 (Cross Sections Only) 1.1

03 - 0(dD), A >310 nm 1.3

03 — O(@D), 290 <A < 310 nm 1.2

H202 1.3

NO2 1.2

NO3 15

N20O 1.2

N20g5 2.0

HNO3 1.3

HO2NO2 2.0

CH20 14

CH300H 15

CH3C(O)OpNO2 1.3 A <300 nm
CH3C(O)OpNO2 2.0 A =300 nm
HCI 1.1

HOCI 1.4

CloocClI 15 A <300 nm
CloocClI 3.0 A =300 nm
Clo03 1.5 A <300 nm
Clo03 3.0 A =300 nm
CIONO2 1.3

CClyg 1.1

CCI3F 1.1

CCloF2 1.1

CH3CI 1.1

CF0O 2.0

CR3Br 1.3

CRCIBr 2.0

CFBro 2.0

CoF4Br2 2.0

HOBr 2.0 A <350 nm
HOBr 10 A =350 nm
BrONOp 1.4
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Or+hv -~ 0O+0

The photodissociation of molecular oxygen in the stratosphere is due primarily to absorption of solar radiation
in the 200-220 nm wavelength region, i.e., within the Herzberg continuum. The 185-200 nm regign-the O
Schumann-Runge band spectral range-is also very important, since solar radiation penetrates efficiently into the
stratosphere at those wavelengths.

Frederick and Mentall [93] Herman and Mentall [121] and Anderson and Hall [8, 9] estintasdas@ption

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 gf Between 205 and 240 nm

A 10240 A 10240
(nm) (cn12) (nm) (cm2)
205 7.35 223 3.89
206 7.13 224 3.67
207 7.05 225 3.45
208 6.86 226 3.21
209 6.68 227 2.98
210 6.51 228 2.77
211 6.24 229 2.63
212 6.05 230 2.43
213 5.89 231 2.25
214 5.72 232 2.10
215 5.59 233 1.94
216 5.35 234 1.78
217 5.13 235 1.63
218 4.88 236 1.48
219 4.64 237 1.34
220 4.46 238 1.22
221 4.26 239 1.10
222 4.09 240 1.01

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 resoluiamdds 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-dependeng €oss 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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For parameterizations of thee@bsorption in the Schumann-Runge bands used in atmospheric 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 @ photolysis in the Schumann-Runge bands (other than the issue of absolute solar irradiance) has shifted

to the choice of broadband parameterization.

O3 +hv - O+ O2

The O3 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 al. [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 11F0aB for the cross section
at 253.7 nm, the mercury line wavelength; it is about 1% smaller than the commonly accepted value of 1147 x

1020 ¢ reported by Hearn [119]; about 2% smaller than the value obtained by Molina and Molina [206], 1157 x

1020 cm?; 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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Table 7. Absorption Cross Sections of &t 273 K

A 1020 o(cmz) A 1020 0(cm2)
(nm) average (nm) average
175.439 - 176.991 81.1 238.095 - 240.964 797
176.991 - 178.571 79.9 240.964 - 243.902 900
178.571 - 180.180 78.6 243.902 - 246.914 1000
180.180 - 181.818 76.3 246.914 - 250.000 1080
181.818 - 183.486 72.9 250.000 - 253.165 1130
183.486 - 185.185 68.8 253.165 - 256.410 1150
185.185 - 186.916 62.2 256.410 - 259.740 1120
186.916 - 188.679 57.6 259.740 - 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 - 204.082 32.6 289.855 - 294.118 109
204.082 - 206.186 36.4 294.118 - 298.507 62.4
206.186 - 208.333 43.4 298.507 - 303.030 34.3
208.333 - 210.526 54.2 303.030 - 307.692 18.5
210.526 - 212.766 69.9 307.692 - 312.5 9.80
212.766 - 215.054 92.1 312.5 - 317.5 5.01
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 - 227.273 323 337.5-3425 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 ép) production,CD(OlD), 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 channeb,(m%}s

~0.1, at 274 nm; Sparks et al. [289] also repI(ﬂ)3P) ~0.1, at 266 nm; according to Brock and Watson [32]
dD(OlD) = 0.88 at 266 nm; Amimoto et al. [4] rede(OlD) = 0.85 at 248 nm; and Wine and Ravishankara [328]
measured directlsb(olD) =0.9 at 248 nm. There are also some indicationscmalD) decreases slightly

between 304 and 275 nm (see Brock and Watson [31, 32]). Turnipseed et al. [307])(@5&) =0.8%0.04 at
222 nm and 0.48).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 recommendepO1D) 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 q;(éla) 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 fO1D) 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
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guestion, in agreement with the high resolution data of Arnold et al. [10], Brock and Watson [32], and Trolier and
Wiesenfeld [304]; with the more recent work of Takahashi et al. [298], who carried out direct quantum yield
measurements at room temperature; and with the work of Ball et al. [12, 13], who measured between 227 and 300 K
the quantum vyield for @(1Ag), which correlates with that of éD), assuming spin forbidden processes do not

occur. Additional experimental work is needed to establish the temperature dependency of the quantum yield in this
fall-off wavelength region.

Note that the recommendation in Table 8 applies only\ far290 nm. For 22& A < 280 nm the more
recent quantum yield measurements yield values around 0.85-0.9; however, the contribution from these wavelengths
to O(lD) production in the stratosphere and troposphere is not significant.

The uncertainty in the quantum yield values for atmospheric modeling purposes is estimated in Table 5 as 1.2

for 290 <A < 305 nm, and 1.3 for > 305 nm. Considering the importance of the process additional measurements
should be carried out in the fall-off region (the Huggins bands) for quantum yields and their temperature dependence.

Table 8. Quantum Yieldsp, for Production of O](D) in the Photolysis of @

A A B
(nm) (K)
305 0.96 5.659
306 0.96 16.56
307 1.00 47.61
308 1.09 114.2
309 1.32 230.1
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

B\ T) = A exp [-B/T]
185K < T < 320K
for 290 nmXx<< 305nm,®(A) = 0.95
fok > 325nm, ®(A) = 0

HO2 +hv -~ OH +H

The absorption cross sections of the hydroperoxyl radicgl, l@he 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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Table 9 lists the recommended cross sections, which are taken from the review by Wallington et al. [321].
Photolysis of HQ in the stratosphere and troposphere is slow and can be neglected, but the UV absorption cross

sections are important in laboratory studies of reaction kinetics.

Lee [156] has detected tlié) as a primary photodissociation product at 193 and at 248 nm, with a quantum

yield that is about 15 times larger at the longer wavelength. The absolute quantum yieicﬂ)pqm@duction has
not been reported yet.

Table 9. Absorption Cross Sections of $10

A(nm) 1% (cm?)
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 nm).

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 wavelengthsg-ind O are also formed as primary products. Stief et al. [294] report a quantum

yield of 0.11 for this process between 105 and 145 nm.

Table 10. Absorption Cross Sections giCHVapor

A(Nm) 1% (cm?)
175.5 262.8
177.5 185.4
180.0 78.1
182.5 23.0
185.0 5.5
186.0 3.1
187.5 1.6
189.3 0.7
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HoO2 + 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

A £ 230 relative to the values at 202065= 4.32 X 1019 cmz, and at 228.8 nng = 1.86 x 1019 cr2. The values
are within 2% of the recommended value.

Table 11. Absorption Cross Sections af® Vapor

A(nm) 1 %(cm?) A(nm) 1% (cm?)
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 15.2 315 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 0.13 0.17
255 6.7 6.9 335 0.10 0.13
260 5.3 5.5 340 0.07 0.10
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 compowgntiue to absorption from#®2 which has the O-O
stretch excited; anag, 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 1.5
(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 Sectiong@$ H
as a Function of Temperature

. 7 4
1021 oA, T) = ¥ 2o An AN+ (1-x) 2. Bn AN

Where T: temperature KA: nm; x =[1 + exp (-1265/T)]1

Ag = 6.4761 x 18 Bg = 6.8123 x 18

A1 = -9.2170972 x 1 By = -5.1351 x 18
Ao = 4.535649 B = 1.1522 x 16"
A3 = -4.4589016 x 18 B3 = -3.0493 x 1P
A4 = -4.035101 x 1® Bg = -1.0924 x 10/
As = 1.6878206 x 10

Ag = -2.652014 x 130

A7 = 1.5534675 x 183

Range 260-350 nm; 200-400 K

NO2 + hv — NO + O

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 nm, 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 for the discrepancies is the prg€ance of N

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 fractionzofatmasNO

N204. 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], Mérienne et al. [192], 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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Table 13. Absorption Cross Sections of NO

A 1020¢, average at 2% A 1020, average atC 1022 g*
(nm) cn? moleculel (nm) (cm? moleculel) (cm? molecule! degreel)
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 46.41 285.71 - 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 11.54 -0.162
215.06 - 217.39 50.22 298.51 - 303.03 13.44 -0.284
217.39 - 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 3125 -3175 21.53 -0.686
224.72 - 227.27 39.29 3175 -3225 24.77 -0.786
227.27 - 229.89 27.40 3225 -3275 28.07 -1.105
229.89 - 232.56 27.78 3275 -3325 31.33 -1.355
232.56 - 235.29 16.89 3325 -337.5 34.25 -1.277
235.29 - 238.09 16.18 337.5 -3425 37.98 -1.612
238.09 - 240.96 8.812 3425 -3475 40.65 -1.890
240.96 - 243.90 7.472 3475 -3525 43.13 -1.219
243.90 - 246.91 3.909 3525 -3575 47.17 -1.921
246.91 - 250.00 2.753 3575 -3625 48.33 -1.095
250.00 - 253.17 2.007 362.5 -367.5 51.66 -1.322
253.17 - 256.41 1.973 367.5 -372.5 53.15 -1.102
256.41 - 259.74 2.111 3725 -3775 55.08 -0.806
259.74 - 263.16 2.357 3775 -3825 56.44 -0.867
263.16 - 266.67 2.698 3825 -3875 57.57 -0.945
266.67 - 270.27 3.247 3875 -3925 59.27 -0.923
270.27 - 273.97 3.785 3925 -397.5 58.45 -0.738
397.5 -402.5 60.21 -0.599
4025 -407.5 57.81 -0.545
4075 -4125 59.99 -1.129
4125 -417.5 56.51 0.001
4175 -4225 58.12 -1.208

* The quantitya is the temperature coefficient ofas defined in the equation
o(t) =o(0°) +a.t, wheret 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. [114] 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 piiNitBe 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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Table 14. Quantum Yields for NGPhotolysis

A, nm (0] A, Nm 0}
< 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 + hv -~ NO + O2 (P1)
NO3 + hv - NO2 + O (P2)

The absorption cross sections of the nitrate free radicad, N&e been studied by (1) Johnston and Graham
[142], (2) Graham and Johnston [109], (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 N@ 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, (2.08 0.25)x10-17 crf, 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 (11), 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 yield®1 and®2 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 vabyet ®2 , computed from the results of this latter study
and the cross sections of Graham and Johnston [109], is above uiitg@b0 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
nm.

Johnston et al.[140] have recently re-analyzed the available laboratory data relevagiptooht@ysis,
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 + Op) = 0.0201 &L

J(NO2 + 0) = 0.156 &

Wavelength-specific quantum yields over the temperature range 190-298 K may be found in the tabulation by
Johnston et al.

The spectroscopy of N§$has been reviewed by Wayne et al. [326]. The reader is referred to this work for 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 \@ 298 K

A 10205 A 10205 A 10205
(nm) (cm?) (nm) (cm?) (nm) (cm?)

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 1110
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 - N2 + O(lD)

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 O 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 greahd O@D) (Zelikoff and Aschenbrand [343],

Paraskevopoulos and Cvetanovic [240], Preston and Barr [244], Simonaitis et al. [285]). The yiék) ahbl(

NO(ZI'I) is less than 1% (Greenblatt and Ravishankara [112]).
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Table 16. Mathematical Expression for Absorption Cross Sections
of N2O as a Function of Temperature

4 3
Ino(A,T) = nzo Apn AN + (T-300) expg]zo Bnh AM

Where T: temperature K;

AQ = 68.21023

A1 = -4.071805
Ao = 4.301146 x 1@
A3 = -1.777846 x 1¢

A4 = 2.520672 x 10

B2

B3

.onm;

123.4014

-2.116255
1.111572 x 1&

-1.881058 x 1®

Range 173 to 240 nm; 194 to 320 K

Table 17. Absorption Cross Sections giNat 298 K

A 1020 A 1020 A 1020
(nm) (cmd (nm) (cmd (nm) (cmd

173 11.3 196 6.82 219 0.115
174 11.9 197 6.10 220 0.0922
175 12.6 198 5.35 221 0.0739
176 13.4 199 4.70 222 0.0588
177 14.0 200 4.09 223 0.0474
178 13.9 201 3.58 224 0.0375
179 14.4 202 3.09 225 0.0303
180 14.6 203 2.67 226 0.0239
181 14.6 204 2.30 227 0.0190
182 14.7 205 1.95 228 0.0151
183 14.6 206 1.65 229 0.0120
184 14.4 207 1.38 230 0.00955
185 14.3 208 1.16 231 0.00760
186 13.6 209 0.980 232 0.00605
187 13.1 210 0.755 233 0.00478
188 12.5 211 0.619 234 0.00360
189 11.7 212 0.518 235 0.00301
190 11.1 213 0.421 236 0.00240
191 10.4 214 0.342 237 0.00191
192 9.75 215 0.276 238 0.00152
193 8.95 216 0.223 239 0.00123
194 8.11 217 0.179 240 0.00101
195 7.57 218 0.142
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N205 + hv - Products

The absorption cross sections of dinitrogen pentoxig@®s\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 nm, 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 harpfligg 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. [116] 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. [116]).

There are several studies on the primary photolysis products@g:NSwanson et al. [297] have measured
the quantum yield for N@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 vyield for
O(3P) production at 290 nm of less than 0.1, and near unity fa: NKOr 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
NO3 production at all these wavelengths. It appears, then, thgis\@oduced with unit quantum yield while the

O-atom, and hence the NO yield, increases at shorter wavelengths, with a consequent decrease yrieide Nie
study of Oh et al. [233] indicates that, besidesgNi®e primary photolysis products are a wavelength-dependent
mixture of NOQ, NO>* and NO + O, where N&F represents one or more excited electronic states, most likely the

2 1 State.

Table 18. Absorption Cross Sections giQg

A 10205 A 10205
(hm) (cmd (nm) (cmd
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 <A <380 nm; 300 K> T > 225 K:
10200 = exp[2.735 + ((4728.5 - 17.123/T)]
whereo is in cmz/molecule;)\ innm; and T in K.
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HONO + hv - 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, BH20, NoO3 and NOy; 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 opNO, NO
H20, and HONO, by measuring total NGNO and NQ@). 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

A 1020 A 1020 A 1020
(hm) (cmd (nm) (cmd (nm) (cmd
310 1.3 339 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 11.1 359 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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The new 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 ~1 for the O €iN@nel 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 nm, and of 0.75 at 248 nm.

Table 20. Absorption Cross Sections and Temperature Coefficients of Maitor

A 10206 103 B A 10206 103 B A 10206 103 B
(nm) (cm?) KD (nm) (cm?) KD (nm) (cm?) KD

190 1360 0 244 2.16 1.75 298 0.316 2.92
192 1225 0 246 2.06 1.61 300 0.263 3.10
194 1095 0 248 2.00 1.44 302 0.208 3.24
196 940 1.70 250 1.97 1.34 304 0.167 3.52
198 770 1.65 252 1.96 1.23 306 0.133 3.77
200 588 1.66 254 1.95 1.18 308 0.105 3.91
202 447 1.69 256 1.95 1.14 310 0.0814 4.23
204 328 1.74 258 1.93 1.12 312 0.0628 4.70
206 231 1.77 260 191 1.14 314 0.0468 5.15
208 156 1.85 262 1.87 1.14 316 0.0362 5.25
210 104 1.97 264 1.83 1.18 318 0.0271 5.74
212 67.5 2.08 266 1.77 1.22 320 0.0197 6.45
214 43.9 2.17 268 1.70 1.25 322 0.0154 6.70
216 29.2 2.17 270 1.62 1.45 324 0.0108 7.16
218 20.0 2.21 272 1.53 1.49 326 0.00820 7.55
220 14.9 2.15 274 1.44 1.56 328 0.00613 8.16
222 11.8 2.06 276 1.33 1.64 330 0.00431 9.75
224 9.61 1.96 278 1.23 1.69 332 0.00319 9.93
226 8.02 1.84 280 1.12 1.78 334 0.00243 9.60
228 6.82 1.78 282 1.01 1.87 336 0.00196 10.5
230 5.75 1.80 284 0.909 1.94 338 0.00142 10.8
232 4.87 1.86 286 0.807 2.04 340 0.00103 11.8
234 4.14 1.90 288 0.709 2.15 342 0.00086 11.8
236 3.36 1.97 290 0.615 2.27 344 0.00069 9.30
238 2.93 1.97 292 0.532 2.38 346 0.00050 12.1
240 2.58 1.97 294 0.453 2.52 348 0.00042 11.9
242 2.34 1.88 296 0.381 2.70 350 0.00042 9.30

o (\, T)=0 (A, 298) exp [BX) (T - 298)]; T in K
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HO2NO2 + hv - Products

There are five studies of the UV spectrum of4gfl@2 vapor: Cox and Patrick [72], Morel et al. [219],
Graham et al. [110], 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 photodisshétation290 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 al. [167] report that photolysis at 248 nm yields one third OHzand NO

and two thirds HO + NOp.

Table 21. Absorption Cross Sections of D> Vapor

A 10204 A 10205
(nm) cmd (nm) cmd
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 (®1q)
CH20 + hv -~ Hp2 + 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‘l). 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 [124], Clark et al. [60],
Tang et al. [301], Moortgat and Warneck [218], and Moortgat et al. [214, 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 gf &hd CO is pressure- and temperature-dependent for wavelengths
longer than about 330 nm (Moortgat et al. [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.
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Table 22. Absorption Cross Sections and Quantum Yields for Photolysisp@® CH

1020 g(cm?) T-Parameters* @1 ®2
A 223 K 293 K A B (H+HCO) (H2+CO)
(nm)

301.25 1.38 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
311.25 0.758 0.931 0.882 2.48 0.739 0.261
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 1.13 1.16 -1.52 0.559 0.423
323.75 0.465 0.473 0.471 0.118 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 1.27 0 0.197

Note: The values are averaged for 2.5 nm intervals centered on the indicated wavelength.
* Cross section for -5 < T < 20C calculated as(T) = A + Bx103 T; T in°C, ando in 1020 cn?.

CH305 + hv — Products
CoH505 + 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

1020 cn2, which is the value we used previously in connection with rate constant recommendations; then, the
average of the recommendations of Wallington et al. and Lightfoot et al. was used to determine the shape of the
CH305 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 secyibig©fowere

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 ®H502), Fenter et al. [89] (8H502), and Roehl et al. [258] are in excellent agreement with

the recommended values.

169



Table 23. Absorption Cross Sections of 404 and GQH502

A 1020¢ (cmz)
(nm) CHO2 CoH502
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

CH300H + hv - Products

Vaghijiani and Ravishankara [310] measured the cross sections3@f@H by monitoring the CEOOH

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 @BOH and measuring its concentration. 3CHOH dissociates upon

light absorption to give CD with unit quantum yield (Vaghjiani and Ravishankara, [311]); these authors also

observed some production of H and O atoms at shorter wavelengths (i.e., 193 nm). Thelen et al. [302] report unit
guantum yield for OH production at 248 and 193 nm, in agreement with the results of Vaghjiani and Ravishankara.

Table 24. Absorption Cross Sections of §0HOH

A 10200 A 10200
(nm) (cm?) (nm) (cn?)
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 atA < 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

McElcheran et al. [187] have reported the spectrum of acetonitrile or methyl cyanigleNCthe first

absorption band appearshat 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.

CH3C(0O)O2NO2 + hv - Products

Absorption spectra of C3C(O)OpNO2 (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
al.[184, 185]. In these studies, PAN was photolyzed at 248 nm, witha® NG products being observed by

laser induced fluorescence at 298 K. Quantum yields o#0.89 were obtained for the G8(0)Op + NOp channel
and 0.30.1 for the CHC(O)O + NG channel.
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Table 25. Absorption Cross Sections of PAN

A 1020 5(298K) 1098 A 1020 5(298K) 1098
(nm) 2 1 (nm) 2 1
(cm”) (K™) (cm®) (K™
196 430 2.02 274 2.4 5.55
198 400 173 276 2.1 5.76
200 360 1.36 278 17 5.08
202 320 1.07 280 15 6.20
204 290 0.86 282 1.2 6.43
206 260 0.75 284 1.0 6.67
208 230 071 286 0.81 6.90
210 200 0.75 288 0.65 715
212 170 0.84 290 0.54 7.39
214 140 0.97 292 0.45 7.63
216 120 112 294 0.37 7.86
218 100 1.29 296 0.30 8.08
220 90 1.47 298 0.24 8.27
222 78 1.64 300 0.19 8.44
224 68 1.81 302 0.15 8.61
226 59 1.08 304 0.12 8.76
228 52 214 306 0.10 8.87
230 46 2.30 308 0.082 9.01
232 40 2.46 310 0.067 913
234 35 2.63 312 0.054 9.3
236 31 2.80 314 0.046 9.46
238 28 2.96 316 0.036 9.57
240 24 311 318 0.030 9.75
242 21 3.25 320 0.025 10.0
244 19 3.39 322 0.020 10.2
246 17 3.52 324 0.017 10.4
248 15 3.64 326 0.014 106
250 13 3.76 328 0.012 107
252 11 3.87 330 0.011 10.9
254 10 3.08 332 0.0086 11.2
256 8.9 4.10 334 0.0068 115
258 7 4.23 336 0.0061 11.7
260 6.8 4.38 338 0.0053 11.9
262 6.0 4.53 340 0.0050 12.2
264 52 4.68 342 0.0036 12.4
266 45 4.82 344 0.0024 125
268 3.9 4.97 346 0.0023
270 3.4 514 348 0.0025
272 2.9 5.34 350 0.0016

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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Clo +hv - CI + CI

The recommended absorption cross sections are taken from the work of Maric et al. [175]; 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 al. [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 0p Cl

A 1020, 298K A 10206, 298K
(nm) (cm?) (nm) (cn?)
260 0.20 370 8.4
270 0.82 380 5.0
280 2.6 390 2.9
290 6.2 400 18
300 11.9 410 13
310 18.5 420 0.96
320 237 430 0.73
330 255 440 0.54
340 235 450 0.38
350 18.8 460 0.26
360 13.2 470 0.16

o= 10204 05273 exp [-99.0x (In %)2] +0.932 exp [-91.5 (In 40?‘ 5%

wherea = tanh (402.7/T)A in nm, and T in K; 300 K> T > 195 K.

ClO+hv -~ ClIl+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, (1) 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 nm. The peak cross section at the top of the continuum id-8. pabed 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 (Trolier
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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Figure 3. Absorption Spectrum of CIO
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CIOO + hv - CIO + O

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. [183]
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
Mauldin et al.

Table 27. Absorption Cross Sections of CIOO

A 10206 A 10206
(nm) (cm?) (nm) (cm?)
220 611 252 2630
222 670 254 2370
224 747 256 2120
226 951 258 1890
228 1100 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

OCIO + 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 cﬁ11) 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 + @ 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, 25] measured the quantum yield for this process to be@I® 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 thfn 5x10
This conclusion is supported by photofragment studies of Davis and Lee [82], who report Cl 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

1029 g(cm?)

A(nm) 204 K 296 K 378 K
475.53 - 13 -
461.15 17 17 16
446.41 94 69 57
432.81 220 166 134
420.58 393 304 250
408.83 578 479 378
397.76 821 670 547
387.37 1046 844 698
377.44 1212 992 808
368.30 1365 1136 920
359.73 1454 1219 984
351.30 1531 1275 989
343.44 1507 1230 938
336.08 1441 1139 864
329.22 1243 974 746
322.78 1009 791 628
317.21 771 618 516
311.53 542 435 390
305.99 393 312 291
300.87 256 219 216
296.42 190 160 167
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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Figure 4. Absorption Spectrum of OCIO

177



ClO3+ hv - Products

The previous recommendation for absorption cross sections was based on the work of Goodeve and Richardson
[107]. Lopez and Sicre [166] have shown that the spectrum reported by Goodeve and Richardson is most likely that
of CloOg. Thermochemical estimates by Colussi et al. [64] further corroborate this assignment. No

recommendation is given at present for the £¢€bss sections.

Grothe and Willner (1994; 1995) have reported UV and IR spectra gf @@fped in a neon matrix. By
monitoring the amount of CIO formed as a photolysis product, they estimated UV absorption cross sections of the

order of 2x10M° cm? around 400-450 nm.

Cl20 + hv - Products

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 [163] 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 toih@.052%ising
a broadband photolysis source extending from 180 nm to beyond 400 nm. The main photolysis products are Cl and
CIO. Using a molecular beam technique, Nelson et al. [224] found Cl + 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 sta@ dieCimplication 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 0pQl

A 10204 A 10204

(nm) cmd (nm) cmd

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 1.11
300 71.0 460 0.63
310 40.3 480 0.32
320 19.5 500 0.22
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CloOCI + hv - CI + CIOO

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 al.[243], and Burkholder et al. [3&hd3®&0 —
200nm 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[28o(cm2)] = -0.01915 A(nm) + 7.589. Foh > 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 suciba£Bland CpO3.

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 a&0OCThe 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 Cl and CIOO. Molina et al. [211] measured the quantpforyibis
channel to be unity at 308 nm, with no CIO detectable as a product, with an experimental uncerpahgbiout
+ 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 photolysi9@bHit shorter wavelengths. For atmospheric

photodissociation calculations the recommended quantum yield value is based on the work of Molina et al. [211],
i.e., a quantum yield of unity for the Cl + CIOO channel.
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Table 30. Absorption Cross Sections of CIOOCI at 200-250 K

A(m) 1% cemd)  A(mm) 1F0%cem?) A (m) 1F%(cm?d) A (mm) 10%(cmd)

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 1.1
198 413.0 264 344.6 330 16.7 396 1.0
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 11.5 408 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 87.1 362 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
240 600.3 306 541 372 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 19 448 0.10
252 580.1 318 28.0 384 1.7 450 0.09
254 544.5 320 25.6 386 1.6

Cl203 + hv - Products

The absorption cross sections 0pGR have been measured by Hayman and Cox [118], Burkholder et al.
[35], and Harwood et al. [117]. The results from these studies are significantly different in the spectral regions below
240 nm and in the long-wavelength tail beyond 300 nm. Table 31 lists the recommended values. These are derived
by averaging the spectra of Burkholder 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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Table 31. Absorption Cross Sections 0pQ3

Am) 1206 end) A (nm) 10296 (P

220 1200 275 1470
225 1130 280 1240
230 1060 285 990
235 1010 290 760
240 1020 295 560
245 1120 300 400
250 1270 305 290
255 1450 310 210
260 1610 315 160
265 1680 320 140
270 1630

Cl204 + hv - Products

The absorption cross sections 0pGh have been measured by Lopez and Sicre [165]; their results are given
in Table 32.

Table 32. Absorption Cross Sections 0pG4

A (nm) 1029 g(cm?) A (nm) 1029 g(cm?)
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

Cl20g + hv - Products

The absorption cross sections fopQ§ are listed in Table 33 and are taken from the work of Lopez and Sicre
[166]. These authors show that the spectrum originally attributed tg I6§l@oodeve and Richardson [107] was
most likely that of C)Og. 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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Table 33. Absorption Cross Sections 0pQg

A 10206 A 10206
(nm) (cm?) (nm) (cm?)
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 af\ < 170 nm, so that photodissociation of HF should be unimportant in the stratosphere.
HClI + hv -~ H + ClI

The absorption cross sections of HCI, listed in Table 34, are taken from the work of Inn [134].

Table 34. Absorption Cross Sections of HCI Vapor

A 10200 A 10200
(nm) (cm?) (nm) (cm?)
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 + CI

The absorption cross sections of HOCI vapor have been measured by several groups. Molina and Molina
[201] and Knauth et al. [150] produced this species using equilibrium mixtures witha@d BO; 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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The recent results by Burkholder [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 presgnce of Cl
and CpO. 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

A 10200 A 10200 A 10206
(nm) (cm?) (nm) (cm?) (nm) (cm?)
200 7.1 262 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 3.1
214 6.6 276 4.9 336 2.7
216 7.5 278 4.8 338 2.5
218 8.4 280 4.7 340 2.4
220 9.7 282 4.8 342 2.1
222 10.9 284 4.8 344 1.8
224 12.2 286 4.9 346 1.8
226 13.5 288 5.1 348 1.7
228 15.0 290 5.3 350 15
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 6.1 364 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 11.8 320 4.9 380 0.8
260 10.5
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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

2 10200 : 10200 g 10200
(nm)

(nm) (nm)
(sz) (sz) (sz)

180 52.4 236 3.09 292 11.9
182 51.7 238 2.76 294 7.11
184 50.7 240 2.25 296 9.15
186 49.4 242 2.08 298 22.0
188 47.5 244 1.74 300 15.6
190 45.1 246 1.65 302 25.4
192 42.7 248 1.41 304 8.85
194 40.0 250 1.54 306 11.8
196 37.3 252 1.25 308 32.2
198 33.8 254 1.23 310 15.5
200 30.5 256 1.36 312 31.6
202 27.7 258 1.58 314 12.3
204 24.8 260 1.30 316 11.0
206 22.2 262 1.64 318 25.5
208 19.9 264 2.03 320 15.2
210 17.6 266 1.96 32.3 40.2
212 15.8 268 2.10 324 17.8
214 13.9 270 2.81 326 12.1
216 12.3 272 4.47 328 9.39
218 10.7 274 3.97 330 12.9
220 9.35 276 4.24 332 13.0
222 8.32 278 3.41 334 19.3
224 7.22 280 8.26 336 13.1
226 6.30 282 7.58 338 8.96
228 5.44 284 7.26 340 5.65
230 4.68 286 5.17 342 3.81
232 4.10 288 10.4 344 2.68
234 3.52 290 17.0 346 1.96

348 1.48

350 1.18

CINO + hv - Cl + NO

Nitrosyl chloride has a continuous absorption extending beyond 650 nm. There is good agreement between
the work of Martin and Gareis [180] for the 240 to 420 nm wavelength region, of Ballash and Armstrong [14] for the
185 to 540 nm region, of lllies 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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The quantum yield for the primary photolytic process has been reviewed by Calvert and Pitts [47]. It is unity
over the entire visible and near-ultraviolet bands.

Table 37. Absorption Cross Sections of CINO

A 1020¢g A 1020 A 1020 A 10205
(nm) (cm?) (nm) (cm?) (nm) (cm? (nm) (cm?

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 27.4 308 111 385 7.82
198 6310 254 23.7 310 11.5 390 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, CiN@ave been measured between 230 and 330 nm by
Martin and Gareis [180], between 185 and 400 nm by lllies 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 vyield for
production of chlorine atoms; they also report a negligible quantum yield for the production of oxygen atoms.
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Table 38. Absorption Cross Sections of CINO

A 10204 A 10204
(nm) (cm?) (nm) (cm?)
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

A 10205 A 10205
(nm) (cm? (nm) (cm?
235 215.0 320 80.3
240 176.0 325 75.4
245 137.0 330 58.7
250 106.0 335 57.7
255 65.0 340 43.7
260 64.6 345 35.7
265 69.3 350 26.9
270 90.3 355 22.9
275 110.0 360 16.1
280 132.0 365 11.3
285 144.0 370 9.0
290 144.0 375 6.9
295 142.0 380 4.1
300 129.0 385 3.3
305 114.0 390 2.2
310 105.0 395 15
315 98.1 400 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 Cl + N@ 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 Cl-atom production of less than
4%. Marinelli and Johnston [178] report a quantum yield foggéduction at 249 nm between 0.45 and 0.85,
with a most likely value of 0.55; they monitored j®y 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 0.9t 0.1 for Cl-atom production and ~0.1 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 Cl ang B©the photolysis products at 254 nm, with a
guantum yield of unity within experimental error. In contrast, Nikolaisen et al. [228] report relative branching ratios
of 0.44 for production of CIO and NCand 0.56 for production of Cl and @t 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 of Cl 3 (¢9) and CIO + NQ (¢p) are given at

the bottom of Table 40 and are based on the work of Nelson et al. [225], Moore et al. [213], Nickolaisen et al.
[228], and Ravishankara [248]. For wavelengths shorter than 308 nm the veluis &.6, and forp it is 0.4.

For longer wavelengthg, increases linearly to 0.9 at 350 nm, with the corresponding decregs&i®.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 excitgd NO

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
guenched under atmospheric conditions (a situation analogous to tha®df @ldditional work is needed to address

these issues, which have potentially important atmospheric consequences.
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Table 40. Absorption Cross Sections of CIGNO

A 102050 296) Al A2 A 10205(A,296) A1l A2
(nm) (cm?) (nm) (cm?)
196 310 9.90 (-5)  -8.38 (-6) 316  1.07 5.07(-3)  1.56 (-5)
198 294 6.72(-5)  -8.03 (-6) 318 0947  524(-3) 1.69(-5)
200 282 -5.34 (-6) -7.64 (-6) 320 0.831  540(-3) 1.84(-5)
202 277 -1.19 (-4)  -7.45 (-6) 322 0731  555(-3)  2.00(-5)
204 280 -2.60 (-4)  -7.50 (-6) 324 0.647  568(-3) 2.18(-5)
206 288 -4.12 (-4)  -7.73(-6) 326 0578  580(-3) 2.36(-5)
208 300 -5.62 (-4) -8.05 (-6) 328 0518  5.88(-3) 2.54(-5)
210 314 -6.96 (-4) -8.41 (-6) 330 0466  592(-3) 2.70(-5)
212 329 -8.04 (-4) -8.75(-6) 332 0420 592(-3) 2.84(-5)
214 339 -8.74 (-4)  -9.04 (-6) 334 0382  588(3) 2.96(-5)
216 345 -9.03 (-4)  -9.24 (-6) 33 0.351  5.80(-3) 3.05(-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  551(-3) 3.11(-5)
222 314 -7.31(-4) -9.34 (-6) 342 0282  532(-3) 3.08(-5)
224 291 -6.04 (-4)  -9.24 (-6) 344 0264  507(3) 2.96(-5)
226 264 453 (-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(-3) 1.50(-5)
236 138 3.72(-4)  -6.52 (-6) 356 0.205  3.15(-3) 1.27(-5)
238 120 491(-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  81.2 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 1.10 (-3)  -5.93 (-6) 372 0151  1.07(-3) -1.07 (-5)
254 453 1.22 (-3)  -5.33(-6) 374 0144  860(-4) -1.33(-5)
256  41.0 1.33(-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  501(4) -1.74(-5)
260 33.8 1.53(-3) -3.79 (-6) 380 0.121  353(4) -1.91(5)
262  30.6 1.62(-3) -3.37(-6) 382  0.115  254(4) -2.05(-5)
264 27.8 1.70 (-3)  -2.94 (-6) 384  0.108  2.25(-4) -2.11(-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)
270 205 1.94 (-3)  -1.50 (-6) 390 0.0909  4.10 (-4) -2.05 (-5)
272 185 2.02(-3)  -1.01(-6) 392 0.0849  5.04(-4) -2.02(-5)
274  16.6 211(-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  13.3 229 (-3) 6.72(-7) 398 0.0710  1.14(-3) -1.61 (-5)
280 11.9 2.38(-3) 1.21(-6) 400 0.0638  1.38(-3) -1.42 (-5)
282 105 2.47(-3)  1.72(-6) 402 0.0599  1.63(-3) -1.20 (-5)
284  9.35 256 (-3)  2.21(-6) 404 0.0568  1.96 (-3) -8.97 (-6)
286 8.26 2.66 (-3)  2.68(-6) 406 0.0513  2.36 (-3) -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  456(-3) 1.60 (-5)

Continued on next page
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Table 40. (Continued)

A 102060 296) Al A2 A 10205(A,296) Al A2

(nm) (cm?d) (nm) (cm?d)

296 4.09 3.25(-3) 5.13(-6) 416 0.0356 5.22(-3)  2.28 (-5)
298 3.57 3.45(-3)  6.23(-6) 418 0.0317 5.96 (-3)  3.07 (-5)
300 3.13 3.64(-3) 7.36(-6) 420 0.0316 6.70 (-3)  3.87 (-5)
302 2.74 3.83(-3) 8.38(-6) 422 0.0275 7.30(-3)  4.58 (-5)
304 2.39 4.01(-3)  9.30 (-6) 424 0.0242 7.82(-3) 5.22(-5)
306 2.09 4.18(-3)  1.02(-5) 426 0.0222 8.41(-3)  5.95 (-5)
308 1.83 436 (-3) 1.11(-5) 428 0.0207 9.11(-3)  6.79 (-5)
310 1.60 453(-3)  1.20(-5) 430 0.0189 9.72(-3)  7.52(-5)
312 1.40 4.71(-3)  1.30(-5) 432 0.0188 9.96 (-:3)  7.81(-5)
314 1.22 4.89(-3)  1.42(-5)

o\, T)=0 (A, 296) [L + Ay (T - 296) + A (T - 296]; T in K

Quantum yields:CIONO2 + v - CI + N3

@1 =0.6 & <308 nm)
¢ = 7.143x10° A (nm) - 1.60 (308 nm & < 364 nm)
@1 =1.0 A > 364 nm)

CIONO2 +hv - CIO + NO
@=1-¢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 assénransition involving excitation to a
repulsive electronic state (antibonding in C-Cl), 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 cag€lfoICGEER, and

CClg. These studies, which have been reviewed in CODATA [62], 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: CHGIF by Hubrich et al. [128]; CCl; CHCI3, CH2Cl2, CH2CIF, CF3CH2CI, and CHCH2CI
by Hubrich and Stuhl [127]; CHgl CHFCb, CoHCI3, and GH3CI3 by Robbins [256]; CHCIl2 and CHCS by
Vanlaethem-Meuree et al. [314]; CHEl, CCIRCH2CI, and CBCH2CI by Green and Wayne [111]; and gBt2
and CBreCF3 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:
CHCI3, CH2Cl2, CHFCh, and CBCI by Simon et al. [283]. Orkin and Kasimovskaya [236] have measured cross

sections at 295 K for CHBr, CHFBrCR, CHpBrCF3, and CHCIBrCB 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 GFg 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.

CClg4 + hv - Products
CCIl3F (CFC-11) + v - Products
CClgoF2 (CFC-12) + v - Products

Tables 41, 42, and 43 list the present recommendations for the cross sectiong G@$H and CCpF2,

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 [111], as well as those referred
to in earlier evaluations (CODATA [62]). Absorption cross sections for 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 offh@n@CCpFo 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 gCl

A 1020 A 1020¢g
(nm) cm? (nm) cmd)
174 995 218 21.8
176 1007 220 17.0

178 976 222 13.0
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 0.784
198 66.0 242 0.579
200 64.8 244 0.414
202 62.2 246 0.314
204 60.4 248 0.240
206 56.5 250 0.183
208 52.0 255 0.0661
210 46.6 260 0.0253
212 39.7 265 0.0126
214 33.3 270 0.0061
216 27.2 275 0.0024
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Table 42. Absorption Cross Sections of Kl

A 10206 A 10206
(nm) (cm?) (nm) (cm?)
170 316 208 21.2
172 319 210 154
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 = 0298 exp[1.0x10%(\-184.9)(T-298)]
Whereo2g9g = cross section at 298 K
A nm
T : temperature, K

Table 43. Absorption Cross Sections of gl

A 10206 A 10206
(nm) (sz) (nm) (sz)
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
192 445 225 0.022
194 30.6 230 0.0055
196 20.8 235 0.0016
198 13.2 240 0.00029

OT = 029gexp[4.1x10%(\-184.9)(T-298)]
Whereo2g9g = cross section at 298 K
A oonm
T : temperature, K
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CF2CICFCly (CFC-113) + v — Products
CF2CICF2Cl (CFC-114) + v - Products
CF3CF2Cl (CFC-115) + v — 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 valugterGTEhat are about 50%

higher. Also, for this species the temperature dependency is unimportant in the wavelength range of interest.

Table 44. Absorption Cross Sections forgCFCFClp, CHCICF2Cl and CBCFoCI

1020 g(cm?)

A CF2CICFClp CRoCICFCI CF3CFoCl
(nm) 295 K 210 K 295 K 210 K 295 K
172 69 69 5.65
174 55 55 4.05
176 43 43 2.85
178 34 34 2.05
180 26 26 1.45
182 19.8 19.8 1.05
184 118 118 15.0 15.0 0.75
186 104 104 11.0 11.0 0.53
188 83.5 83.5 7.80 7.72 0.38
190 64.5 64.5 5.35 5.03 0.27
192 48.8 48.8 3.70 3.28 0.19
194 36.0 36.0 2.56 2.13 0.13
196 26.0 24.3 1.75 1.39 0.090
198 18.3 15.9 1.20 0.88 0.063
200 12.5 10.1 0.80 0.55 0.044
202 8.60 6.54 0.54 0.34 0.031
204 5.80 4.09 0.37 0.22 0.021
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 0.031
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
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CCl20 + hv - Products, CCIFO + v - Products, and CPO + hv - Products

The recommended absorption cross sections are listed in Table 45, as averages over tHeirBeovals
commonly employed for atmospheric modeling (the wavelength given in the table is the center of the interval). The
values for CGO 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 Noélle 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 witlfOCEor CBO the cross section values are taken
from Molina and Molina [204] between 184 and 199 nm, and from Nélle 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 @Olis 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 C§O spectrum is highly structured.Nnevertheless, its photodissociation quantum vyield is also taken as

unity, as reported by Nolle et al. [232]. The self-reaction of the CFO photodissociation product regenefates CF
and hence the apparent quantum vyield is less than unity.

Table 45. Absorption Cross Sections of @@ CCIFO and CpO at 298 K

1029g(cm?)

(nAm) CCI20 CCIFO CR0
184.4 234 - -

186.0 186 15.6 5.5
187.8 146 14.0 4.8
189.6 116 13.4 4.2
191.4 90.3 12.9 3.7
193.2 715 12.7 3.1
195.1 52.4 12.5 2.6
197.0 39.3 12.4 2.1
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
211.6 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
2235 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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CF30H + hv - Products

An upper limit of 1021 cm2 has been determined experimentally by Molina and Molina [207] for the
absorption cross sections of €PH in the 190 - 300 nm wavelength range. This upper limit is in agreement with

estimates based on similarities betwee@H and CHOH, as well as with quantum chemistry calculations, as
reported by Schneider et al. [275].

CH3Cl + 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 $CH

1029 g(cm?)

(n)‘m) 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 1.09 1.09 1.09
204 0.691 0.691 0.691
206 0.483 0.475 0.469
208 0.321 0.301 0.286
210 0.206 0.189 0.172
212 0.132 0.121 0.102
214 0.088 0.074 0.059
216 0.060 0.048 0.033

CH3CCl3 + 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 takel
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 §THCI3

1020 o(cmz)
(n>r\n) 295 K 250 K 210K
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) + v - Products

The absorption cross sections of CHE([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 CHiSIFather unimportant throughout the

atmosphere: reaction with OH radicals is the dominant destruction process.

Table 48. Absorption Cross Sections of CHEIF

1029% (cm?)

A (nm) 295 K 270 K 250 K 230 K 210K
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 1.91 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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CH3CF2CIl (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.

CF3CHCIl2 (HCFC-123) + v - 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. Th
guantum yield for the dissociation to give Cl atoms is expected to be unity.

CH3CFCl2 (HCFC-141b) + v - 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.

CF3CF2CHCI2 (HCFC-225ca) + v - 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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Table 49. Absorption Cross Sections of Hydrochlorofluoroethanes at 298 K

1020 g(cm?) at 298 K

A CH3CFCh CH3CFoClI CF3CHClp 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 0.18
200 16.4 0.14 11.9 0.13
202 11.1 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 1.3 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 of3CIF2CHCI2 and CBCICF2CHFCI

1020 o(cmz)

A CF3CF2CHCI2 CF2CICF2CHFCI
(nm) (225ca) (225cb)
160 269 188
165 197 145
170 183 91
175 191 47
180 177 21
185 129 9.1
190 74 3.5
195 37 1.4
200 16 0.63
205 6.9 0.33
210 2.9 0.25
215 1.2
220 0.46
225 0.17
230 0.065
235 0.025
239 0.011
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CH30CI + hv - Products

The absorption cross sections of §tMCI 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 -l

A 10200 A 10200 A 10200
(nm) (sz) (nm) (sz) (nm) (cm2)
230 14.9 290 1.32 350 0.662
232 15.4 292 1.34 352 0.611
234 15.7 294 1.35 354 0.574
236 15.9 296 1.37 356 0.529
238 15.8 298 1.40 358 0.482
240 15.5 300 1.43 360 0.445
242 14.9 302 1.45 362 0.411
244 14.2 304 1.47 364 0.389
246 13.2 306 1.48 366 0.356
248 12.2 308 1.49 368 0.331
250 11.1 310 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
260 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 3.16 328 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 1.09 394 0.13
276 1.83 336 1.04
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 + O

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 progressior-iiXthe A
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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The earlier BrO cross section measurements were carried out mostly around 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

1029 g(cm?)
v,V A 298 K 223 K
(nm)

13,0 3135 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 3335 1210 1470
7,0 338.3 1550 1950
6,0 343.7 935 1110
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 3745 90 96

Spectral resolution is 0.4 nm, fwhm.

Table 53. Absorption Cross Sections of BrO

A 1020 6(cm?)
(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 - Products

The absorption spectrum of HOBr has been measured by Orlando and Burkholder [237], Deters et al. [84],
Benter et al. [20], and Rattigan et al. [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 abov
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 &b initio calculations by Francisco et al. [91]. The differences in the spectral shapes are
probably attributable to impurities such agBrand Bp. 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

Am) 1206 en®y A M 1205cnd) A M 1205 (end

240 6.7 330 11 420 1.3
245 5.2 335 11.5 425 1.1
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 11.8 405 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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BrONO2 + 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 nm. 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 + NG and BrO + N@ channels were measured using broadband photolysis in qua2G0(nm) and

pyrex A>300 nm) reaction cells with the assumption that these were the only reaction pathways. The quantum
yields weredgro+N0O2= 0.71 andbPgr+NO3= 0.29.

Table 55. Absorption Cross Sections of BrONO

A 10204 A 10204 A 10204
(nm) (cm?) (nm) (cm?) (nm) (cm?)
200 530 305 15 410 1.6
205 440 310 13 415 1.4
210 340 315 12 420 1.3
215 290 320 10 425 1.3
220 260 325 9.3 430 1.2
225 240 330 8.4 435 1.1
230 210 335 7.8 440 1.1
235 180 340 7.2 445 1.0
240 140 345 6.8 450 0.91
245 100 350 6.3 455 0.80
250 75 355 5.8 460 0.70
255 55 360 5.4 465 0.59
260 42 365 4.9 470 0.49
265 35 370 4.4 475 0.38
270 31 375 3.9 480 0.29
275 28 380 3.4 485 0.22
280 26 385 3.0 490 0.14
285 24 390 2.6 495 0.086
290 22 395 2.2 500 0.041
295 20 400 2.0
300 17 405 1.7
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BrCl + hv -~ Br + ClI

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 BrCl at 298K

A 20 A 20

10" o 100 o
(nm) (sz) (nm) (sz)
200 2.4 390 34.7
210 4.0 400 28.2
220 5.4 410 21.9
230 6.0 420 16.9
240 5.1 430 14.2
250 3.7 440 12.4
260 2.5 450 11.1
270 1.5 460 9.6
280 1.2 470 8.0
290 0.63 480 6.8
300 0.61 490 5.0
310 1.2 500 3.8
320 2.8 510 3.1
330 7.4 520 2.3
340 14.2 530 1.5
350 22.9 540 0.96
360 33.3 550 0.76
370 38.7 560 0.31
380 38.5
227 620 372 570 442 4r20H
o=10" 0 0 0 ag
H g g ] g 8 ] H
[B818.87] . .
where 0 = tanh T T O Ain nm and Tin K; 200nm <A < 600nm; 300K > T > 195K.
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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 4B

A 10206 A 10206
(nm) (cm?) (nm) (cm?)
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 1.8
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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CHBr3 + hv - Products

The absorption cross sections have been measured by Gillotay et al. [99] in the wavelength range from 190 to
310 nm, 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
CHBr3 on the cell windows complicate the measurements. Hence, additional investigations of the spectra would be

useful.

Table 58. Absorption Cross Sections of CgBat 296 K

A 10205 A 10205 A 1020

(nm) (cm?) (nm) (cm?) (nm) (cm)
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 0.00054
238 295 296 1.28 354 0.00046
240 273 298 0.951 356 0.00032
242 253 300 0.719 358 0.00024
244 234 302 0.530 360 0.00017
246 214 304 0.394 362 0.00013

o(A,T) = exp [(0.06183 - 0.000240) (273 - T) - (2.376 + 0.1479V)]
Anm; T: K; o: cm?
290 nm <0 <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 1 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 bromofluoromethanes, 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 nm, at 295 K; their results agree with the recommendation.

CF2Br2 (Halon-1202) + tv - 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 nm at 295 K; their
results agree with the recommended values.

The quantum yield for the dissociation of #8f2 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 [323] that the quantum
yield at 265 nm decreases from unity when the system pressure is raised to 50 tgrr €irki® and
Kasimovskaya [236] measured the cross sections in the wavelength range 190-320 nm, at 295 K; their results agree
with the recommendation.

CF2BrCF 2Br (Halon-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 [236] 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 ofgCiBr, CFBrp, CF3Br, and CBBrCFoBr at 298 K

1020 o(cmz)

(n)\m) CFoCIBr CFoBro2 CF3Br CFoBrCFoBr

(1211) (1202) (1301) (2402)
190 47 114 6.4 109
192 58 109 7.5 114
194 70 100 8.5 119
196 83 91 9.5 122
198 96 82 10.4 124
200 112 75 11.2 124
202 118 72 11.8 124
204 121 74 12.2 120
206 122 81 12.4 117
208 121 93 12.4 112
210 117 110 12.0 106
212 112 136 11.4 100
214 106 155 10.7 92
216 98 180 9.8 85
218 90 203 8.8 77
220 81 224 7.7 69
222 72 242 6.7 61
224 64 251 5.7 54
226 56 253 4.7 47
228 49 250 3.8 40
230 42 241 3.1 35
232 36 227 2.4 29
234 31 209 1.9 24
236 26 189 1.4 20
238 22 168 1.1 16
240 18 147 0.81 13
242 15 126 0.59 11
244 12 106 0.43 8.4
246 10 88 0.31 6.7
248 8.0 73 0.22 5.2
250 6.5 59 0.16 4.1
252 5.1 47 0.11 3.1
254 4.0 37 0.076 2.3
256 3.2 29 0.053 1.8
258 2.4 23 0.037 1.3
260 1.9 18 0.026 0.95
262 1.4 13 0.018 0.71
264 1.1 10 0.012 0.53
266 0.84 7.6 0.009 0.39
268 0.63 5.7 0.006 0.28
270 0.48 4.2 0.21
272 0.36 3.1 0.16

Continued on next page. . .
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Table 59. (Continued)

1020 g(cm?)

( nAm) CFoCIBr CFoBrp CF3Br CFoBICRoBr

(1211) (1202) (1301) (2402)
274 0.27 22 0.11
276 0.20 16 0.082
278 0.15 1.2 0.060
280 0.1 0.89 0.044
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 0.050
300 0.036

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 1 nm intervals. Molina et al. [208],
Giolando et al. [106], and Orkin and Kasimovskaya 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 of 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.

CF3l + hv - CF3 + 1

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. Walters 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 Walters et al.; however, at the longer
wavelengths and lower temperatures (253 K) the disagreement is larger.
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Table 60. Absorption Cross Sections ofsC&t 298 K and temperature coefficient B*

A 10205(298) Bx103 A 10205(298) Bx103
N S N B )
240 13.7 0.582 294 16.3 3.565
242 16.6 0.466 296 13.4 3.978
244 20.1 0.344 208 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 o (A, T) =a(A,298) exp [BRA) (T-298)]; T in K
300 K>T>210K

SO2 + hv - Products

The UV absorption spectrum of S@ 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 photochemistpyhaisI@en 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 ob@Ppears 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 df1&@att and Lane
[171] have recently compiled and evaluated the earlier cross section measurements between 106 and 403 nm.
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CSp+hv - CS + S

The C$ 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 Csin the atmosphere has been discussed by Wine et al. [327], who report that
electronically excited CSmay react with @ to yield eventually OCS.

OCS + v -~ 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, excapt 280 nm, where the cross section values
reported by Rudolph and Inn [264] are significantly larger than those reported by Molina et al. [199]. 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 1 nm intervals, between 185 and 300 nm.)

Rudolph and Inn [264] reported a quantum yield for photodissociation of 0.72, based on measurements of the
guantum vyield for CO production in the 220-254 nm range. Additional measurements would be useful.

Table 61. Absorption Cross Sections of OCS

A 1020%(cm?) A 1020%(cm?)
(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
195.1 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
203.1 6.12 6.17 254.6 0.674 0.353
205.1 8.19 8.27 258.1 0.361 0.178
207.3 10.8 10.9 261.4 0.193 0.0900
209.4 14.1 14.2 264.9 0.0941 0.0419
211.6 17.6 17.6 268.5 0.0486 0.0199
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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SFg + hv - Products

The species §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.

NaCl + hv -~ Na + CI

There are several studies of the UV absorption spectra of NaCl 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. [281], who measured spectra of gas phase NaCl at room
temperature in the range from ~190 to 360 nm by directly monitoring the product Na atoms.

Table 62. Absorption Cross Sections of NaCl Vapor at 300 K

A(nm) 1% (cm?)
189.7 612
193.4 556
203.1 148
205.3 90.6
205.9 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
guantitative 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 | - polar stratospheric clouds (PSCs), nominally composed of nitric acid
trinydrate (HNQ3 « 3H20); 2) crystals of relatively pure water ice, designated as Type Il PSCs because they form at
lower temperatures than Type | and are believed to be nucleated by Type | (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 pero&@y-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 ternanyS@4/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 | PSCs (Worsnop et al. [180]; Fox et al. [44]) and that mixtures of solid nitric acid hydrates and sulfuric acid
tetrahydrate (SAT) (Molina et al. [122]; Zhang et al. [188]) and/or a more complex sulfuric acid/nitric acid hydrate
(Fox et al. [44]) may also be key to understanding Type | 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 al. [116]), so studies of stratospheric trace species interacting with solid NaCl 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 $83) and similar metal oxide particles (Zolensky et al. [189]) 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 surface 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 Hl@re 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 accommaodation 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 KSOy/H20 ratio for sulfate aerosol or the HN®I20 ratio for Type | PSC) the dependence of these

parameters on surface composition is reviewed where sufficient data are available. Furthermore, data are also

220



compiled for liquid water for several reasons. First, this surface is one asymptote p8HHO aerosol con-

tinuum; second, the interactions of some trace species with liquid water and water ice (Type Il PSC) surfaces are
often similar; and third, the uptake of some trace species by water surfaces in the troposphere can play a key role in
understanding their tropospheric chemical lifetimes and, thus, the fraction that may be transported into the
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 + £t€&¢@on on sulfuric acid
aerosols) or the gas/condensed phase partitioning of a heterogeneous reaction product (e.gz, firenddlBy the

reaction of NOsg 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
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Parameter Definitions

Mass accommodation coefficients)( represent the probability of reversible uptake of a gaseous species
colliding with the condensed surface of interdstr 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., HCp® nHH*(aq) + Ct (aq)), and
absorption followed by a reversible chemical reaction with a condensed phase substituentye.d¢ipQ0, Ht +
HSO3- or CHO + HoO « CHp(OH)p).

The term "sticking coefficient" is often used for 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. [174Henry's law constants relate the equilibrium concentration of a species in
the gas phase to the concentration of the same species in a liguid phase, and they have, in this report, units of M
atntl. 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 or3ANSD 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 probabilitieg)are kinetic values for generally irreversible reactive uptake of trace gas
species on condensed surfac8sich 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 exgmgéaN been shown to
react with sulfuric acid aerosol surfaces. However, if th8®#/H20 ratio is too high, the product HNvill be

insoluble, and a large fraction will be expelled back into the gas phase. Surface reaction probabilities for
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 symbwl In those cases where surface and/or bulk reaction dominate the uptake, the total

uptake coefficient¥ota) and reactive uptake coefficieiy,) 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¥gkn andYse| as [99]:

1 1 1
= = +
a +
ytotal ysol Yrxn
where
, = _AHRT D/ ?
<l a2 & 0t0
and
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4HRT

12
Vixn = "5 (Dkryn)

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, andc is the mean trace gas molecular speed. In the limit of low solubility or long exposubgdime
becomes negligible and:

1 1 1

a
ytotal Yrxn

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 Mgggdiaccurs in parallel, rather
than in series with mass accommodation, thus:

-1

[ U

y =y + [—ll + _ U
total surf o Vg Y Yo B

Examples where this more complex situation holds for liquid surfaces can be found in Hu et al. [78] and Jayne et
al.[88]. In such casegmay be significantly larger tham.

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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Table 63.

Mass Accommodation Coefficientsa)

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) a Factor Notes
@] Sulfuric Acid HSOy « nHO(1)
(97 wt.% HSOy) 298 See Note 1
O3 Water Ice H20(s) 195-262 >0.04 2
Liquid Water H20(l) 292 >2 x 103% 3
Nitric Acid Ice HNO3 * 3HO(s) 195 25 164% 2
Sulfuric Acid
H2S0O4 ¢ nH2O(1) 195 4
(50 wt.% HSOy) 196 See Note 4
(97 wt.% HSOy) See Note
OH Water Ice H20(s) 205-253 >0.1 5
Liquid Water H20(1) 275 >4 x 103 6
Sulfuric Acid
H * nH2O(!
2504 = nH0() 275 >0.07 7
(28 wt.% HSOy) 298 s 7
(97 wt.% HSCOy) >5 x 104
Alumina 253-348 8
HO2 Liquid Water H20(1) 275 > 0.02 9
Aqueous Salts NH4HSQ4(aq) 293 > 0.2 9
: . and LING3(aq)
Sodium Chloride NaCl(s) 295 2 x 102 10
Potassium Chloride KCI(s) 295 2 x 102 10
H20 Water Ice H20(s) 200 0.5 11
Liquid Nitric Acid HNO3+nH20(l) 278 >0.3 12
Nitric Acid Ice HNO3* 3HO(s) 197 See Note 13
Sulfuric Acid
H2SOy » nH2O
, 298 > 2 x 103% 14
Sodium Chloride (96 wt.% HSOy) ~298 See Note
“agll(s) ~299 >05 15
Carbon/Soot : C?(S)(aQ) ~298 >4 x 104 16
H202 Liquid Water H20(l) 273 0.18* 18
Sulfuric Acid H2SO4 « nH2O(l)
0 298 > 8 x 104t 19
(96 wt.% HSOy) X
NO Water Ice H20(s) 195 See Note 20
Sulfuric Acid H2S0O4 » NH2O See Note
193-243 See Note 21
70 wt.% HSO
(70 wt.% HSOy) 298 See Note 21

(97 Wt.% HSOy)
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Table 63. (Continued)

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) a Factor Notes
NO2 Water Ice HO(s) 195 See Note 22
HONO Water Ice H20(s) 180-200 510 x 103 23
HNO3 Water Ice H20(s) 200 0.3 3 24
Liquid Water H20(l) 268 0.2* 2 25
Nitric Acid Ice 191-200 0.4 2 26
At . HNO3 ¢ 3H2O
Liquid Nitic Acid 23+ 1201 278 0.6 2 27
Sulfuric Acid 3+ nH0()
H2SO4 « nH20(1) 191-200 >0.3 28
(57.7 wt.% BSQy) 283 0.1 2 28
(73 Wt.% HSOy) 230 >2 x 103 28
(75 Wt.% H,SOy) 295 >2.4 x 103 28
(97 wt.% HSOy)
Sulfuric Acid H2SOy 4 HpO(s) ~192 >0.02* 28
Tetrahydrate
HO2NO2 Water Ice H20(s) a200 0.1% 3 29
Sulfuric Acid H2S0y4 » nHYO(l)
NH3 Liquid Water H20(l) ~295 0.06* 3 31
CO2 Liquid Water H20(1) 293 See Note 32
CH30H Liquid Water BO(l) 260-291  0.12-0.02* 2 33
CH3CH20H  Liquid Water BO(l) 260-291  0.13-0.02* 2 34
CH3CH2CH20H Liquid Water BO(l) 260-291  0.08-0.02* 2 35
CH3CH(OH)CHg Liquid Water BO(l) 260-291  0.10-0.02* 2 35
HOCHeCH20H Liquid Water BO(l) 260-291  0.13-0.04* 2 36
CH20 Liquid Water H2O(1) 260-270  0.04 3 37
Sulfuric Acid H2S04 * nH2O() 235-300 0.04 3 37
CH302 Sodium Chloride = NaCl(s) 296 >4 x 103 38
CH3CHO Liquid Water BO(l) 267 >0.03* 39
CH3C(O)CHg Liquid Water HO(l) 260-285  0.07-0.01* 2 40
HC(O)OH Liquid Water BO(l) 260-291  0.10-0.02* 2 41
CH3C(O)OH  Liquid Water HO(l) 260-291  0.15-0.03* 2 42
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Table 63. (Continued)

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) a Factor Notes
Clo Water Ice HO(s) 200 See Note 43
OCIO Water Ice H20(s) 100,189, See Note 44
200
HCI Water Ice H20(s) 191-211 0.3 3 45
Liquid Water H20() 274 0.2* 2 46
Nitric Acid Ice . 191-211 0.3 3 47
Sulfuric Acid g - 30 283 0.15* 2 48
2504 * nH20()) 218 >0.005*
(n=8, <40 wt.% HSOy)
(n<8, >40 wt.% BSOy) (No data - all measurements
limited by HCI solubility)
Sulfuric Acid H2SOy ¢ 4HpO(s) 192-201 See Note 49
Tetrahydrate
CCIO Liquid Water HO(l) 260-290 See Note 50
CCizcclo Liquid Water HO() 260-290 See Note 50
HBr Water Ice H20(s) 200 > 0.2 51
Nitric Acid Ice HNO3 « 3H2O(s) 200 > 0.3 51
HOBr Sulfuric Acid H>SOy in H20(1) -228 >0.05% 52
(58 wt. % HSOg)
CHBr3 Water Ice H20(1) 220 See Note 53
Sulfuric Acid H2S04 » nHYO(l)
0 220 >3 x 103F 53
(97 wt.% HSOy) X
HF Water Ice H20(s) 200 See Note 54
Nitric Acid Ice HNO3 * 3HO(s) 200 See Note 54
CRO Water Ice H20(s) 192 See Note 55
Liquid Water H20() 260-290  See Note 50
Nitric Amd Ice HNO3 * 3HO(s) 192 See Note 55
Sulfuric Acid 215-230
H2SOy « nH2O(1) >3 x 1064 55
(40 wt.% HSOy) 6 x 105¢ 55
(60 Wt.% HSOy) X
CRCFO Liquid Water HO(l) 260-290 See Note 50
CF3COOH Liguid Water HO(l) 263-288  0.2-0.1* 2 56
CR3CCIO Liquid Water HO(l) 260-290 See Note 50
SO Liguid Water H20(l) 260-292 0.11 2 57
Sulfuric Acid H2SO4 « nH2O(l)
298 See Note 58
97 wt.% HSO
Carbon/Soot ( SO 298 3x 103 5 59

C(s)
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Table 63. (Continued)

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) a Factor Notes
CH3S(O)CH3  Liquid Water HO(l) 262-281  0.16-0.08* 2 60
CH3S(Op)CH3  Liquid Water BO() 262-281  0.27-0.08* 2 60
CH3S(Op)OH  Liquid Water BO(l) 264-278  0.17-0.11* 2 60

*Varies with T, see Notes
tMay be affected by surface saturation

1.

Notes to Table 63

O on SOy * nHYO - 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.

O3 on HpO(s) and HN@ « nH2O - Undoped ice surfaces saturate too quickly for reliable measurements. When
ice is doped with NzSOg to chemically remove absorbedg@e apparent increases to 1 x 18 (0.1M) or
up to 4 x 162 (1M) (Dlugokencky and Ravishankara [34]). Limit gf< 106 for undoped ice is consistent

with earlier measurement by Leu [103]«if x 104 and with < 6 x 10 obtained by Kenner et al. [93].
Dlugokencky and Ravishankara also measured the tabulated value of an uptake coefficignhfarNAT

“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% 1 NAT at 183 K, but this measurement is
also certainly limited by surface saturation.

O3 on HO(l) - Utter et al. [165] used a wetted wall flow tube technique with various chemical scavengers to
measure a lower limit fan of 2 x 103. The stopped flow measurement technique using a™0avenger

I(Tang and Lee [157]) is subject to saturation effects, so their quaté8.3 x 104 is also taken as a lower

imit.

03 on HSO4 * nH2O - Recent flow tube measurements (Dlugokencky and Ravishankara [34]) of an uptake
coefficient limit of <106 on both 50 and 97 wt. %4304 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 orde} di0less for a variety of sulfuric acid
concentrations and temperatures. In these earlier experiments, dopingBewith Ni2+, Cr2+, Al3+,

Fe3+and NH* (Olszyna et al. [129]) or AlD3 or FexO3 (Harker and Ho [75]) did not significantly increase

measured @loss. A lower limit of 1 x 1® was also reported by Baldwin and Golden [8] for 97 wt 8664

at 295 K. All measurements are subject to solubility limitations and probably do not reflect true limits on
mass accommodation.

OH on BO(s) - Cooper and Abbatt[27] analyzed uptake rates in a wall-coated flow tube to determine an initial

y ~ 0.1 over the temperature range of 205 - 230 K. Uptake coefficients decreased at longer exposure times,
indicating surface saturation. These data indicatentligat least 0.1 and possibly much larger. This is
confirmed by an earlier experiment using a coated insert/flow tube technique by Gerhenzon et al. [50], which
yieldeda > 0.4 at 253 K.

OH on BO(l) - see Note for H@ on HO(l). The OH and HQ measurements of Hanson et al. [60] are
subject to same analysis issues.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

OH on BSOgenH20 - See Note for H®on H20(l) for measurement (28 wt.%304) by Hanson et al.
[60] and Note for O on p50O4 for measurement (97 wt. %p80Oy4) by Baldwin and Golden [9].

OH on AbO3(s) - Measured value is from flow tube experiment with native oxide on aluminum as the active

surface. An uptake coefficient of 0t40.2 independent of temperature over the range of 253-348 K was
measured (Gershenzon et al. [50]).

HO2 on HO(l) - Determination ofx in liquid-wall flow tube (Hanson et al. [60]) is dependent on gas-phase
diffusion corrections; measured limit £0.02) is consistent with = 1. In the aqueous salt aerosol
measurements of Mozurkewich et al. [125], 4M2as chemically scavenged by €u from added CuSgto
avoid Henry’s law constraints; the measured limit of >0.2 is also consistert with

HOp on NaCl(s) and KCI(s) - Measured valueyef1.8 x 102 for KCl and 1.6 x 1 for NaCl, both at 295

K by Gersherzon et al.[52] supplementing an earlier valye &fx 103 measured by Gersherzon and Purmal
[51], results have not been calibrated with a competitive technique.

H>O on HO(s) - Measurements are available from Leu [104] giving 0.3 (+0.7, -0.1) at 200 K and Haynes et

al. [76] (1.06% 0.1 to 0.65 0.08) from 20 to 185 K. Brown et al.[18] used molecular beam reflection
techniques to measure a valuenof 0.99+ 0.03 between 85 and 150 K and optical interference methods to
obtaina = 0.97+ 0.10 between 97 and 145 K.

HpO on HNQ/H20() - Rudolf and Wagner[147] used aerosol expansion chamber techniques to illustrate that
on liquid water/nitric acid aerosotsis greater than 0.3 and is consistent with 1.0 at 278 K.

HpO on HNQenH20(s) - Middlebrook et al. [118] measured an uptake coefficient of .002 for water vapor co-
depositing with nitric acid over NAT at 197 K.

H>O on SOy » nH2O - Baldwin and Golden [8] measured2 x 103: which is almost certainly affected by
surface saturation. See Note 15 faQ4 on H)SO4 » nH2O.

HpO on NaCl(s) - Fenter et al.[40] used Knudsen cell/mass spectrometry methods to meé’sm’eodffor
H20(g) uptake on NaCl powders, an observation confirmed by Beichert and Finlayson-Pitts[13], who found

<1 x 10°. However, Dai et al.[28] used FTIR spectroscopy on NaCl 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 (< 19&) cause H

dissociation. It is likely that the measurements of Fenter et al. and Beichert and Finlayson-Pitts were affected
by surface saturation.

H>O on NaCl(aq) - Fung et al.[46] used Mie resonance scattering techniques to quantify aqueous NaCl droplet
growth (5.8 to 7.&um), yielding fitted values oft > 0.5 and consistent with 1.0.

HpO on C(s) - Rogaski et al.[142] used initial Knudsen cell uptake measurements to estim{dte2) x

104 for HO vapor on amorphous carbon at 298 K. Pretreatment of the carbon surface with ggseous O
NO2, and S@ made little change in. However, pretreatment with HNand HhSOQq increased uptake

coefficients dramatically to (141) x 103 and (27+1) x 103, respectively.

H>O2 on HO(l) - Measured accommodation coefficient (Worsnop et al. [181]) has a strong negative temper-
ature dependence over the measured range of 260-292 Ky with3 at 260 K decreasing to 0.1 at 292 K.

HpO2 on HpSO4enH20 - Knudsen cell uptake measurements are subject to surface saturation, thus uptake

coefficient value of 7.8 x I8 quoted by Baldwin and Golden [8] is almost certainly a lower limitfofhis
effect is probably also responsible for the lack of measured up,ta:kléf@) for NO, NOp, SOp, Clo, and
other species reported in this reference and Baldwin and Golden [9].
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

NO on BO(s) - NO data (Leu [103], Saastad et al. [148]) subject to same concerng.aS&Notdor
NO2 on HO(s).

NO on BHSOgenH20 - See Notes for 02 on HSO4 » NHPSO4 and NOQ on HpSOy  nH2O. NO is
subject to the same concerns aspNi@ both reported measurements (Saastad et al. [148]; Baldwin and Golden

[8))-

NOp on HO(s) - In the absence of a chemical sink, Leu [103] measured no sustained uptalgeoof itk

yielding an apparent <1 x 104. Saastad et al. [148] measured a lower limit of 5% f6r temperatures
between 193 and 243 K. However these values are probably influenced by surface saturation.

HONO on HO(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 1-33Hlggests that equals or exceeds
this value.

HNO3 on HO(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 HO(l) - Measuredr has a strong negative temperature dependence varying from 0.09 at 268

K to 0.07+ 0.02 at 293 K (Van Doren et al. [167Ponche et al. [132] measured an accommodation
coefficient of 0.05t 0.01 at 297 K.

HNGQO3 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. [118] measured an uptake coefficient of 0.7 on NAT at 197
K under conditions where both nitric acid and water vapor were co-depositing.

HNO3 on HNG3 * nHpO(l) - Rudolf and Wagner used aerosol expansion chamber techniques to deduce that
for HNO3 on 278 K BHO/HNO3 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.

HNQO3 on HpSOg.nH20 and HSO4 « 4HpO(s) - Initial uptake at 73 wt. %3$0y allows a measurement of

a =0.11+ 0.01 at 283 K (Van Doren et al. [167]). This value is expected to increase at lower temperatures,
in a manner similar to $0O(1) uptake (Van Doren et al. [166]). Total HjQiptake 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. [161] for 75 wiS04hat 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 x46n 97 wt. % BSO at 295 K, also reflecting

solubility limits. Iraci et al. [83] monitored nitric acid trihydrate growth on sulfuric acid tetrahydrate with
infrared techniques, measuring HyOptake coefficient limits of >0.03 at 192.5 K and >0.08 at 192 K. These

measurements involved co-deposition of water vapor.

HO)NO2 on HO(s) - Li et al. [106] measured an uptake coefficient of @130; uptake may be limited by
surface saturation.

HOXNO2 on HpSO4enHO(l) - Baldwin and Golden measurge 2.7 x 102 which is probably solubility
limited; see Note 15 for $02 on HpSO4  nH20.

NHgz on HpO(l) - Ponche et al. [132] used a droplet train technique to obtaif9.7+0.9) x 102 at 290 K,

and Bongartz et al.[16] used a liquid jet technique to olotairt.0 (+3.0, - 0.05) x 18. Earlier levitated
droplet evaporation experiments [158] on A% obtained a larger evaporation coefficientiof 0.29+0.03,

which is discounted because of the indirect nature of the experiment.
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32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

CO on HO(I) - Noyes et al.[128] used a dynamic stirring technique to monitor pressure decreases in a closed

cylinder. They inferredt = (5.5:0.5) x 10 8 at 293 K. This technique is uncalibrated against more widely
used procedures and probably suffers from surface saturation effects. Measyseabably many orders of
magnitude too small.

CH30H on HO(l) - Jayne et al. [86] measured uptake from 260-291 K and derived accommodation coefficients
fitting a/(1-a) = exp(AGiobg{RT), WhereAG¢0b5= -8.0 kcal/mol + 34.9 cal mdl K—1 T(K).

CH3CH20H on HO(l) - Jayne et al. [86] measured uptake from 260-291 K and derived accommodation

coefficients fittinga/(1-0) = exp(AGTobdRT), whereAGHgps= -11.0 kcal/mol + 46.2 cal midi K-1 T(K).
Similar, but somewhat larger values were reported for chloro-, bromo-, and iodo-ethanols.

CH3CH2CH20OH and CHCH(OH)CH3 on HO(l) - Jayne et al. [86] measured uptake coefficients between

260 and 291 K and derived accommodation coefficients fittifira) = exp (AGiobgRT), whereAGiobS:

- 9.2 kcal mot® + 40.9 cal moft K1 T(K) for 1-propanol and -9.1 kcal mél+ 43.0 cal moft K-1 T(K) for
2-propanol. Similar data for t-butanol were also reported.

HOCHCH20H on HO(]) - Jayne et al. [86] measured uptake coefficients for ethylene gycol between 260 and
291 K and derived accommodation coefficients fittr(lL-a) = exp(AGiobS{RT), whereAGiobs=

- 5.3 kcal motl + 24.5 cal moil K1 T(K).

CHO + HpO(l), H2 SO4 * mHNO3 * nH2O(l) - Jayne et al.[88] report uptake measurements for O - 85 wt %
H2SO4 and 0 - 54 wt% HN@ over a temperature range of 241 - 300 K. Measured uptake coefficients vary

from 0.0027 - 0.027, increasing withtHctivity (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 tofG{@HJp

and CH0.* Model of uptake kinetics (Jayne et al., [88]) consistent with0.04+ 0.01 for all

compositions. A chemisorbed surface complex dominates uptake at 10 - 20 3804, ldnd CHO*
formation dominates above 20 wt % (Tolbert et al., [94/1564]; Jayne et al.[88]). These chemical mechanisms

allow y to greatly exceed for 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].
CH3O2 + NaCl(s) - Gershenzon et al.[52] measured the uptake gbgldn crystalline NaCl(s) in a central

rod flow apparatus. They determined a valug of(4 +1) x 103 at 296 K, suggesting that>4 x
103.

CH3CHO on BO(l) - Jayne et al. [87#heasured 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)CHg on HpO(l) - Duan et al. [36] measured uptake between 260 and 285 K, dexiwrj066 at the
lower temperature and 0.013 at the higher, with several values measured in between. Measured values fit
a/(1-a) = exp(AGiobgRT), WhereAGiobS= -12.7 kcal/mol + 53.6 cal mdi K-1 T(K).

HC(O)OH on HO(l) - Jayne et al. [86] measured uptake coefficients for formic acid between 260 and 291 K
and derived accommodation coefficients fittan§l-o) = exp(AGiobgRT), whereAGiobs: -7.9 kcal mott
+34.9 cal mott K-1 T(K).

CHRC(O)OH on BO(l) - Jayne et al. [86] measured uptake coefficients for acetic acid between 260 and
291 K and derived an accommodation coefficient fittrd.-a) = exp(AGiobgRT), whereAG*obS:
- 8.1 kcal motl + 34.9 cal moit K1 T(K).
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43.

44,

45.

46.

47.

48.

49.

50.

51.

Cb on HO(s) - Measurement of Leu [104] yielded a limit of <1 XA for Clp and is subject to same concern

as NO (see note 18). A similar limit of <5 x has been measured by Kenner et al. [93], which is also
probably limited by surface saturation.

OCIO + BO(s) - Brown et al.[19] and Graham et al.[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
(UVH) and 189 and 200 K (flow tube). No kinetic data are available at stratospheric temperatures but the mass
accommodation coefficient for 100 K ice surfaces is near unity, with values 50@8&eported for

amorphous ice and 0#®.2 for crystalline ice [56].

HCIl on BO(s) - Leu [104] (0.4; +0.6, -0.2) and Hanson and Ravishankara,o&6D(3) are in reasonable

agreement at stratospheric ice temperatukdare recently, a great deal of experimental effort (Abbatt et al. [4],
Koehler et al. [98], Chu et al. [25], Graham and Roberts [54], Graham and Roberts[55]; Rieley et al.[136]) has
gone into understanding the uptake of HCI by ice surfaces. Rieley et al. measu€e@5:0.05 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
HCl 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.

HCIl on BO(1) - Recommendation is based on Van Doren et al. [166]. Meassrddcrease from 0.18

+0.02 at 274 K to 0.0640.01 at 294 K, demonstrating a strong negative temperature dependence. Tang and
Munkelwitz [158] have measured a larger (0t054) HCI evaporation coefficient for an aqueous4SH

droplet at 299 K.

HCl on HNQ « nH2O - There was previously severe disagreement between Hanson and Ravishankara [66]
(0=0.3) for NAT (54 wt. % HNG@), and Leu and coworkers (Moore et al. [123], Leu et al. [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 $0.2). The measurements of Hanson and Ravishankara are
consistent wittt = 1. The experiments at stratospherically representative HCI| concentrations show that
HNO3 rich NAT surfaces adsorb significantly less HCI thgrOHich surfaces.

HCI on BSOgenH20 - Measurements by Watson et al. [174] at 284 K shewn0.150.01 independent of n
for n= 8. Experimental uptake and, therefore, appaxéatls off for n<8 (=40 wt. % HSOQ4). 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 SOy « 4H20O(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 $O(l) - Uptake is limited by Henry's law solubility and hydrolysis rate constants (De Bruyn
et al. and George et al. [47, 49]. See Table 60.

HBr on BO(s) and HN@ ¢ 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
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52.

53.

54.

55.

56.

57.

58.

59.

60.

Hanson and Ravishankara. Rieley et al. measuredofri.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.

HOBr on BSOy * nH2O(l) - Abbatt [1] measured an uptake coefficient of GtQ&02) by measuring HOBr
gas phase loss at 228 K. This result may well be a lower limit due to surface saturation effects.

CHB3 on HO(s) and BSO4°nH20(l) - 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°. Reversible uptake by the sulfuric acid surface was observed with an initial uptake coefficient of
>3 x 103; both measurements are probably limited by surface saturation.

HF on BO(s) and HN@ « nH2O(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.

CPO on HO(s), HNG3 » nH2O and SOy « nH2O - 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@Bepaﬂed
for water and nitric acid ices.

CRCOOH on BO(l) - 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 valeesffabout 0.1 at 273 K.

SO on HO(1) - Measured: of 0.11+ 0.02 has no significant temperature variation over a temperature range

of 260 - 292 K (Worsnop et al. [181]). Ponche et al. [132] measured+t@I3 at 298 K, in agreement

with the earlier measurement. Shimono and Koda[151] estimaieaBd.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 SO

surface species which was predicted from earlier uptake measurements by Jayne et al.[85]; this surface complex
may play a role in S@heterogeneous reactions on aqueous surfaces.

SO on HpSOq * nH20O. See Note for pO2 on HSO4 ¢ nH20.

SO on C(s) - Initial and longer-term uptake Knudsen cell values of Rogaski et al. yyetd8@l) x 103
for room temperature amorphous carbon, suggesting x 103 since no reaction products were observable
with gas phase mass spectrometry.

CH3S(O)CH, CH3S(Q)CH3 and CHS(0Op)OH on HO(I) - De Bruyn et al. [32] measured uptake over
the temperature range ~262-281 K and derived accommodation coefficients dfitt{dg a) =

exp(-AGiobs(RT), WhereAG-JFobS: - 0.12 kcal motl + 23.1 cal moil K-1 T(K) for dimethylsulfoxide,

-10.7 kcal motl + 43.0 cal mott K1 T(K) for dimethylsulfone and -3.50 kcal mél+ 16.7 cal mott K1
T(K) for methanesulfonic acid.
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Table 64. Gas/Surface Reaction Probabilities Y]
Gaseous Surface Surface Uncertainty
Species Type Composition T(K) y Factor Notes
O3 + Surface- Products
O3 Alumina Al203(s) 210-300 See Note 1
Carbon/Soot C(s) =300 3 x 103 20 2
Sodium Chloride NaCl(s) =300 >2 x 1510 1
OH + Surface- Products
OH Water Ice H20(s) 205-230 >0.01 3
Hydrochloric Acid HCI « nH2O(l) 220 >0.2 4
Nitric Acid Ice 200-228 >0.2 5
HNO3 ¢ 3HzO(s
Sulfuric Acid HoS - .« nH O( I) 200-298 >0.2 6
Sodium Chloride NZC?4 20() 245339 ;54105 3 7
cElE) exp 1750/T
HO2 + Surface- Products
Water Ice H20(s) 223 0.025 3 8
Sulfuric Acid H2S04 « nBO(l) 8
0 275 0.07
(28 wt %)
2NO2 + H2O(l) -~ HONO + HNG3
NO2 Liquid Water H20(1) See Note 9
Sulfuric Acid H2SO4 ¢ nH2O See Note 10
NO2 + C(s)- Products
NO2 Carbon/Soot C(s) See Note 11
2NO2 + NaCl(s)-» CINO + NaNQg
NO2 Sodium Chloride NacCl(s) 298 See Note 12
NO3 + H2O(l) - HNO3 + OH
NO3 Liquid Water H20(l) 273 2 x 104 20 13
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Table 64. Continued

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) y Factor Notes
N205 + H2O - 2HNO3
N20s5 Water Ice H2O(s) 195-200 0.01 3 14
Liquid Water H20(l) 260-295  0.05* 2 15
Nitric Acid Ice 200 4 3 16
. . HNO3 * 3H20(s) 3x10
Sulfuric Acid H2SOy » nHpO(l) 195-300 <1 See Note 17
Sulfuric Acid 200-300  see Note 3 18
Monohydrate H2SO4 « H20(s)
Sulfuric Acid 195-207  0.006 2 19
Tetrahydrate H2S0Oy ¢ 4H20(S)
Ternary Acid 195-218  See Note 17
H2SO4 ¢ NHNO3 *
nH20(1)
N20s5 + HCI(s) - CINO2 + HNO3
N205 Water Ice H20(s) * HCI(s) 190-220  0.03 See Note 20
Nitric Acid Ice HNO3 e+ 3HpO(s)» 200 0.003 2 21
HCI(s)
Sulfuric Acid 195 4 22
H2SOy4 » HoO(s <1x10
Monohydrate 2504+ H20(s)
N205 + NaCl(s)—» CINO2 + NaNQOg3(s)
N205 Sodium Chloride NacCl(s) -300 5x 104 20 23
NaCl(aq) >0.02 23
N20s5 + HBr(s) - BrNO2 + HNO3
N20g5 Nitric Acid Ice HNQOg3 ¢ 3H20(s) 200 0.005 10 24
N20s5 + MBr(s) - Products
N205 Sodium Bromide NaBr(s) ~300 See Note 25
Potassium Bromide KBr(S) ~300 4x 103 10 25
HONO + HO - Products
HONO Liquid Water H20(l) 247-297  0.04 5 26
HONO + HpSO4 — Products
HONO Sulfuric Acid H2SO«(l) 180-200  See Note 27
HONO + HCI - CINO + HO
HONO Water Ice H20(s) 180-200 0.05 3 28
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Table 64. Continued

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) y Factor Notes
HONO + NaCl- Products
HONO Sodium Chloride NaCl(s) ~300 <1 x 104 29
HNO3 + C(s) —» Products
HNO3 Carbon/Soot C(s) 190-440 0.04 5 30
HNO3 + NaX(s) » HX + NaNO3
HNO3 Sodium Chloride NacCl(s) 295-298 0.02 3 31
Sodium Bromide NaBr(s) ~290 0.02 10 31
Potassium Chloride KCI(s) ~290 0.02 10 31
Potassium Bromide KBr(s) ~290 0.02 10 31
NH3 + HoSOq - NHgHSO4
NH3 Sulfuric Acid H2S04 « nBO 288-300 0.4 2.5 3
2
CH3C(0)Op + HoO - CH3C(O)OH + HOQ
CH3C(0O)Op Liquid Water H20(l) 225 4x103 3 33
Sulfuric Acid H2S04 » NHPO 33
(84 Wt % HSO1) 3‘2‘2 3x 103 g
(51wt% HpSQg)  5gg 1x 103 3
(71 wt % HSOy) 1x 103
Cl + Surface- Products
Cl Sulfuric Acid HoSOy » nH2O(1) 221-296 2 x 104 10 34
Cl2 + HBr(s) - BrCl + HCI
Clo Water Ice ¢ HBr(s) HO(s) 200 >0.2 35
Clo + KBr(s) —» BrClI + KCI(s)
Clo Potassium Bromide KBr(s) ~295 >0.1 36
Cl2 + NaX (ag)—» CIX + NaCl (aq)
Clo Aqueous Sodium NaBr(aq) See Note 37
Bromide
Aqueous Sodium Nal(aq) See Note 37
lodine
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Table 64. Continued

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) y Factor Notes

ClO + Surface- Products

ClO Water Ice H20(s) 190 See Note 38
Nitric Acid Ice HNO3 * 3HO(s) 183 See Note 38
Sulfuric Acid HoSO4 * nH20(I)

(60 to 95 Wt.% HSOy) 221-296 See Note 39

HOCI + HCI(s) - Cl2 + H20

HOCI Water Ice H20(s) * HCI(s) 195-200 0.3 3 40
Nitric Acid Ice HNO33H20(s)*HCl(s) 195-200 0.1 3 40
Sulfuric Acid H2SOgenH20(l) 198-209  See Note 41

CINO + NaCl(s)-» Products

CINO Sodium Chloride NacCl(s) 298 >1 x 10° 42

CINO2 + NaCl(s)» Products

CINO2 Sodium Chloride NacCl(s) 298 <1 x 10° 42

CIONO2 + H20(s) - HOCI + HNO3

CINO2 Water Ice H20(s) 180-200 0.3 3 43
Nitric Acid Ice HNO3 * 3HO(s) 200-202  0.001* 10 44
Sulfur!c Ac!d H2SO4 * nHYO(l) 200-265  See Note 45
Sulfuric Acid HoSO4 » HoO 195 <1 x 103 46
Monodydrate 25Qy * H20(s)
Tetrahydrate H2SO4 « 4H20(s)

CIONO2 + HCI(s) - Cl2 + HNO3

CIONO2 Water Ice H20(s) 180-202 0.3 5 47
Nitric Acid I_ce HNO33H20+HClI 200-202 0.1 3 48
Sulfur!c Ac!d H2SQgenH2O(1)HCI(]) See Note 49
Sulfuric Acid HoSOueH0 195 <1 x 104 50
Monodydrate 25Qs°H20(s)
Sulfuric Acid 195-206 50
Tetrahydrate H2SQy « 4H20(s) See Note
Alumina 180-200 0.3 3 51

Al20O3 i

CIONO2 + MX(s) - XCI + MNO3

CIONO2 Sodium Chloride NacCl(s) 200-300 g5y 102 10 52
Potassium Bromide KBr(s) ~295 5 x 102 10 52
Sodium Bromide NaBr(s) ~295 X 52

See Note
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Table 64. Continued

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) y  Factor Notes
CIONO2 + HBr(s) - BrCl + HNO3
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
CIONO2 Water Ice H20(s) * HF(s) 200 See Note 54
Nitric Acid Ice H20(s)*HNQg(s)*HF(s) 200 See Note 54
CFxCly + Al203(s) — Products
CClg Alumina Al203(s) 120-300 1 x 105 10 55
CFClz Alumina Al203(s) 120-300 5 10 55
CRClo Alumina Al50%(S) 120-300 1*102 10 55
et Alumina Al203(s) 120-300 1x10 10 55
3 223 1x105
BrCl + KBr(s) — Brp + KCI(s)
BrCl Potassium Bromide KBr(s) ~295 >0.1 36
Bro + Nal(ag)—~ Brl + NaBr(aq)
Bro Aqueous Sodium Nal(aq) See Note 37
lodine
2BrO - Bro + Op
BrO Water Ice H20(s) 213 See Note 56
Sulfuric Acid H2S04 » NHPO
. (70 Wt % HpSOy) 213 See Note 56
Aqueous Sodium
Chloride NaCl(aq) 253 See Note 56
(23 wt% NacCl)
HOBr + HCI(s) -~ BrCl + HpO
HOBr Water Ice H20(s) * HBr(s) 228 0.3 3 57
Sulfuric Acid H2S04 » NH2O
: 0 228 0.2 3 57
(60-69 wt% HSOy)
HOBr + HBr(s) - Brz + H2O
HOBr Water Ice H20(s) * HBr(s) 228 0.1 3 58
Sulfuric Acid H2SO4 * nHYO 228 See Note 58
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Table 64. Continued

Gaseous Surface Surface Uncertainty
Species Type Composition T(K) y Factor Notes

BrONO2 + H2O — HOBr + HNO3

BrONOp Water Ice H20(s) 200 >0.3 59
Sulfuric Acid H2S0y » nHO 210-298 0.8 2 60

BrONO2 + HCI - BrCl + HNO3

BrONOo/HCI Water Ice H20(s) 200 See Note 59
Sulfuric Acid H2SO4 * nHYO 229 0.9 2 60

CPBro + Alo0O3(s) - Products
CF2Br2 Alumina Al203 210,315 94105 10 55

CR0OH + HpO - Products

CF30H Water Ice Ho0(l) 274 >0.01 61
Sulfuric Acid H2S04 » NHPO

. 210-250  0.04 3 61

(45 wt 0/" SO 510250  0.01 3 61

(50 wt% HSy) 210-250 0.001 3 61

(50 wt% HSOy)
*y is temperature dependent
Notes to Table 64

1. O3+ AlI203(s) and NacCl(s) - Very low ozone decomposition efficiencies for reaction on coansedia.) and
fine (0.1um dia., partially hydroxylated}alumina and course {8 dia.)a-alumina were measured in

flowing and static systems by Hanning-Lee et al.[57] at temperatures ranging between 212 and 473 K. Based

on measured BET surface aregsranged from 2 x 181 to 4 x 1010 over the 212 to 298 K temperature
range.ys fory-alumina at lower temperatures exceeded those-Bdlumina. Results are roughly consistent
with earlier, unpublished flow tube data from L.F. Keyser and from fluidized bed reactor studies of Alebic'-

Juretic' et al. [7]. Note thgs based on geometic surface particle surface areas would be significaﬁ‘lﬂy (10

107) larger. Alebic'-Juretic' et al. also studied ozone decomposition on small{r)89aCl crystals in
their fluidized bed reactor and observed no effect, indicgtiog O3 decomposition on NaCl(s) is much

smaller than that fom-alumina.

2. 03+ C(s) - Fendel et al. [38] expand on earlier work reported by Fendel and Ott [39] showing large uptake
coefficients for @ on small C(s) particles (<10 - 100 nm) formed from C(g) and added to an atmospheric

pressure flow containing$) Ay of 3.3 x 103 was measured for the lowesg Goncentration (160 ppbv)
studied. Smaller values, ranging down to ~2 1@ere measured for highers@oncentrations. Rogaski et

al. [142] used initial Knudsen cell uptake measurements to yreltl ¢0.5) x 103 for amorphous carbon at
room temperature. Smith et al. [152] report that the ozone/soot reaction is first order in ozone, with CO,
CO, and RO the only stable gaseous products. Stephens et al. [153] measured £@n€Q as

products, with an @produced for each$xeacted; they measured uptake coefficients which varied froPtd0

10 depending on carbon sample arnglédposure. The @IC(s) reaction probability is clearly dependent on
the C(s) surface history.
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11.

OH + HO(s) - Cooper and Abbatt [27] measured initial irreversible OH uptake coefficients of ~ 0.1 for water

ice between 205 - 230 K; these decayeg@=+d.03+0.02 after repeated exposure to OH. Self reaction to form
H20 or HpO2 was indicated by the lack of observable gas phase products despite observation of first order OH

loss.

OH + HCI « nBO(l) - Cooper and Abbatt [27] demonstrated significant enhancement of OH uptake
(toy > 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 hydratediGhs.

OH + HNQ3 * 3H20 - Cooper and Abbatt [27] measured 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
HNO3 + OH - H20 + NOg reaction.

OH + HpSO4 » nH2O - Lower limits of 0.2 for uptake coefficients on 45-65 wt %Sk, between 220 and
230 K and for 96 wt % bSOy at 230 and 298 K by Cooper and Abbatt [27] are consistent with a lower limit
of 0.07 on 28 wt % BISO4 at 275 K in similar experiments by Hanson et al. [60] and a probable surface

saturated value of (4:0.5) x 104 from Knudsen cell measurements by Baldwin and Golden [9] and an
estimate ofy = 1 on ~96 wt % HSOy at 298 K by Gerhenzon et al. [50] using a coated insert flow tube

technique. Uptake is probably reactive with OH + HSQ H20 + SQ;” the hypothesized process.

OH + NacCl(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) yietd&d2+0.7) x 10°
exp[(1750+£200)/T]. Similar data for NpNO3 yieldedy - (1.4+0.5) x 104 exp [(1000£100)]. Since uptake
was irreversible, it is assumed that the loss was self-reaction.

HOp on HpO(s) and BSO4 » nH2O(l) - Uptake of H® on ice and super-cooled 55 wt % sulfuric acid at

223 K has been demonstrated to be limited by ld@face saturation by Cooper and Abbatt [27]. They argue
that self-reaction, presumably 2HQ, H2O2 + Op is limiting measured uptake coefficients of 0.G2Z6005

for ice and 0.05%0.020 for 55 wt % HSO4. However, Gersherzon et al. [52] measwed0.2 for 80 and

96 wt % HSOy at 243 K and Hanson et al. [60] measured a lower limit for 28 wpB4 at 275 K of

0.07. However, large gas phase diffusion corrections mean this value is consistgnt With

NOp + HoO(1) - Value fory of (6.3+ 0.7) x 104 at 273 K (Tang and Lee, [157]) was achieved by chemical
consumption of N@ by SG3=; their stopped-flow measurement was probably still affected by surface

saturation, leading to the measurement of a lower liRdnche et al. [132] measured an uptake coefficient of

1.5 @0.6) x 103 at 298 K, which was also probably subject to saturation limitations. Mertes and

Wahner[115] used a liquid jet technique to measure a lower lingi & x 104 at 278 K, and they observed

partial conversion of the absorbed @ HONO. Msibi et al. [127] used a cylindrical/annular flow reactor to

derive g = (8.7#0.6) x 10° on pH = 7 deionized water surfaces and #®9) x 104 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 witteahnx 103 for 278 - 298 K and a
liquid phase second-order hydrolysis of pito HONO and HN@ which depends on temperature and pH.

However, the interplay between accommodation, possible surface reaction, and bulk reaction may be complex.

NOp + HpSOg°nH20 - Saastad et al. [148] measured a lower limit of 57 i an uptake coefficient on 70
wt % HoSO4 between 193 and 243 K. Baldwin and Golden [8] measured an uptake coefficient limit of <1.0 x

106 on 96 wt. % HSQq. See Note 15 for $O2 on HSOyq « nH2O. Both measurements were probably
limited by surface saturation.

NOp + C(S) - Tabor et al. [156] extended their previously published study (Tabor et al. [155]) to three types of
amorphous carbon particles exposed topN©Oa low pressure Knudsen cell reactor. All three types of C(s)

particles were reported to show initiabalues of (5.11.7), (8.3+2.7), and (5.%1.3) x 10 2, compared
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13.

14.

15.

16.

17.

with (4.8+ 0.6) x 10 2 reported in Tabor et al., all assuming a geometrical surface area for the bulk C(s)
powder. NO was observed as a product from all samples, and some samples evolveg @@d @@nass

spectrometric peak consistent with §l&r N2Os upon thermal desorption. The amount of NO evolved varied
widely with the type of C(s) particle. Co-deposition gitHvapor had no major effect on M@ptake. On

the other hand, room temperature Knudsen cell studies of amorphous carbon by Rogaski et al. report an initial
y of 0.11+0.04, althougly for longer times agrees reasonably well with Tabor et al.[156]. Howd3&02

uptake studies with suspended small aerosol particles of graphitic or amorphous carbon by Kalberer et al. [90]
measured uptake coefficients between #0.39) x 164 and (4.0¢1.0) x 104. NO was determined to be the
principal gaseous product observed in these studies, and first-order absotbezhdtion rates of (4 to 9) x

104 s 1 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.

NO + NaCl(s), NaBr(s) - Vogt and Finlayson-Pitts [170, 172] used diffuse reflectance infrared spectroscopy to
study the reaction of N@with NaCl(s) at 298 K, and Vogt et al.[169] used the same technique to stydy NO
NaBr(s) at 298 K. Both reactions were shown to be approximately second ordey.irAN§lming that

adsorbed §O4 is the reactant leads yo= (1.3+0.6) x 104 for NaCI(s) and 2 (+4, -1.3) x 1for NaBr(s).
Peters and Ewing [131] measured reactive uptake for single-crystal NaCl(100) surfaces and observegf both NO
(c) and CINO products. The valuey@N204) measured by Peters and Ewing at 298 K was onlyH{lL.3 x

10°6. They noted that small amounts of water vapor (9.5 mbar) gdasacrease by two orders of
magnitude.

NO3 + H20(l) - Rudich et al. [145, 146] used wetted-wall flow tube techniques to measure uptake coefficients
for NO3 on pure water and aqueous NaCl, NaBr, Nal, and Nedtlutions. These studies were extended to
other aqueous solutions by Imamura et al.[82]. Uptake on pure water was consistent with reactigtoof NO

produce HN@ and OH. Uptake coefficients with solutions containmgQ@l , Br~, NOp- and other anions
were larger and scaled with anion concentration, indicating electon transfer reactions to progluc& h&y

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 103 quoted by Mihelcic et al. [119]. A detailed analysis of uptake coefficients for KI aqueous
solutions indicated that the N®nass accommodation coefficieist>0.04[146].

NpOsg + HpO(s) - Leu [103] and Hanson and Ravishankara [63] have measured nearly identical values of 0.28

(x0.11) 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 limityfan fresh ice surfaces of 0.03 at 188 K.

NoOs + H2O(l) - 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 0.03®.004 at 282 K. Mozurkewich and Calvert [124] studied
on NH3/H2SOy/H20 aerosols. For their most water-rich aerosols (RH = 76%) they megswed.10

+0.02 at 274 and 0.039.012 at 293 K. George et al. [48] use droplet train/ion chromotography techniques
to measuregs of (3.020.2) x 10 2 (262 K), (2.9+1.2) x 102 (267 K), 2.0£0.2) x 162 (273 K), (1.6+0.8)

x 102 (276 K), and (1.3:0.8) x 102 (277 K). Msibi et al.[126]] measured a smalfeaf 2.5 x 1063 for
water adsorbed on a denuder flow tube well under 66-96% relative humidity conditions at room temperature.

NoOs + HNO3 ¢ 3H20(s) - Hanson and Ravishankara [63] have measure@ 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 18 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 witl0.015 £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.

NoOs + HpSO4 « nH20O(l) - This reaction has been intensively studied between 195 and 296 K for a wide range
of HoSOy 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
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23.

tube studies (Hanson and Ravishankara [66], Zhang et al. [186]), stirred Knudsen cell studies (Williams et al.
[178], Manion et al. [111]) and droplet train studies (Van Doren et al. [166], Robinson et al. [141]). All
studies have yieldegs between ~0.05 and 0.20 with modest dependence on sugfafg Wt % and

temperature. Aerosol flow tube studies at highgD#lexposure and the ternarp&0O4/HNO3/H20 studies of

Zhang et al. both illustrate that significant levels of HN® the HhSO4/H20 solutions will reduce

measurably; this fact explains some of the scatter in aerosol flow tube studies [45, 61, 108]. The effect of 5.0
x 10-7 torr HNOg3 for y (N2Os) as a function of temperature at two water vapor concentrations are plotted in

Zhang et al.; the decreaseyiis greatest at low temperatures, approaching a factor of 2-5 between 200 and 195
K.

Robinson et al. have binned the data believed to be free of suspectepdiiNiOn and surface saturation
effects from the studies cited above into groups with simigg8®4 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 SO concentrations with a reaction rate proportional to water activity, and a proton-catalyzed

reaction with a rate proportional tofHactivity, which dominates at higher acid concentrations. A
parameterized fit for 30 to 80 wt ¥%pB0Oy to the uptake model gives

y = ko + ki/T + ko/T, where k=73 &j (Wt% HpSO4)l, j=0to 3

i=0,j -11.548 0.65252 -0.013183 0.000081293
i=1,j 5521.6 -316.68 6.4268 -0.039527
i=2,] -587410 34601 -712.3 4.3833

NoOs + HpSOy « H2O(s) - Zhang et al. [185] used coated flow tube techniques to measure the uptalg of N
on solid sulfuric acid monohydrate over a temperature range of 200 to 225 K. The measurementyalues of

were significantly higher at 200 K ¢ 1 x 103) than at 225 K\(~104) and were well fit by loy = [4.78 -
0.0386 T(K)]. Acid rich BSO4 « H2O surfaces had a lowgithan water rich surfaces (lg9g= 0.162 - 0.789

x log pH20] wherepH20 is their experimental water vapor partial pressure.

NoOs on HpSO4 « 4HpO(s) - Hanson and Ravishankara [71] studie®§luptake by frozen 57.5 and 60 wt
% HpSOy as a function of temperature and relative humidity. The 57.5 wt % surface was not sensitive to

relative humidity and was slightly more reactiye=(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.

NpOs + HCI on HO(s) - Leu [103] measured= 0.028 £0.011) at 195 K, while Tolbert et al. [162]

measured a lower limit of 1 x 1®at 185 K. These experiments were done at high HCl levels probably
leading to a liquid water/acid surface solution (Abbatt et al. [4]). The reaction probability may be much smaller
on HCI/HxO ice surfaces characteristic of the stratosphere.

N2Os5 + HCI on HNQ » 3HpO(s) - Hanson and Ravishankara [63] measyre®.0032 £30%) near 200 K.

NoOs + HCI on HhSO4 » H2O(s) - Zhang et al. [185] saw no increase ON uptake on sulfuric acid
monohydrate at 195 K upon exposure to HCI, seuingw“.

NoOs + NaCl (s,aq) - Using FTIR analysis, Livingston and Finlayson-Pitts [107] have demonstrated that
N20Os reacts with crystalline NaCl to form NaN@), and they repoxt > 2.5 x 103 at 298 K. However,

Leu et al.[102] used flow tube/mass spectrometric techniques to ghtdirx 164 for dry salt at 223 and
296 K; they also noted that exposing salt surfaces to small amoungOofathor increasedsignificantly.

Fenter et al.[41] measurgd (5.0+0.2) x 104 on fused salt surfaces at room temperature, assuming the
geometrical surface area is the only surface accessed. Msibi et al. [126] measgredeN@sition on an

annular flow reactor to determie= 1 x 103 for salt surfaces between 45 and 96% relative humidity at room
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31.

temperature, rising tp= 1.5 x 162 at 96/97% relative humidity, but they argue that most of the uptake is
due to reaction with p0. On ageous NacCl solutions, Zetzsch, Behnke, and co-workers [11, 12, 182] have

studied the reaction of 05 with aqueous NaCl aerosols in an aerosol chamber. The relative yields agf CINO
and HNQ rise with the NaCl concentration. A reaction probability of ~0.03 is measured with a 50% CINO

yield at the deliquescence point (Zetsch and Behnke). This picture is confirmed by droplet uptake studies on 1
M NacCl 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.

NoOs + HBr on HNQ3 « 3HpO(s) - This reaction, yielding~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.

NoOs + MBFr - Finlayson-Pitts et al. [43] used FTIR techniques to demonstrate thabBxdkpis a major
product of the MOg(g) + NaBr(s) reaction. However, Fenter et al. [41] failed to measure gas phase evolution
of BrNO2 using Knudsen cell/mass spectrometry techniques, detectiig) Brstead. They propose that

BrNO2 reacts with KBr(s) to yield KNE(s) + Br(g). Ay of (4.0+2.0) x 103 at room temperature was
determined for fused KBr surfaces with well-defined surface areas.

HONO + BO(l) - Bongartz et al. [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 yieldeg<0.0895<
while the liquid jet operating with a surface temperature of 297 K obtainedy8.03k5. Mertes and Wahner

used a liquid jet technique to measure 4 x30@y< 4 x 102 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 + BSOg * nH2O(l) - Zhang et al.[187] measured uptake coefficients for HONO on sulfuric acid that
increased from (1.60.1) x 102 for 65.3 wt % HSO4 (214 K) to (9.1+1.6) x 102 for 73 wt % HSO4
(226 K). Fenter and Rossi[42] measured uptake coefficients rising from 1:8 fol85 wt % HS0Oy (220

K) to 3.1 x 101 for 95 wt % HSO4 (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 defisea 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 w8iHconcentration until

~53 wt %, at which point reaction to form nitrosyl sulfuric acid increases H* dramatically&H
concentration increases.

HONO + HCI + BO(s) - Knudsen cell uptake studies for HONO/HCI co-deposited on ice (180-200 K) and for

HONO on 0.1 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
NacCl(s) and Knudsen cell uptake experiments by Fenter and Rossi on room temperature NaCl(s) and frozen 0.1

M NaCl aqueous solutions, all failed to show HONO uptake. The latter resultsyyieldx 104.

HNQO3 + C(s) - Knudsen cell/mass spectrometry measurements by Rogaski et al. yrel@&dt0.8) x 102
on one type of amorphous carbon over a temperature range of 190-440 K. Gas phase N@amndvd@nt
to ~2/3 of the HN@ 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#;Ib@ no reaction was observed on completely dry
NacCl(s); however, NaN@forms in the presence of very low (well below the deliquescence point) levels of
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H20(g). Using XPS spectroscopy to identify surface products and a drglddl®ce, Laux et al. [101]

(also see Vogt et al.) measuned (4+2) x 104 at 298K. Fenter et al. [40] measured the room temperature
uptake of HN@ on solid powders of NaCl, NaBr, KCI, KBr, and Najl@sing Knudsen cell/mass
spectrometry techniques. They saw similar uptake for all surfaces, including unreactive, [datlO
recommend; = (2.8+0.3) x 102 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 al. (see Leu et
al.[102]). Fenter et al. report new HNY@ata to support their argument that "sticky" gases such agHNO

cannot penetrate below the top surface layer of the powders used in their experiments. Leu et al. used flow

tube/mass spectrometry techniques to meagurg1.3+0.4) x 102 at 296 K and/ > 8 x 103 at 223 K,
both in the presence of low levels op®BI(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] measurey = (1.4+0.6) x 102 at 298 K with a Knudsen cell technique, and, usip®D
demonstrated that chemisorbed water, presumably retained on defect sites, was crucial fpiokadion.

This suggests that low levels of defect-retained water are responsible for the small uptake values measured by
Laux et al.

NH3 + HpSO4 » nH2O - Robbins and Cadle [137], Huntzicker et al. [80], McMurry et al. [114], and Daumer
et al. [30] all studied Ngluptake by sulfuric acid aerosols in near room temperature flow reactors (T = 281 -
300 K). Uptake coefficients varied between 0.1 and 0.5. Rubel and Gentry [144] used legR@adakEid
droplets to show that heterogeneous reaction does control the initiphpibke on strong acid solutions.

Both Rubel and Gentry and Daumer et al. also explored the effect of organic surface coatings.

CH3 C(O)Op + H20O(l) and HSOy * nH2O - Villalta et al. [168] used wetted-wall flow tube techniques to
measurey = 4.3 (+ 2.4 /-1.5) x 18 for water at 274 3K. They also measured uptake for 34 wt %58y

at 246 K ¢ = (2.7+1.5) x 103), 51 wt % at 273 Ky(= (0.920.5) x 103), and 71 wt % at 298 Ky(= (1.4
+0.7) x 103). They suggest that products subsequent to hydrolysis apertDCHC(O)OH.

Cl + HpSO4 » nH2O - Measured reaction probability (Martin et al. [113]) varies between 35at@l 7 x 164
as O and T co-vary. Reaction product is claimed to be HCI.

Cb+HBr + HoO(s) - Hanson and Ravishankara [67] measured a reaction probability of >0.2 on water ice near
200 K. BrCl was not detected, presumably due to rapid reaction with excess HBr.

Cb and BrCI + KBr(s) - Caloz et al. measuned 0.1 for reactive uptake of £and BrCl on KBr(s) in a room
temperature Knudsen cell experiment.

Cb and Bp + NaBr(aq) and Nal(aq) - Hu et al.,[78] measured large uptake coefficientpfondilute aqueous
droplets of NaBr and Nal solutions ancoBm Nal 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 + BO(s) and HN@ « nHpO - Proposed reaction (Leu [103]) is 2 CIOCIp + Op: 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 oft® x 10° for ice at 183 K which is far lower than the limit of

>1 x 103 obtained by Leu et al. [103]. Abbatt [3], using nearly the same low levels of CIO as Kenner et al.,

obtainedy < 1 x 10° 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 of4)(8 10° for NAT at 183 K.

ClO + HpSO4 * nH2O - Measured reaction probability (Martin et al. [113]) varies between 25xah@l 2 x
104 as HO content is varied by changing wall temperature. Reaction product is claimed to be HC}, not Cl
Abbatt[3] measureg < 1 x 10° for 60 and 70 wt % pSOg at 213 K.
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HOCI + HCI + HpO(s) and HN@ « 3HpO(s) - Hanson and Ravishankara [66] and Abbatt and Molina [5] have

investigated the HOCI + HCI reaction on water ice and NAT-like surfaces, and Chu et al. [24] studied water ice.
Product yield measurements support the identification @6t HO as the sole products. The high reaction

probabilities measured indicate that this reaction may play a significant role in release of reactive chlorine from
the HCl reservoir. The reaction probability on NAT-like surfaces falls off dramatically (a factor of 10) on
water-poor (HN@-rich) surfaces (Abbatt and Molina). The measured yield of prodgds ©L87+0.20

(Abbatt and Molina [5]).

HOCI + HCI + BSO4 « nHpO - This process has been studied in coated flow tubes near 200 K by Zhang

et al. [184] and Hanson and Ravishankara [70]. Both studies measuregslBmgfHCI] > [HOCI]. Hanson

and Ravishankara [70] deduced a second-order reaction rate constant oP-+% £3 in 59.6 wt % HSOq

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 a3 @ xara
showedy 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 CIN®@ + NaCl(s) - Using a Knudsen cell technique Beichart and Finlayson-Pitts set upper limits of
y < ~10% for reaction uptake of CINO and CIiy®n NaCl(s) powders at 298 K.

CIONO + HpO(s) - Measurement gf= 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 CIONQ concentrations, Zhang et al. obtained a reaction probability of@A® 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
HNO3 and HOCI. All of the HN@ and much of the HOCI is retained on the surface under polar stratospheric

conditions (Hanson and Ravishankara). Hanson [59] deposited QI@Nleso enriched ice and detected
H180ocl showing the CI-ON@bond is broken during reaction on ice at 191 K.

CIONOQ + HNO3 * nHpO - Hanson and Ravishankara [63, 65] report a value of 0.006 for Ci@&0tion

with the water on NAT (HN@ « 3H20). However, these authors present re-analyzed and new datg=with
0.001 in Hanson and Ravishankara [68]. Similar experiments (Moore et al. [123], Leu et al. [105]) report a
larger value 0.020.01 which falls very rapidly as slight excesses gbHabove the 3/1 $O/HNO3 ratio for

NAT are removed. They measwref less than 1® 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] repgridhttis reaction increases by a factor

of 4 as the surface temperature increases from 191 to 211 K.

CIONO2 + H2SO4 » nH2O(l) - Results from wetted-wall flow tube (Hanson and Ravishankara, [72]) Knudsen

cell reactor (Manion et al. [111], 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 #5épd a H

concentration range of 39 to 75 wt.%. Measwredlues depend strongly orpEO4 concentration and vary
modestly with temperature, with a trend to somewhat higher values for the 210 - 220 temperature range,
reflecting the temperature dependence qﬁyﬂyz and the liquid phase diffusion coefficient for ClON&nd

the rates of the direct- and proton-catalyzed hydrolysis reactions, which are proportional to the actidty of H

and the activity of H, respectively. (Robinson et al., [141]).
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Robinson et al. have binned the data believed to be free of suspectepdiiNiOn and surface saturation
effects from the studies cited above into groups with simiEB®4 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 SO concentrations with a reaction rate proportional to water activity, and a proton-catalyzed

reaction with a rate proportional tofHactivity, which dominates at higher acid concentrations. A
parameterized fit to the uptake for 30-80 wt %S4 model gives:

y = ko + ki/T + ko/T, where k=73 aj (Wt% HpSO4)l, 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 -3061.2 376.53 -4.7098

CIONO + HpSOy « H20O(s) and HSOy ¢ 4HpO(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 adsorf@d Hoth 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 gf#$om + & log x + & Iog2 x; for 195 K
and x = water partial pressure in torrf =a10.12, 2 = 5.75 and = 0.62; for a water partial pressure of 3.4

x 104 torr and x = T(K) between 182 and 206:2318.67, @ =-3.13 and 2 = 0.0076. Zhang et al.[186]
have also measured a low valueyaf2 x 104 on sulfuric acid monohydrate at 195 K.

CIONO + HCI + HxO(s) - Reaction probabilities of 0.27 (+0.73, -0.13) (Leu [104]) and 0.05 to 0.1 (Molina

et al. [121]) have been reported near 200 K. Abbatt et al. [4], Abbatt and Molina [5], and Hanson and
Ravishankara [65] report that a portion of the reaction may be due to HOCI + KT} + H2O, with HOCI

formed from CIONQ® + H20(s) - HOCI + HNQg3(s). Hanson and Ravishankara [63] see no enhancement of
the CIONO reaction probability when $0(s) is doped with HCI. Their preferred valug s 0.3, but this is

consistent witty = 1. 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 HCI in excess.

CIONQG + HCI + HNO3 * 3H20 - 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 ayigWork 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.

CIONO + HCI + HpSO4 * nHpO - Hanson and Ravishankara [65] estimated that low temperature solubility
limits for HCI in HpSOyg  nH2O (> 60 wt.% BS0Oy) would restrict the CION® + HCI reaction by
demonstrating that HCI vapor has a minimal effect on ClI@Nftake on 60-75 wt.% 2504 surfaces.

Tolbert et al. [161] also noted no measurable enhancement of Cl@NOo0N a 65 wt.% $E0O4 surface at

210 K when the surface is exposed to HCI, but the reaction products do change to ineludev@ver,
subsequent work (Hanson and Ravishankara [72]) has led to a re-evaluation of the process as a second-order
liquid phase reaction between @hd CIONQ®, which they estimate to proceed at a diffusion limited rate of 1-3

x 10/ M1 51 near 200 K. Re-analysis of Hor HCI in cold concentrated4$04 (see next table) may make
this process important even for 60-70 wt%S@®4. Additional measurements by Zhang et al.[184] and Elrod

et al. [37] show substantial agreement with Hanson and Ravishankara [72] and illustrate the strong dependence
of y on HCI solubility, which, in turn, depends on water activity. Both Zhang et al. and Elrod et al. examined
the effect of HN@ 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 G:0MO05 for 60 wt % HSOy at 250 K. This is a
factor of 4 smaller than | for CIONghydrolysis on the same aerosol, showing a significantly enhanced
reaction rate for these conditions. Sulfuric acid surfaces with les§Bi@ant.% HSOy also have sufficient
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water to absorb significant levels of HCI. Wolff and Mulvaney [179], Hofmann and Oltmans [77], and Toon et
al. [164] have suggested that such water-rig®&y aerosols may form under polar stratospheric conditions.

CIONOQ+HCI + HpSOy * H20(s) and BSOq « 4HpO(s) - This reaction has been studied by Hanson and

Ravishankara [71] and Zhang et al. [183]. 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°% 18T the measuregdrops 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 differemp® 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 4to 8 x 10
7 torr) in the form logy = a1 + & log x + & (log x)2. For HpO partial pressure, 1a&= 5.25, 2 = 1.91, and

ag = 0.0; for T(K), g = 175.74, a=-1.59, and = 0.0035. Care must be taken in extrapolating either data

set to lower HCI concentrations. Zhang et al. [186] measured no enhancement ofGlatbike on sulfuric

acid monohydrate at 195 K with (2 - 8) x {@orr of HCI present, implying < 1 x 104.

CIONOG + HCI + Al203(s) - Molina et al. [120] used flow tube techniques to meagar8.020+0.005 on

a-alumina at 195 - 230 K with stratospheric (5 ppmV) water vapor levels. Measweedindependent of T
and was affected very little by 5 ppbv HN®@apor. The samgwas measured for a Pyrex surface, indicating

the absorbed water and not the inorganic substrate hosted the reaction.

CIONO + MX(s) - Finlayson-Pitts and co-workers have shown that Cl@Macts with crystalline NaCl
(Finlayson-Pitts et al. [43]) and NaBr (Berko et al. [14]) to produgea@tl BrCl, respectively. Timonen et al.

[159] have measured the reaction rate for CIQNg@h dry and slightly wet (water vapor pressure 5310

3 x 104 torr) NaCl at temperatures of 225 and 296 K. Reaction probabilities were analyzed ag x
103 and were independent of temperature and water vapor pressure within experimental errgp.yi€ledbl

dry NaCl was 1.@0.2. Caloz et al. [20] used a room temperature Knudsen cell technique to nyeadL?8
+0.06 for NaCl(s) angt = 0.35+0.06 for KBr(s). They argue that the surface corrections imposed by Timonen
et al. were too large. Caloz et al. measured quantitative yields eh@IBrClI products.

CIONO+HBr + H2O(s) and HN@ * nH2O(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.

CIONO+HF + HpO(s) and HN@ » nH20(s) - Hanson and Ravishankara [67] were not able to observe this
reaction on water ice and NAT surfaces near 200 K.

CRCl(4-x ) (x=0-3) and CBBr2 + Al203(s) - Robinson et al. [139] reported dissociative uptake gIOCF

and CBBr2 ona-alumina surfaces at 210 and 315 K. Reaction probabilities of about™3 at1?10 K were
measured by monitoring the amounts of surface species bonded to@mgpsAibstrate. 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 CECI, CFClp, CFCR, and CCh on dehydroxylateg-alumina powders. The obtained

reactive uptake probabilities ranging from 0.4 xOLor CFCRto 1.0 x 10° for CFCR 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 higlysy since they were measured by integrating halogen boung@zAl

substrates.

BrO + BO(s) + HO(s) and SO « nH2O(I) and NaCl(aq) - Abbatt [3] used a coated flow tube technique to
measure heterogeneous uptake on water ice, 60 and 70 pBS@ ldt 213 K, and 23 wt % aqueous NaCl at
253 K. He obtaineg(ice) = (1.0£0.4) x 103,y (60 wt % HSOg) = (7+2) x 10 4, y (70 wt % HSOy) =
(5+2) x 10 4 andy (23 wt % NaCl) < 3 x 1. He observed product rindicating 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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HOBr + HCI + BO(s) and BSOy * nH2O - Abbatt [1] measured= 0.25 (+0.10/-0.05) for this reaction on
ice at 228 K. The BrCl product was observed by mass spectrometry. Abbatt[2] mgasafredd.1 to 0.2
for [HCI] > 1 x 1042 cnr3 over 68.8 wt % HSO4 at 228 K; yielding an estimategj k= 1.4 x 1®mlsl

with a factor of 2 uncertainty. Hanson and Ravishankara[73] also megsu@@ [+0.2, - 0.1] for 60 wt %
H2SOy4 at 210 K.

HOBr + HBr + BO(s) and BSOg « nHpO - Abbatt [1] measureg= 0.12:(0.03) on ice at 228 K. The Br

product was observed by mass spectrometry. Abbatt [2] measui@@5 for [HBr] = 1 x 182 cnr3 over
68.8 wt % SOy at 228 K; yielding to an estimate@i k> 5 x 1M1l

BrONG and BrONQ@Q+HCI + HpO(s) - Hanson and Ravishankara [68] investigated these reactions in an ice-
coated flow reactor at 20@10) K. The reaction of BrON®with HoO(s) proceeded at a rate indistinguishable

from the gas phase diffusion limit, implying that the reaction probability may be as high as one; the product
BrNO(g) was observed. Depositing HCIl and BrONah ice led to rapid production of BrCl. This may have

been produced directly through reaction of BrQNG@th adsorbed HCI or, indirectly, through production of
HOBr in the BrONQ/ice reaction, followed by reaction of HOBr + HCI. No kinetic parameters for BrCl
production were given.

BrONQ and BrONG® + HCI + HpSO4 * nH2O - Hanson and co-workers ([62, 73]) used both coated flow tube
and aerosol flow tube techniques to show that the reaction of Bp@ht® 45-70 wt % BHSOy4 is extremely

facile at temperatures from 210 to 298 K. Hanson and Ravishankara [73] measofr€db (+ 0.5, - 0.25)

(45 wt % HSO4, 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.8 (20 to 40% error) for submicron
aerosols at temperatures between 249 and 298 K a804toncentrations of 45 to 70 wt %; they did observe

a sharp fall off iny for HDSO4 concentrations between 73 and 83 wt %. Addition of excess HCI to 229 K 40
and 60 wt % HSOy aerosols caused an increasg to 1.0 and 0.9, respectively.

CR0H + HO + HO(l) and HSO4 « nH2O(l) - Lovejoy et al. [109] used both wetted-wall and aerosol flow
tube techniques to measure reactive uptake gfOEFon water at 274 K and 39 - 60 wt %$0y at various

temperatures between 206 and 250 6. showed a strong dependence on water activity. Aerosol uptake
studies yielded reacto-diffusive lengths, |, of > g for 40 wt % BHS0O4 and 1.0um for 50 wt % BSOy,

both at 250 K. Recommendgd were estimated by averaging bulk uptake measurements at sip@i@g H
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. % HISOy H or H* Notes
(M/atm)

HONO in HpSO4 * nHO(l)

248-298 0.3 - 53 H* = (47.22.8) exp(-0.044-:0.002) X 1

X = (Wt % HoSOg)

HNO3in H2SO4 * nHYO

~195 - 300 0-80 See Note
HCI in HpSOy4 * nH2O * HpO(l) and HSO4 « NHNO3 » mH2O(l)

~195 - 300 0-80 See Note
HBr in H2SOy ¢ nH2O ¢ HpO(l) and HSOy4 ¢ nHNO3 » mH20(l)

~195 - 300 0-80 See Note
HOCI in H2SOg « nH2O(l)

200 - 230 46 - 80 See Note
HC(O)OH in HO())

298 0 1.1x 16
CH3C(O)OH in HO(l)

298 0 7x 168
CH3C(0)0p in HoO(l)

275 0 <0.1
CH3C(0)OONG in HoO(l)

293 0 4.1
CH3CH2C(0)OONG in H20(l)

293 0 2.9
CCI20 in HO(l)

278 0 <0.2

298 0 <0.1
CCI3CCIO in HO(I)

278 0 <2
CF0 in HpO(l)

278 0 <1
CF0 in HpSOy » nHO

215-230 60 <5 10
CF3CFO in HO(l)

278 0 <1
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Table 65. Henry's Law Constants for Gas-Liguid Solubilities-continued

T(K) Wt. % HISOy H or H* Notes
(M/atm)

CF3CCIO in HO(l)

278 0 <05 10
CF30H in H2SO4 * nHO(l)

250 40 >240 13

50 210

CR3C(O)OH in HO(l)

278-308 0 See Note 14
NO3 in H20(l)

273 0 0.6+0.3 15

Notes to Table 65

1. Becker et al.[10] measured fbr HONO between 248 and 298 K and 0.3 to 73.3 wt6®4. H fell

monotonically, with the expression tabulated up to 53 wt38®}. Above that, H increased due to nitrosyl
sulfuric acid formation (see previous table for reactive upgake

2. Effective Henry's law coefficients, Hfor HNO3, HCI and HBr in binary HSO4/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 HN@ 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 al. [174], Hanson and Ravishankara [66,
70], Zhang et al. [188], Williams and Golden [175], Abbatt [2] 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 solubilityy®4/H20 and BHSO4/HNO3/H20 solutions is a

strong function of water activity, which, in turn, depends on both temperature and acid concentrations.
Prediction of HN@, 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. [110] and reviewed by Carslaw and Peter
[22]. These models do an excellent job of reproducing the available experimental data, even for ternary
H2SOy/HNO3/H20 solutions (Elrod et al. [37]). These models and the Carslaw review should be consulted for
plots/predictions of F for HNOg, HCI, and HBr in strong acid solutions over the atmospheric temperature
range.

3. 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 omB0O4 molality, mHSOy, for HOCI activity and parameritize the physical Henry's law

constant as:

In H* = 6.4946 - MHSOy (-0.04107 + 54.56/T) - 5862 (14T 1/T)

where T =T(K), To = 298.15 K and H = mHOCI/pHOCI in mol #gatnt,
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Johnson et al. [89] determined H* = (&B.3) x 13 M atnt for formic acid and H* = (4.20.4) x 18 M
atnt for acetic acid at 298 K in a packed column experiment. Earlier bubbler measurements by Servant et al.
[150] measured (13.41.6) x 1® at 297 K and (9.31.1) x 13 at 296 K, respectively. Combining the

measured values, "best" experimental values of:P) X 103 and (7 3) x 13 M atnrl for 298 were
recommended.

Villalta et al. [168] measured an upper limit for H of 0.1 M tin coated-wall flow tube uptake experiments
on aqueous sodium ascorbate solutions.

Kames and Schurath[91] measured H =013 M atm? for peroxyacetylnitrate (PAN) in distilled water at
293.2 K with a bubbler apparatus; a slightly lower value oftB.8 was obtained for synthetic sea water of
0.61 ionic strength. They also measured#D96 (distilled water) and 280.5 (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 W@llz in these experiments. Reported limits are consistent with

values from a liquid jet experiment of 0.11 at 288 K, 0.07 at 298 K, 0.05 at 308 K and 0.03 at 319 K reported
by Manogue and Pigford [112].

De Bruyn et al. report a limit of < 1.9 from a bubble column experiment where uptake was controlled by
H(khyd)l/ 2 George et al. [47] report a value of 2 for the temperature range of 274-294 K from a droplet train

experiment with uptake also controlled by hlﬂg)llz, although the fyd 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 hyd)p(kz 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 high%)(:ﬁ%

values, implying H values > 20 for temperatures between 273 and 294 K. However, this analysis is suspect
due to low signal strengths and large data scatter at all temperatures.

Hanson and Ravishankara [64] calculate an upper limit for H gb@Rased on assumed solubility limit
resulting in lack of measurable uptake into 60 Wt%sBy.

De Bruyn et al. report a limit of < 0.9 at 278 K from a bubble column experiment where uptake was
controlled by H(hyd)llz. George et al. [49] report a value of 3 at 284 K from a droplet train experiment where

uptake was also controlled by ffl]gkj)l/ 2 however, deconvolution of time-dependent uptake data to yield it and
kKhyd 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(lﬁyd)llz. George et al. [49] report a value of 2 at 284 K from a droplet train experiment with

uptake also controlled by I—Kyd)llz; 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 >pddand 1.Qum for CF3OH uptake at 250 K

on 40 and 50 wt % pBEO4 aerosols, respectively. This leads fo éstimates of > 240 and 210 M atm
respectively.

Bowder et al. [17] measured gIF{O)OH vapor pressures over water at 278.15, 298.15 and 308.15 K yielding

a suggested parameterization of H (mdllkzyml) =9.009 - 9.328 x 13)(1/T0 - 1/T) where T = T(K) and
To=298.15 K.
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15. Wetted-wall flow tube measurements by Rudich et al. [145] yielded an]#ﬂlvalue of (1.9:0.2) x 103 M

atnrl cm s1/2 They assumed a liquid phase diffusion coefficientz PL.0+0.5) x 10°cm 51, yielding a

Henry's law constant of 060.3 M atm-1 at 273 K. This is one third of an earlier measurement afl158
M atm-1 quoted in Michelcic et al. [119].
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APPENDIX 1: GAS PHASE ENTHALPY DATA

SPECIES  AHj$(298) SPECIES  AHj$(298) SPECIES  AHjf(298) SPECIES  AH{(298)
(Kcal/mol) (Kcal/mol) (Kcal/mol) (Kcal/mol)

H 52.1 CH3CN 18+3 CFHCR3 -213¢2 CHoBr 4012
Ho 0.00 CH>CO -113 CHF2CF3 -264£2 CHBr3 62
@) 59.57 CH3CO -2.4:0.5 Cl 28.9 CHBr2 452
o(p) 104.9 CH3CHO -39.7 Clo 0.00 CBr3 48+2
02 0.00 CoH50 -4.1+1 HCl -22.06 CHoBro -2.6%2
05 (1) 22.5 CHoCHOH -8+2 clo 24.4 CH3Br -8.5
0o (5) 37.5 CoH50H -56.2 cloo 23.3+1 CH3CHoBr -14.8
03 34.1 CH3CO -49.6 OCIO 22.6t1 CHoCH2Br 32+2
HO 9.3 CH3COOH -103.3 CIOOp >16.7 CH3CHBr 30+2
HO2 2.8+0.5 CoH502 -6x2 ClO3 52+4 | 25.52
H20 -57.81 CH3COOp -4145 Clp0 19.5+1 I 14.92
Ho02 -32.60 CH300CH3 -30.0 Clpo02 31+3 HI 6.3
N 113.00 C3Hsg 39.4+2 Clo03 37+3 CHal 3.5
N2 0.00 C3Hg 4.8 HOCI -18+3 CHol 52+2
NH 85.3 n-C3H7 22.6£2 CINO 12.4 10 30.5£2
NH2 45.3:0.3 i-C3H7 19+3 CINO2 3.0 INO 29.0
NH3 -10.98 C3Hg -24.8 CIONO 13 INO2 14.4
NO 21.57 CoH5CHO -44.8 CIONO2 5.5 S 66.22
NO2 7.9 CH3COCH3 -51.9 FCI -12.1 Sp 30.72
NO3 17.6x1 CH3COONO2  -62+5 CClp 57+5 HS 34.2¢1
N20 19.61 F 19.¢:0.1 CCl3 171 H2S -4.9
N2O3 19.8 Fo 0.00 CCl302 -2.7x1 SO 1.3
N2O4 2.2 HF -65.14+0.2 CCly -22.9 SOy -70.96
N205 2. 71 HOF -23.41 CHCI3 -24.6 SO3 -94.6
HNO 25.6t1 FO 263 CHClp 23+2 HSO -2
HONO -19.0 F20 5.9+.4 CH2CI 2942 HSO3 -92+2
HNO3 -32.3 FOo 61 CHoCly -22.8 HoSOy -176
HO2NO2 -12.5¢2 F20o 5+2 CH3ClI -19.6 Cs 672
C 170.9 FONO 137 Clco -5+l CS 28.0
CH 142.0 FNO -16t2 COCb -52.6 CSOH 26.4
CHo 93+1 FNOp -26+2 CHFCI -15+2 CH3S 29.8:1
CHs 35+0.2 FONOp 3.1%2 CHFCI -63£2 CH3S00 182
CHgy -17.88 CF 61+2 CFCI 7+6 CH3SOp -57
CN 1043 Ch -44+2 CFCh -22+2 CH3SH -5.5
HCN 32.3 CF3 -112+1 CFCl3 -68.1 CH2SCHs 32.7+1
CH3NH>2 -5.5 CFy -223.0 CFxClo -117.9 CH3SCH3 -8.9
NCO 383 CHF3 -166.8 CFaCl -169.2 CH3SSCH -5.8
HNCO -253 CHR -58+2 CHFCh -68.1 OCS -34
co -26.42 CHoFo -108.2 CHFCI -115.6

COp -94.07 CHoF -8+2 CFoCl -67+3

HCO 10t1 CH3F -56t1 COFCI -102+2

CH20 -26.0 FCO 4115 CH3CF2ClI -127+2

COOH -532 FoCO -145:2 CH2CPRClI -75+2

HCOOH -90.5 CR0 -150¢2 CoCly -3.0

CH30 4+1 CF302 -148t2 CoHCI3 -1.9

CH302 4+2 CF30H -218t3 CH2CCl3 1742

CHOH -3.6£1 CF300CF  -343t5 CH3CCl3 -34.0

CH30OH -48.2 CF300H -19H5 CH3CHoClI -26.8

CH300H -31.3 CF30F -1735 CHoCHoClI 22+2

CH30NO -15.6 CH3CHF 172 CH3CHCI 17.6x1

CH30NOy -28.6 CH3CHoF -63t2 Br 26.7

CH30oNOy  -10.6+2 CHoFCHoF  -107#1 Bro 7.39

CoH 135+1 CH2FCHF2  -159%2 HBr -8.67

CoH2 54.35 CHF2CHF2  -210¢1 HOBr 1442

CoHo0H 30x3 CHoCRF3 -124+2 BrO 302

CoH3 71+1 CH3CF3 S179+2 BrNO 19.7

CoHy4 12.45 CH3CP -71£2 BrONO 25+7

CoHg 28.4+0.5 CH3CHF -120+1 BrNO2 17+2

CoHg -20.0 CHFCF3 -163+2 BrONOp <11

CH2CN 58.5:3 CH2FCF3 -214+1 BrCl 3.5
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APPENDIX 2: GAS PHASE ENTROPY DATA

SPECIES  8(298) SPECIES  8(298) SPECIES  8(298) SPECIES  8(298)
(cal/mol/deg) (cal/mol/deg) (cal/mol/deg) (cal/mol/deg)
H 27.4 CoHs5 58.0 CHaCHF (64) CHoCHoClI (66)
H2 31.2 CoHg 54.9 CH3CHP 67.6 CH3CHCI (66)
O 38.5 CHoCN 58.0 CH3CP 69.9 CHCI,CF3 84.0
02 49.0 CH3CN 58.2 CH3CFR3 68.6 Br 41.8
O3 =7.0 CHoCO 57.8 CHoCF3 71.8 Brp 58.6
ngz gji CH3CO 64.5 CH,FCF3 75.8 HBr 47.4
H20 45.1 CHacHO 63.2 CHF2CRs (80) v 266
HoOp 55.6 C2Hs0 65.3 CPCF3 81.6 BrNO 65.3
No 458 CH3CO2 (68) CHoFCI 63.3 BrNO> (67)
NH 43.3 CH3COOH 67.5 gl;glcl égS()) BrONOp (77)
S SO =- N 7+ R
ESS ‘;3'2 CHgoocH; 74.1 CFaCl2 71.8 CHgBr (61)
NOy 57.3 CaHs 62.1 CFsCl 68.3 CH2Br2 70.1
NO3 60.3 C3He 63.8 CHFCh 70.1 CHBry (72)
N2O 52.6 n-C3H7 68.5 CFC 71.5 CHBr3 79.1
N203 73.9 i-C3H7 66.7 CHFCI 67.2 CBr3 80.0
N2O4 72.7 C3Hg 64.5 CFroCl 68.7 CH3CHoBr 68.6
N2O5 82.8 CoHECHO 72.8 (c:agglea gg:; CHoCHoBr (70)
HNO 52.7 CH3COCHg 70.5 ool 6 CH3CHBr (70)
HONO 59.6 CHaCOONO,  (95) 2CF2 (69) | 43.2
HNO3 63.7 F 379 Cl 39.5 I 62.3
HORNO, (72) Fo 48.5 (I-:|I§I Zi'z H 49.3
C 37.8 HF 41.5 ' 3 :
clo 54.1
A S I T B
oclo 61.5 :
CH3 46.4 F20 59.1 ClO0y 73 INO 67.6
CHg 44.5 FOp 61.9 Cl0 64.0 INO> 70.3
CN 48.4 F202 66.3 S 40.1
HCN 48.2 FONO 62.2 ﬁgglz ;g: Sp 54.5
CH3NH> 58.0 FNO 59.3 CINO 62.6 H2S 49.2
HNCO 56.9 FNG2 62.3 CINO> 65.1 HS 46.7
NCO 55.5 FONOp 70.0 SO 53.0
co 273 or 50 9 CIONO (70) S0 93
Cop 51.1 CF 57.5 ClONG2 (74) e 61.3
HCO 53.7 c : 63.3 = >2.1 HSO 69.1
CHpO 52.3 -3 ' CcClz 63.4 244 '
CF 62.4 cs 50.3
4 CHsCl 56.1
COOH 61.0 CHaF £33 cS 56.9
HCOOH 59.4 CHCI 58.2
CHz0 55.0 CHoF 55.9 CHoClo 64.6 CHaSH 61.0
CHgOp 65.3 CHaF2 58.9 CHClp 66.5 CHgS 57.6
CHOH 58.8 CHR 61.7 CHCl3 70.7 CH3S% (62)
CH30H 57.3 CHF3 62.0 cclz 71.0 CH3SCH; 68.4
CH300H 67.5 FCO 9.4 CCly 74.0 CHaSCHs (69)
CHZONO 68.0 COR 61.9 cico 63.5 CHgSSCH  80.5
CH3ONOy 721 CR0 67.7 coCh 67.8 OoCs 55.3
CH30oNOp (82) CF302 75.0 CoClg 81.4
CoH 49.6 EFFgch)H 322 C2HCI3 77.5
CoH2 48.0 o 71 CH2CCl3 80.6
CoH3 56.3 3 : CH3CCl3 76.4
CoH4 52.5 CH3CHpF 63.3 CH3CH2CI 65.9
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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 Irradiance
Monitor (SUSIM) forA < 400 nm (VanHoosier et al. [6]), and by Neckel and Labs [5] for 40& €00
nm. 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 3dd 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 for 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 500Ldselow. 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.
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