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ABSTRACT 

This la the fifth In a series of evaluated sets of rate constants and 

photochemical crosa 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 poaslble perturbation by anthropogenlc and natural phenomena. 
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CHEMiCAL KINRTICS AND PHOTOCHEHICAL DATA 

. FOR USE M STRATOSPHERIC MODELING 

INTRODUCTION 

The present oompilation of kinetio and photochemical data rgpresents 

the fifth e:valuai:ion prepared by the NASA Panel for Data Evaluation. The 

Panel uas established in 1977 by the NASA Upper Atmosphere Researah 
I 

Program Office for the purfiose of providing a oritioal tabulation of the : 
3 

latest kinetlo and photoohemioal data for use by modelers in oonputer 3 
4 

simulations of stratospherio chemistry. The previous publioations 3 
.! 4 

appeared aa follows: 
; 

1 

2 

3 

4 

NASA RP 1010, Chapter 1 

( Hudson, 1977 1 

JPL Publication 79-27 

(DeHore et al., 1979) 

NASA RP 1049, Chapter 1 

(Hudson and Reed, 19'79) 

JPL Publication 81-3 

(DeMore.et al., lWl1 
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The present composition of the Panel and the major responsibilities 

of each member are listed below: 

W. B. DeMore, Chairman (Chapman chemistry) 

F. Kaufman, Advisor i 

D. M. Golden (three-body reactions) 

R. F. Hampson (halogen chemistry) 

C. J. Howard (HO, chemistry, O('D) reactions) 

M. J. Kurylo (SO, chemistry) 

H. J. Molina (photochemical cross sections) 

A. R. Ravishankara (hydrocarbon oxidation) 

R. T. Watson (NC, chemistry). 

As shown above, each Panel member concentrates his efrorc on a given 

area or type of data. Nevertheless, the final recommendations of the 

Panel represent a consensus evaluation by the entire Panel. Each member 

reviews the basis for all recommendations, and is cognizant of the final 

decision in every case. 

BASIS OF THE RECOMMENDATIONS 

The recomnendea rate constants ant cross sections are based on 

laboratory measurements, .and in general only published data are 

considered. Occasional exceptions are made when preprintsor articles 

submitted for publication are available LO the Panel. In no case3 are 

2 . 
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rate constants adjusted to fit observations of stratospheric 

concentrations. The Panel does consider the question of consistency of 

data with expectations based onkinetics theories, andincaatis unere 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 

a few important rate constants for which no experimental data are 

available (for example, OH + HOCl+ H20 + ClO), the Panel has provided 

estimates of rate constant parameters, baaed on analogy to similar 

reactions for which data are available. 

I- 

DISCUSSION 

In this section we review the general state of laboratory kinetics 

and photochemistry. Specific discussions of individual reaction 

categories are also included. 

While there have been no major upheavals in stratospheric chemistry 

since the last panel evaluation, the recommendations for certain key 

reactions (for example, 0 + H02, OH + H02, and OH + HNU4) have changed 

significantly, and the implicationa for atmospheric modelA have been 

important, Fortunately, the resulting changes seem for the most part, to 

bring the model predictions into closer agreement with measured 

stratospheric properties such as the Cl0 profile. 

The improvements in precision, reliability, and completeness of the 

kinetics data have not been accompanied by a corresponalngincrcase in 

3 
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theoretiaal understanding of the reactions in question, however. It. is 

still unknown, for example, why the OH + CO reaction exhibits a pressure 

dependence, insofar as the detailed mechanism is concerned. A similar 

situation holds for the reactions OH + R02, HO2 + H02, and (td some 

extent) OH + M03. Thus, there is an element of empiricism in some qf the 

important rate recommendations. 

In our previous evaluation (JPL 81-3) we identified, as one problem, 

the relative paucity of advanced techniques for the identification of 

reactlon intermediates and products. This is an area wnioh has not 

progressed as rapidly in recent years as has the capability for 

measurement of absolute reaction rates. In some casea such information is 

required to fully elucidate the reaction mechanism. Several groups are 

now developing new apparatus for these purposes, and it may be hoped that 

progress will be rapidly forthcoming. 

In the area of product identiflcatlon, the question of isomer 

formation in several key reactions continues to be unresolved. Al though 

the Cl0 + NO2 reaction, giving possible isomeric forms of chlorine 

nitrate, is the classic example, there may conceivably be a role of 

isomers in at leadt a transient form in other important reactibnq such as 

GH + NO2 and HO2 + NOS. These questions requ$re further clarification. 

We have also pointed out previously tnat there are some 

disagreements of rate parameters, particularly pre:exponentlal factors, 

with expectations based on transition state theory. Such discrepancies 

are disconcerting. The principal example in this connection is the HO2 + 

O3 reaction, which exhibits an abnormally low A-factor for a reaction 

which presumably involves a simple hydrogen transfer in the rate- 
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determining step. 

d, Reactions 

The kinetics of the 0, OS, and O3 system appear to be well 

established, and there ‘have been no changes In the rate constant 

recommenaations in this evaluation. There is some concern about posaible 

roles of excited states of O3 or OP , especially OS(‘A), but at present 

there is no evidence that these states have any important effects on the 

overall chemistry of the stratosphere. 

The data base for O(‘D) reaction chemistry is in fairly good 

condition. There is good to excellent agreement in independent 

measurements of the absolute rate constants for O(‘D) deactivation by the 

major atmospheric components, N2 and OP, and by the critical radical 

producing components, HPO, CH,,, NPO, and HP. There are fewer direct 

studies of the products of the deactivation processes, but in most cases 

tnese details appear to be of minor importance. Some processes of 

interest for product studies include the reactions of O(‘D) with CHb and 

halocarbons. Possible kinetic energy effects from photolytically 

generated O('D) are probably not important in the atmosphere but may 

contribute ccmplications in laboratory studies. 

HO, Reac tiona 
- -- 

This family of reactions continues to be a major source or 

uncertainty in stratospheric chemistry. The principal reasons are that 

5 ‘. 



the HO2 radical is relatively difficult to produce and, to .monitor ever the 

wide range of temperature and pressure conditions that exist in the 

stratosphere and that key HO2 reactions show an unusual dependence or 

these reaction conditions. Specifically the temperature, pressure, and 

water vapor dependencies observed for the HO2 + HO2 reaction and the 

pressure dependence observed for the HO2 + OH reaction are Uexpected. 

New results on both of these reaotions have led to new recommendations 

which attempt to incorporate some of the observed behavior. 41 though’ 

significant progress has been made, the data base on both reactions is 

still relatively weak end incomplete. The recommendations for the 0 + HO2 

and OH + OH reactions have been changed to incorporate new ar.udies tnat 

include the temperature dependence of these important reactions. 

NOx Reactions 

The kinetics data for this class of reactions are considered 

reliable, particularly fo- “owing the recent Improvements in the OH + HNa3 

and OH + HNO4 rate constants. Furthermore, there are now measurements of 

the temperature and pressure dependences of the HO2 + NOR reaction, thuo 

providing a more reliable assessment of the role of HN04 in the 

stratosphere. It must be mentioned, however, that the Nr, class of 

oompounds is not one In which there is particularly good agreement between 

field measurements and model predictions. The HN03 profile is an example, 

and there also appear to be difflcultiea in accounting for the 

observations of N03. It is not clear at the present time whether the 

tiiacrepancies are due to incorrect chemistry or measurement problems. 
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The recommendations for the important ClO, reactions have not 

changed significantly since the previous evaluation (JPL 81-3). This 

reflects the fact that from the standpoint of the CFH-O3 question many of 

the important rate constants, such as those for Cl + 03, NO + ClO, 0 + Cl0 

and OH + HCl, have been measured reliably and recommendations can be made 

confidently. One rate constant reoommendation which haa changed 

substantially is that of the Cl + C1N03 reaction, which ia now known to be 

almost two orders of magnitude faster than previously believed. This 

change has little impact on stratospheric models, but does have 

significance with regard to laboratory experiments on the photolysis of 

chlorine nitrate. (See discussion of chlorine nitrate cross sections.) 

The table now includes new entries for reactions of chlorine atoms with 

more organic species (C3H8, C2H2, CH30H) and with HOCl. In the reaction 

of Cl with HO2 the channel to produce Cl0 + OH is now known to be much 

more significant (202 at 298 K) than thought previously. 

Recent kinetic studies of the HO + Cl0 and HO2 + Cl0 reactions 

suggest. that formation of HCl 1.3 negligible, thus dimlnishlng their 

potential importance in the stratosphere as chain term inators. The strorrg 

negative T-dependence of the.H02 + Cl0 reaction does, however, enhance the 

possible role of HOC1 as a chlorine reservoir in stratospheric chemistry. 

However, such effects are probably m inor since the role as a sink is 

counter-balanced by the possible action of HOC1 in a catalytic O3 

destruction cycle arising through photolysis. 

Other than a few m inor refinements, there have been no changes in 

the data base for BrO, and FOX reactions. 
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Our understanding of hydrocarbon oxidation In the atmosphere has 

Improved considerably in the past few years. All hydrocarbons are 

produced in the biosphere and their degradation in the troposphere is 

initiated by reaction with OH (and with ozone in the oaae of olefins). 

Depending on their reactivity with OH, a fraction of the surface flux of 

hydrocarbons is transported into the stratosphere where their oxidation 

serves as a source of water vapor. In addition, reaction of Cl atoms with 

these hydrocarbons (mainly CH4) constitutes one of the major sink 

mechanisms for active chlorine. Even though CH4 is the predominant 

hydrocarbon in the stratosphere, we have included in this evaluaticn 

certain reactions of a few heavier hydrocarbon species; 

In the stratosphere, CH4 oxidation is initiated by its reaction with 

either OH or Cl (and to a limited extent O('D)), leading to formation of 

CH3 and subsequently CH302. Several details of the subsequent chemistry 

are unclear, however. Three reactions which are not well characterized 

are: CH3O2 + H02, which exhibits an unusually large negative temperature 

dependence; CH30 + 02, which has not been well studied at or below room 

temperature; and the CH30CH + OH reaction, for which the rate constant has 

not been measured at all. The CH302 + HO2 reaction is the main source of 

CH300H In the stratosphere, and an unusual temperature dependence has been 

measured for this reaction, suggesting a complex mechanism analogous to 

that for the HO2 + HO2 reaction. Further studies on the temperature and 

pressure dependence of this reaction are needed. The CH30 + O2 reaction 

rate constant has recently been measured directly at high temperatures, 

but measurements at lower temperatures are also needed. Nevertheless, it 
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is quite clear that the main pathway for CH30 in the stratosphere is 

reaction with OS. Even though the rate constants for the three reactions 
I i : 
i 

mentioned above are not very well known, the efr'ects of these 
! 

uncertainties on stratoapherio O3 perturbation oaloulations are i / 

negligible. \ 
The rate constant for Ch302N02 formation from CH30, and NO2 is well 

defined. However, the role of CH302N02~in the stratosphere remains 

unclear, owing to the lack of data on its thermal decomposition and 

photolyais. 

Formaldehyde photo-oxidation to form CO can be considered well 

understood, especially since the rate of the HCO + OR reaction is known. 

The rates of the OH and Ot3P) reactions with CH20 and the photolysis cross 

sections of CR20 are accurately known. 

Another area of hydrocarbon oxidation which has seen a great deal 01 

improvement is that of product analysis. However, some additional work 

may be required to measure branching ratios for reactions such as CH 0 + 32 

CH302. 

The oxidation scheme for higher hydrocarbons has not been fully 

elucidated. However, the rate of transport of these hydrocarbons into the 

stratosphere can be easily calculated since the rates or' reactions ulth OH 

are well known. In moat caaea it is expected that the radfcsls formed 

from the initial OH or Cl attack will follow courses analogous to CH3, and 

ultimately lead to CO. 

SOx Reactions 

Oxidation of SO2 is considered to be a principal source of the 

9 
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sulfuric acid and ammonium sult’ate aerosol partioles whloh make up tne 

Junge layer in the lower stratosphere. This layer, originally thought to 1 

be the result of volcanic activity, has persisted during extended periods 

of volcanic inaotivity. It.ia now believed that sulfur containing speoies 

auch’aa OCS (of either biogenio or anthropogenio origin) oan nerve aa 

photolytic or reaative sources of reduoed sulfur which can ultimately be 

oxiditecl into SO, S02, and thence to aulfurio acid. I 1 
There is increasing evidence of a molecular oxygen effect on the 

reactions of such sulfur containing compounds. The reaction of 

eleatroniaally excited CS2 with O2 has been suggested as an important 1 
I 

tropospheric loss mechanism of CS2 and source of OCS. Similarly, the 

reaotion of OH with CS2 is appreciably accelerated in the presence of 02, 

suggesting the reaction of a CS2-OH adduat with Oz. While further such O2 i 

reactions have not yet been quantitatively Appraised, their occurrence may’ j 

be very important to a ccmplete understanding of SO, chemistry. ; 
i 

Among the simple bimolecular reactions, those involving sulfur atoms 

are reasonably well defined for stratospheric purposes. Our underatanaing 

of atmaspherlc SH reactions, on the other hand, suffers from the absence 

of relevant rate aonstant measurements. As the body of information on SH 

radical activity is increased, further entries describing it3 atmospheric 

behavior ulll be added. 

The tables have been expanded to include aeveral reactions 

describing the fOrmdtiOn and subsequent oxidation of SO. A aomplete 

description of SO oxidation by both radical and molecular species cannot 

be presented at this time. Many SO reactions appear to occur with rate 

constants greatly exceeding the NO reaction analogues. Further work is 

10 .’ . 
., 



needed to fully aaaesa the importanae of SO reaationa with speoies such as 

OH, H02, ClO, BrO, eto. 

PhatoahemiaalCroaaSaatians 1 I 

The absorption oross aeotiona of 02 in the 185.210’nm range--i.e., 

in the Schumann-Runge bands and at the onset of the Herzberg continuum-- 

require further study; estimates of the penetration of UV radiation in the 

stratosphere. depend oritlaally on these cross sections. Also, tha 

absorption cross sections of O3 and their temperature dependenae should be 

accurately remeasured in view of their importanae for atmospherio modeling 

and for interpreting Dobson and BUV data. 

The temperature dependence of the absorption cross sections of 

H02N02 and HN03 in the 300 nm region should be determined. 

New results on the rate constant for the Cl + C1N03 reaction have 

resolved previous discrepancies on the identity of the primary 

photodissociation products of C1N03 (see discussion under C1N03 cross 

sectiona). 

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

in throe distinct regionq the troposphere, stratosphere, and mesosphere. 

The unpolluted troposphere contains small amounts of ozone, whloh aome 

from both downward transport from the stratosphere and from in situ 

photochemioal production. The chemistry of the global troposphere is 

complex, with both homogeneous and heterogeneous (e.g., rain-out) 

procebaeb playing important roles. The homogeneous chemistry is governed 

11 
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by coupling between the carbon/nitrogen/hydrogen and  oxygen systems and 

can be  considered to be  more complax than the ohemistry of the 

stratosphere, due  to the presence of higher hydrocarbons, long 

photochemical relaxation times, higher total pressures, and  the high 

relative humidity which may affect the reaotivity of oertain key speoies \ 

such as H02. Significant progress is being made  in understanding the 

coupling between the different chemical systems, espeoially the mechanism 

of methana oxidation, which partially controls the odd  hydrogen budget,  ! 
This is an  important development,  as reactions of the hydroxyl radical are 

the primary loss mechanism for compounds containing C-H (Cl&,, f+Cl, 

CHF2C1, etc.) or C=C (C2C14, C2HC13, C2H4, etc.), thus lim iting the 
, 

Fraction transported into the stratosphere. 

The  stratosphere is the region of the atmosphere where tne bulk of 

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

1  
! 
i . I 

about 5  x 1012 molecule omW3 at an  altitude OF  -25 km. Ozone in the : ?  

stratosphere is removed predominantly by catalytio (i.e., non-Chapman)  ! 

processes, but the assignment of their relatlve importance and  the 

prediction of their Future impact is dependent  on  a  detailed understanding 

of chemical reactions which Form, remove and  interconvert the catalytic 

species. A mode l calculation of stratospheric composit ion may include 

some 150 ohemical reactions and  photochemical processes, which vary 

greatly in their importance In controlling the density of ozone.  

Laboratory measurements of the rates of these reactions have progressed 

rapidly in recent years, and  have given us a  basic understanding of the 

processes involved, particularly in the upper  stratosphera. Despite the 

basically sound understanding of overall stratospheric chemistry which ! 
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presently exists, much remains to be done to quantify errors, to identiry 

reaction channels positively, and to measure reactionrates both under 

conditions corresponding to the lower stratosphere (-210 Ii, -75 torr) as 

well as the top of the stratosdhere (-270 I$,' - 1 torr). 

The chemistry of the upper stratosphere, i.e. 30-50 km; is thought 
I - 

to be reasonably well defined, although there appear to be some , 8 
i 

significant differences between the predictea and observed chemical 

composition of this region of the atmosphere which may be due to 

inaccurate rate data or m issing chemistry. In this region the ohemical 

composition of the atmosphere Is predominantly photochemically controlled 

and the photolytic lifetimes of temporary reservoir speoies such as HOCl, 

H02N02, C10N02, N,05 and H202 are short and hence they play a m inor role. 

Thus tne important processes above 30 km all Involve atoms ana small 

molecules. The majority of laboratory studies on these reactions have 

been carried out under the conditions of pressure ana temperature wnich 

are encountered in the upper stratosphere, and their overall status 

appears to be good. No significant changes in rate coefficients For the 

key reactions such as Cl + 03, 0 + ClO, NO + ClO, 0 + NOi, NO + 03, etc., 

have occurred In the last Few years. On the other hand, there have 

recently been rate and mechanistic studies on reactions such as HO + Cl0 

and HO2 + ClO, which could play important roles throughout the 

stratosphere if they were to have product channels which generate 

significant amounts of HCl. However, the results to date suggest m inor 

HCl pathways. A major area .oF concern in the chemistry of the upper 

stratosphere involves the reaction between HO and HO2 radicals whioh, as 

prevfously discussed in this section, has had considerable uncertainty in 
'. I 
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the rat.e constant. This HO, termination react.lon plays an important role 
%, 

?n determining the absolute concentrations VF HO and HO?, ancl slncc HO 

play23 a central role in control Ijng the catalytic efficfenrlea of’ both NO, 

and ClOx; it IS a react.ion of conaiclerahle importance. .UI thl 11 t.he past. 

Few months the unaertainty in 1:trr rate cor?ff’lcJent fqbr t.ho reacLlon haa 

decreased, now being thcbught ten be 1eS.s kf)atI R ffactflr nr two over* t,he 

entire range- of atmospheric cnndl tlona. it AtlOIl~d hi? nntd that the new 

rate (?oefflcient.R for the HO + 11;,02, HO + HN07 and HO + HOSN02 react Ions 

have had li Ltle effect on the model pretl1cticlrl.s of odd fl0, con~ent.rat.tnns 

above 30 km. For rearLions such as 0 + HO and 0 + Hf$, whir?h contSrol the 

flax radical partitlonine above 40 km, the data bass can only he <tonsi dered 

to br fair, and dome improvements need to he made before taomparing 

theoretical predictions with c!ertain field measurement data, e.g., the 

HO/Hc$ ra ti o. 

One area in whjch additionai studies may be needed 1s that. of 

excited state chemistry, i.e., studie9 to determine whether eleatronlr! or 

vjbrational states of certain atmospheric constituents say be more 

important than hitherto recognized. Pos.sih!e examples are 02*, 03 
l 

. or 

The chemistry of the lower strat.osphere is quite complex, with 

significant coupling between the HOx, N@x and ClO, families. It. IS within 

this region of the atmosphere (15-30 km) where botn dynamics and 

photochemistry play key roles in controlling the trace gas distributions. 

Here the model ‘calculations predict large changes in ozone concentration 

(absolute number density, not percentags) From chl orofluoromethanes. It 

is also within this region of the stratosphere that. the question of the 
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pressure and tem’perature dependence3 of the rate coeffiaients is most 

critical, due to the low temperatures (210-255 I() and the high total 
. . . 
..’ ; 
5: 

pressures (40-270 mbar). The previously discussed question of possible 

pressure and temperature dependencea of HO and HO2 reactions is highly 

pertinent here. 

I 
- :. 

I\ 

Our view of the chemistry of the lower stratosphere has ahanged in 

rece.nt years, due to changes in rate constants which have in turn led to 

changes in the relative importance of reaations wnich control the HO, 

budget in this region of the atmosphere. Prior to the appearance of 

improved kinetics data for the HO + H2CL, HO + HN03, and HO + H02N02 

reactions, the major termination reaction for odd hydrogen species in 

models of the lower stratosphere was the HO + HO2 * H20 + O2 reaction. 

Recent work on the HO + H202 and HO + I!;*05 rate constants has suggested 

that tne previously accepted values (prior to JPL 81-3) were in error, 

especially at stratospheric temperatures, and that the previously 

undetermined rate coefficient for the HO + H02N02 reaction was 

significantly faster than had been estimated. The major effect occurred 

due to the change in rate constant for the OH + HN03 reaction (a factor of 

3 faster at 200 K). The change in the rate constant for HO + H202 (a 

factor of 5 at 220 K) had relatively less effect. There are several ot.her 

processes rhich need to be restudied in order to underst.and HO, radical 

budgets in the lower stratosphere, and the HO2 + HC?’ reaction is an 

example. The species HN03, H02N02, C1N03 and HOC1 illustrate the strong 

coupling that exists between the HO,, NO, and ClOx families. One 

disturbing problem is that while these species are currently thought to 

play an Important role in stratospheric photochemistry, only HN03 has yet 

; *. , i. - 



been positively observed by any field measurement study. 

RATE CONSTANT DATA 

The order of data presentation ha3 been extensively revised in the 

present evaluation. In Table 1 (Rate Constants for Second Order 

Reactions) the reactions are nou grouped into the alaases Ox, O('D), HOx, 

NOxr ClO, &Ox, Fox, Hydrocarbon Reactions, and Box. The data in Table 2 

(Rate Constants for Three-Body Reactions), while not grouped by claaq are 

presented in the 3ame order a3 the bimolecular reactions. Further, the 

presentation of photochemical cro33 section data now follow3 the same 

sequenae. It is expected that these revisions will greatly facilitate the 

looatlon of data in the tables. 

Some of the reaction3 in Table 1 are actually more complex than 

simple two-body reactions. To explain the anomalous pressure and 

temperature dependence3 occasionally 3een in reaction3 of this type, it is 

necessary to consider the bimolecular class of reaction3 in term3 of two 

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

A direct or concerted bimolecular reaction is one in which the 

reactant3 A and B proceed to product3 C and D without the intermediate 

formation of an A + B adduct which ha3 appreciable bonding, i.e., no 

stable A-B ,molecule exists, and there is no reaction intermediate otner 

than the transition state of the reaction, .(AB)*. 

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

16 
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The reaction of OH with CH4 forming H20 + CH3 I.3 an example of a reaction 

of this class. 

Very useful correlation3 between the expeoted structure of the 

transition state [AD]* and the A-factor of the reaction rate’ aoustant aan 

be made, especially in reaction3 which are constrained to follow a well- 

defined approach of the two reactant3 in order to minimize energy 

requirement3 in the making and breaking of bonds. 

The indirect or non-concerted class of bimolecular reaction3 is 

characterized by a more complex reaction path involving a potential well 

between reactant3 and producta, leading to a bound adduct (or reaction 

complex) formed between the reactant3 A and B: 

A + B 2 CAB]+ C+D 

The intermediate CAB]+ is different from the transition 3tate [AB]~, in 

that it is a bound molecule which has a finite lifetime and 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 Cl0 + NO, which normally 

produces Cl + NO2 a3 a bimolecular product, but which undoubtedly involve3 

ClONO (chlorine nitrite) a3 an intermediate. This can be viewed a3 a 

chemical activation process forming (ClONO)’ which decomposes 

unimolecularly to the ultimate productq Cl + N02. Reactions of the non- 

concerted type can have a more complex temperature dependence than these 

of the concerted type, and, in particular, can exhiblt a pressure 

dependence If the lifetime of [ABIe is comparable. to the rate of 

17 
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aolli3ional deactivation of CAB]'. Thio arises because the relative rate 1 

at which CAB]' goes to product3 C + D v3. reaatants A + Bis a sensitive ' i 

function of its excitation energy. Thus, in action3 of thip type, the 
j 
i 

distinction between the bimolecular and termolecular alassifiaation 
\ 

become3 less meaningful, and it is particularly necessary to study suah 
1 \; 

i 
reaction3 under the temperature and pressure condition3 in which they are : 

/ 
to be used in model calculations. 

The rate constant tabulation for second-order reaations (Table 1) 

give3 the following information: 

1. 

2. 

3. 

4. 

5. 

6. 

Reaction stoichiometry and product3 ;if known). 

Arrhenius A-factor. 
, 

Temperature dependence and associatec' uncertainty ("activation 

temperature" E/R*AE/R). 

Rate constant at 298K. 

Uncertainty factor at 298K. 

Note giving basis of recommendation and any other pertinent 

information. 

Third-order reactions (Table 2) are given in the form 

ko(T) = ko300(T/300)-n cm6 3-l , 

(where the value is suitable for air a3 the third body), together with tae 

recommended value of n. Where pressure fall-off corrections are 

necessary, an additional entry give3 the lim iting high pressure rate 

constant in a similar form: 

: 



k(T) = ~00(T/300)‘m Cm3 3-l l 

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

of temperature and pressure. (altitude), the following formula is used: 

k(Z) = k(M,T) = ( 
ko(T) [Ml 

1 + ko(T)[M]/k_(T+ o-6 
(1 + [loglO(ko(T) [Ml/k,,,(T)) J2J-1 

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

listed reactions adequately, although in principle this quantity may be 

different for each reaction 

Thus, a compilation of rate constants of this type require3 the 

stipulatl~n of the four parameterq ko(300), n, k (3001, and m. These can 

be found in Table 2. The discussion that follows outline3 tne general 

methods we have used in e3tabllshing this table, and the note3 to the 

table discus3 specific data sources. 

Low-Pressure Limiting Rate Constant [kg(T)J 

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

liml ting rate constants. In essence this method depend3 on the 

definition: 

kt( T) - @, xk;* “(I’) 

Here 312 signifies “strolgM collisions, x denotes the bath gas, and 8, is 

i 
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an efficiency parameter (0 < B < 11, which provide3 a measure of energy 

transfer. 

The coefficient B, is related to the average energy transferred in 

a collision with gas x, <AD* via: 

Notice that <AE> is quite sensitive to f3. Fg is the correction factor of 

the energy dependence of the density of states (a quantf ty of the order of 

1.1 for most species of stratospheric interest). 

For many of the reaction3 of possible stratospheric interest 

reviewed here, there exist data in the low-pressure limit (or very close 

thereto), and we have chosen to evaluate ti vnifv this data by 

calculating k, 0~3c(T) for the appropriate bath gas x and computing the 

value of 8, corresponding to the experimental value iTroe (197711. 

From the 0, values (most of which are for N2, i.e., 6N 1, we compute 
2 

<AE>, according to the above equation Values of <AE>N of approximately 

0.3-l kcal mole -1 
2 

are generally expected. If multiple data exist, we 

average the values of <AE>R and recommend a rate constant corresponding to 
2 

the RN computed via equation (5). 
2 
Where no data exist, we have estimated the low-pressure rate 

constant by taking $N = 0.3 at T = 300 K, a value based on those cases 
2 

where data exist. 

Temperature Dependence of Low-F’ressure Limiting Rate Constants n 

The value of I? A.ecommended here come3 from a calculation of <AE>N 

from the data at 300 It, and a computation of ‘iN 2(230 K) assuming that 
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a E > N  iti i n d e p e n d e n t o f te m p e r a tu r e . 
2  

This  B R i ( 2 0 0  K )  va lue  is c o m b i n e d  

with th e  a o m p u te d  va lue  o f ko  s’( 2 0 0  5 )  to  give th e  expec te d  va lue  o f th e  

i ictual ra te  cons tan t  a t 2 0 0  K . This  latter in  c o m b i n a tio n  wi th th e  va lue  

of  3 0 0  K  yie lds th e  va lue  o f n . 

Th is  p r o c e d u r e  c a n  direct ly b e  c o m p a r e d  with m e a s u r e d  va lues  of  

k , (200  K )  w h e n  th o s e  exist. U n fo r tu n a tely, very  fe w  va lues  o f 2 0 0  K  a r e  

avai lab le .  T h e r e  ark  o fte n  te m p e r a tu r e - d e p e n d e n t stud ies,  b u t s o m e  

a m b iguity exists w h e n  o n e  a tte m p ts to  ex t rapo la te  th e s e  d o w n  to  2 0 0  K . If 

d a ta , is to  b e  ex t rapo la ted  o u t o f th e  m e a s u r e d  te m p e r a tu r e  r a n g e , a  o h o l c e  

m u s t b e  m a d e  as  to  th e  fu n c tio n a l  fo r m  o f th e  te m p e r a tu r e  d e p e a d e n c e . 

T h e r e  a r e  two g e n e r a l  ways  o f express ing  th e  te m p e r a tu r e  d e p e a d e a o e  o f 

r a te  constants.  E ith e r  th e  A r rhen ius  express ion  ko(T)  =  A e x p ( - E /RT) O F  

th e  fo r m  ko(T)  =  A * T’” Is e m p loyed.  S ince  ne i ther  o f th e s e  

ex t rapo la t ion  te c h n i q u e s  is sound ly  b a s e d , a n d  s ince th e y  o fte n  y ie ld  

va lues  th a t di f fer substant ial ly,  w e  h a v e  u s e d  th e  m e th o d  exp la i ned  

h e r e to fo r e  as  th e  bas is  of  o u r  r e c o m m e n d a tio n s . 

H igh -Fwssure  L imi t ing R a te  C o n s ta n ts CkdT) l  

High -p ressu re  r a te  constants c a n  o fte n  b e  o b ta i n e d  e x p e r i m e n tally, 

b u t th o s e  fo r  th e  relat ively smal l  spec ies  o f a tmosphe r i c  i m p o r ta n c e  

usual ly  r e a c h  th e  h igh-pressure~ l lm l t  a t inaccessib ly  h i g h  p r e a n u r e s . 

Th is  leaves  two s o w c e a  o f th e s a  n u m b e r s , th e  first b e i n g  guesses  b a s e d  

u p o n  s o m e  m o d e l, a n d  th e  s e c o n d  ex t rapo la t ion  o f fal l-off d a ta  u p  to  

h i g h e r  p i e a a u r e s . S t ra tospher ic  cond i t ions  genera l l y  r e n d e r  react ions o f 

interest  r h u c h  o loser  to  th e  l ow-p ressure  lim it, a n d  th u s  a r e  fairly, 

insensi t ive to  th e  h igh -p ressu re  va lue.  Th is  m e a n s  th a t, wh i le  tb e  

ex t rapo la t ion  is l o n g , a n d  th e  va lue  o f k,(T) n o t very  precise,  a  1  

I ._‘. i 
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“reasonable guess” of l&,(T) will then.suffine. In some cases we have 

declined to guess since the low-pressure limit is always la effect over 

the entire range of stratospheric condition& 

Temperature Dependence of High-Pressure Limiting Rate Constants; m : : : 
There is very little data upon which to base a recommendation for 

values of m. Values in Table 2 are estimated, based on models for the 

transition state of bond association reactions and whatever data are 

available. 

Error- 

For second-order rate constants in Table 1, an estimate of the 

uncertainty at any given temperature may be obtained from the following 

expression: 

fT = f298 exp($ I + - $g I) 

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 fT The quantities f2qR and AE/R are, respectively, the 

uncertainty in the rate constant at 29LIK and In the Arrhenius temperature 

coefficient, as listed in Table 1. 

?or tnree-body reactions (Table 2) a somewhat analogous procedure is 

used. Uncertainties expressed as Increments to k, and k are given for 

these rate constants at room temperature. The additional uncertainty 

arlslcg from the temperature extrapolation is expressed as an uncertainty 

In the temperature coefficients D and g. 
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T h e  rate constants a re  g iven  in  uni ts of concent ra t ion exp ressed  a a  

m o lecu les  p e r  cubic  c e n tim e te r  a n d  tim e  in  a o c o n d s . T h u s , fo r  first-, 

second - , a n d  th i rd-order  react ions.  the  uni ts of I( a re  8-l, a m 3  m tQ o o u l e ’l 

s-1,  a n d  c m 6  m o l e o u l e o 2  s-‘~  respect ively.  

2 3  
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Table 1. Rate Chstants'for second Order Reactions. 

Clnccrtainty 

0 + 02 H, 03 

0 + 03 -b 02 + 02 

l O(‘D) + N20 -. N2 + O2 
+ NO + NO 

O(‘D) + Ii20 +OH + OH 

O( ‘L) + CH4 * OH + CH3 

+ H2 + CH20 

'O( ‘C) + H2 +OH + H 

O(‘D) +N2 +O+N2 

O( ‘D) + N2 f! N20 

O( ‘D) + O2 * 0 + O2 

O(‘D) + 0 3 -c O2 + 0, a. 

+ 02 +o+o 

O( ‘D) + HCl . 3H + Cl 

#O(‘D) + Ccl,,-’ products 

‘O(‘D) + CFC13 . PrOdUCtS 

O(‘D) + CY2C12 -. producte 

0, Rerotions 

(See Table 21 

1.5x10”’ 221 s-+150 

O(‘D) Reaotionr 

4.9x10”’ 

6.7~10”’ 

2.2xlO”D 

1.4rlO”D 

1.4x10”’ 

1 .OxlO”D 

1.8x10”’ 

(See Table 2) 

3.21110”’ 

1.2JclO”D 

1.2rlO”D 

1.4xlO”D 

3.3xlo"o 

2.3xio'lp 

1.4xlO”D 

OtlOO 
Cl3 00 

OtlOO 

&loo 

oaoo 

0300 

-tlo7-+lou) 

4.9x10”’ 1.0 2~3 

6.7~10"' 1.4 2~3 

2.2x10"10 1.2 2.4 

1 .r(XlO”D 1.2 2.5 

1.4x10”’ 1.2 2.5 

1.0x10”0 1.2 2 

2.6~10”’ 1.2 2 

-(67-+100, 4.0x10"' 1.2 2 

o-+100 1.2xlo"o 9.3 2,6 

o-*100 1.2rlO”D 1.3 2.6 

Moo 1.4xlO”D 1.3 2.7 

0900 3.3xir10 1.2 2.8 

0300 2.3~10"~ 1.2 2,8 

cm00 1.4xlO"O I.3 2.8 

8.8~10"~ 1.15 1 

@Indicates a change from the previous Panel evaluation (JPL 81-3). 

+Indlcates a new entry that nas not in the previous evaluation. 
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Table I, (Continued). 

Belatic-.- A-Pagt0r &/J&&/R) k(298Kl 
Uccertalnty 
F&&Q&saK NW 

10('D) + CFI) + CF, + 0 

O('D) + CCL20 * produota 

O('D) + WC10 * produots 

l O('D) + CP20'+ prinluots 

O('D) + NH3 + OH + NH2 

O('D) + CO2+ 0 + CO2 

O('D) + HP * OH + F 

H + 02 ,n HO2 

Ii + 03 +oH+o, 

00 + on * 02 + H 

l o * HO2 * OH + O2 

'0 + H202 * OH + HO2 

'OH + HO2 * H20 + O2 

OH + O3 + HO2 + 02 

l OH + OH . H20 + 0 

OH + OH 9 H202 

'OH + H202 * H20 + HO2 

'OH * H2 +H20 + H 

'.8x10"3 o-*100 1.8~10''3 

3.6~10"~ &loo 3.6~'0-'~ 

'.9x10"0 o-+100 1.9x10"0 

8.0r'C"' o-+100 8.0~10"' 

2.5x10''0 b+lOO 2.5r10-'0 

7.4x10-1' -tll7-+loo) '.1x10"0 

'.0x10"0 o-+100 '.0x10"0 

HO= Reactions 

(See Table 2) 

'.4r10"0 470fdOO 2.9110"' 

2.2x10'!' -(117-+lcJO) 3.3x10"' 

3.0x10"' -(200-+200) 5.9x10"' 

1.0x10"' 2500t'OOO 2.3~10"~ 

(7+4Pat&c10"' O-+250 (7+4Pp,tJ'lo"1 

1.6~10"~ 940-*300 6.8r10"4 

4.2*10-'2 2422242 1.9110"2 

(See Teble 2) 

3.1x10''2 187-+100 1.7x10-12 

6.1x1O-'2 203Ot400 6.7rlO'l5 

2.0 2.8 

2.0 2.9 

2.0 2,9 

2.0 2,9 

1.3 2.10 

1.2 2 

5.0 11 

1.25 12 

1.2 ‘3 

1.4 14 

3.0 15 

1.6 lb 

1.3 17 

1.4 'U 

1.3 ‘9 

1.2 20 

l Indicate8 8 change tra the previous Panel eraluetlon (JPL 81-3). 

#Indicates a mu entry that was cot la tbo previous evaluation. 
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Table 1. (Continued). 

Uccert8inty 

'HO2 + HO2 -. H202 + O2 

'HO2 + f13 + OH + 202 

N+02+NO+0 

N+%+NO+02 

N + NO + N2 + 0 

N + NO2 + N20 + 0 

0 + NO ,n NO2 

0 + NO2 -, NO + O2 

0 + NO2 ,H NO3 

0 + NO3 -c O2 + NO2 

0 + N205 -. produots 

0 + two3 -c OH + NO3 

l 0 + H02N02 .. products 

00 3 + NO . NO2 + O2 

*NO + HO2 - NO2 + OH 

NO + NO 3 . 2NO2 

OH + NO H, HCNO 

OH + NO2 w, HN03 

@OH + HNO3 - products 

*OH + H02N02 -products 

(3.4+2.5Patm)x10'14 -("50~600) (1.6+1.2Pa~)x10"2 1.5 

1.ux10-'4 5*+500 
-100 

NO, Reactions 

4.4x10-12 32202340 

. 

3.4x10-1' 

(See Table 2) 

9.3x10-12 

(See Table 2) 

1.0x10"' 

7.0x10"' 

2.2x10’‘2 

3.7x10-12 

(See Table 2) 

(See Table 2) 

9’.4xlO’‘5 

‘.3x10”2 

o-+100 

0+O -150 

o+rso 

3370=750 

1430-+200 

-(240-+80) 

-(77e-+lOO) 

-C380_*~~~ 

2.0x10''5 1.5 

8.9x1O-'7 t'.25 23 

<'.0x10"5 - 24 

3.4x10"' 1.3 25 

'.4%10"2 3 26 

9.3x10"2 1.1 

1.0x10"' 1.5 28 

<3.0x10-'6 - 29 

<3.Ox10"7 - 30 

8.6xl0"6 3.0 3' 

1.8x10-'4 1.2 32 

8.3x10"2 i.2 33 

2.0x10"' 3.0 34 

'.3x10"3 1.3 

4.2~10"~ 1.5 

21 

22 

27 

-- 

35 

36 

*Indicates a change from the previous Panel evaluation (JPL. 81-j). 

IIndlcates a new entry that was not in the previous evaluation. 
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Table .l. (Continuad) . 

A-Fagfgp WR-+ivWRI Uncertaint 
kt298t) Fa*u98g m \ 

\ (Se. Tablo 2) 

1.2~10-13 2450-+140 3.2~10"~ 

<5.Ox10"9 

1.15 

HO2 + NO2 !! HO,NO, 

O3 + NO2 * NO3 + 4 

03 l Iwo2 l 02  + HNo3 

NO2 + NO3 H, Nz02 

Cl + 03 + Cl0 + 02 

'Cl + ii2 + HCl + H 

Cl + CH,, + HCl + CH3 

Cl + C2H6 -* HCl + C2H5 

CCL + C3H8 . IlCl + C$i, 

#Cl + C2H2 + products 

IC! + CH30H .a CH20H + HCl 

Cl + Ct$Cl + CH2Cl + HCl 

'Cl + H2C0 - HCl + HCO 

Cl + Hz02 + HCl + HO2 

#Cl + HOC1 +products 

Cl + HNo3 l products 

'Cl + HO2 .- HCl + 02 

-.OH + Cl0 

Cl + Cl20 +c12 i Cl0 

Cl + OClO + Cl0 + Cl0 

(See Table 2) 

ClO, Reactiona 

2.8x10”’ 257-+100 

3.7x10"' 2300-*200 

9.6xlo-12 1350-+150 

7.7x10"' 90-*90 

1.4x10’‘0 -(40-+50) 

6.3rlO"' 022250 

3.4x10"' 126Of200 

8.2rlF"' 34-*100 

1.1x10"' 980-+500 

3.0x10''2 13oc?50 

<1.0x10"' 

1.8x10"' -(17Of200) 

4.1x10"' 450-*200 

9.8x10"' 0*50 

5.9x10"' o-+250 

1.2x10"' 

1.6~10"~ 

1.0x10''3 

5.7x10"' 

1.6~10"~ 

lxlO"2 

6.3~10"' 

4.9xlO"~ 

7.3x10-1' 

4.1x10''3 

1.9x10"2 

<7.0xl0"5 

3.2~10"' 

9.lilO"2 

9.8xlo”’ 

5.9x10"' 

1.15 

1.25 

1.1 

1.1 

1.5 

10 

2.0 

1.2 

1.15 

1.5 

2.0 

1.5 

2.0 

1.2 

1.25 

40 
f 

41 1 
/ 

42 , : 

43 

44 

45 

4b 

47 

48 

i 

49 

50 

51 

52 

53 

54 

l Indiatcs.a change frca the previous Panel evaluation (JF% 81-j). 

0Indicatcs I new entry that was not in the previous evaluation. 
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Table 1. (Continued). 

A-Fxtor 

6.0~10"~ 

(See Table 2) 

(See Table 2) 

2.3~10"' 

(See Table 2) 

1.4XlO"Q 

8.0~10-'~- 

7.7x10-1' 

6.2~10"~ 

(See Table 2) 

4.6~10"~ 

-1.0x10''2 

5.1x10''2 

-1.0x10''2 

-1.0x10''2 

-1.0x10''2 

-l.CXlO''2 

Uncertainty 
f,i 1 I Factor/2981: Now 

-(lSOf200) 1.0x10"' 55 I.. 
.' 

0+500 
-250 2.3~10"' 5b 

ot250 

o-*50 

130fl30 

-(294-+lOOj 

1.4x10"' 

8.0~10"~ 

5.0x10-11 

1.7x10"' 

57 

57 

58 

59 

-(710$$ 

>2060 

-(l&I-+200) 

>3700 

>48uo 

>3700 

>42bO 

5.0x10''2 

<l.OXlC"5 

9.4x10-12 

<4.0x10"8 

<1.0x10"9 

<4.OXlO"8 

<6.0x10-'~ 

i.0xi0-12 >4oou 

1.0x10''2 >POOO 

2.8~10"~ 425-*100 

1.5 

3.0 

3.0 

3.0 

1.2 

1.15 

1.4 

2 

1.1 

60 

61 

62 

63 

63 

63 

63 

64 

65 

65 

66 

*Cl + C10N02 + products 

Cl + NO !j NOCl 

Cl + NO2 ? ClONO (C1N02) 

.Cl + ClNO -. NO + Cl2 

Cl + o2 .y Cl00 

Cl + Cl00 * Cl2 + o2 

* Cl0 + Cl0 

Cl0 + 0 * Cl + o2 

Cl0 + NO - NO2 + Cl 

Cl0 + NU2 ,H C10N02 

.ClO + Hu2 * HOC1 + O2 

Cl0 + H2C0 + products 

WlO l OH .L products 

Cl0 + CH4 .- products 

Cl0 + Hz . products 

Cl0 + co . products 

Cl0 + N20 - products 

Cl0 + Cl0 * products 

ClC + 03 * Cl00 + o2 

* OClO l 02 

OH + IlCl * H20 + Cl 

l hdlcates a change from the previous Panel l valuarlon (JPL 81-3). 

IIndicates a new entry that was not in the previous evaluation. 
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Table 1. (Continued). 

Uncertaintv -. 

Notar 

OH + HOC: * H20 + Cl0 

OH + CH3C1 + CH2C1 + Hz0 

OH + CH2C12 -* CHC12 + H20 

OH + CMC13 -c Ccl3 + H20 

OH + CHFC12 * CFC12 + Hz0 

OH + CHF2Cl .+ CF2Cl + Hz0 

OH + CH2ClF + CHClF + H20 

OH + CH3CC13 .* CH2CC13 + Hz0 

OH + C2C14 + products 

OH + C2HC13 + produots 

OH + CFC13 + products 

OH + CF2C12 + products 

OH + ClCN02 * products 

l O + Xl -' OH + Cl 

0 + HOC1 l OH + Cl0 

0 + C10N02 - products 

l o + Cl20 * Cl0 + Cl0 

0 + OClO b Cl0 + o2 

NO + OClO * NO2 + Cl0 

3.0x10''2 

1.8~10'~~ 

4.5x10''2 

3.3510''2 

8.9xW13 

7.8~10"~ 

2.0x10''2 

5.4x10''2 

9.4x10-12 

5.0rlO''3 

‘., 
1112~200 

1032-*200 

1034f200 

1013*00 

1530-*200 

1134-*150 

1820-*200 

12CJ-+200 

-(445-+200) 

-1.0x10''2 

-1.0x10''2 

'.2x10"2 

1.0x10"' 

1.0x10"' 

3.0x10''2 

2.7x10"' 

2.5x10"' 

2.5~10"' 

>3650 

>35bO 

3332200 

3340-+350 

2200f1000 

8Oe'zoo 

560=200 

llbb-*300 

6OO-cjOO 

1.8~10"~ 

4.3x10-14 

1.4x10-13 

1.0x10"3 

3.0x10"4 

4.6xlO'15 

4.4x10-14 

1.2x10-14 

1.7x10''3 

2.2x10-12 

<5.0x10"8 

<6.5~10-~~ 

3.9x10"3 

1.4x10''6 

6.tx10-15 

2.0~10-13 

4.1x10-12 

5.0x10''3 

3.4-10''3 

1.1x10''2 

10 

1.2 

1.2 

1.2 

1.3 

1.2 

1.2 

1.3 

195 

1.25 

1.5 

2.0 

10 

1.5 

1.5 

1.5 

1.5 

1.2 

67 

6U 

68 

6U 

68 

68 

68 

69 

70 

7' 

72 

72 

73 

74 

75 

76 

77 

78 

79 

80 Br l O3  + h-0 + O2  

BrO, Reactions 

1.4x10"' 7552200 

@Indicates a change frcm the previous Panel evaluation (JPL 81-j). 

+Indica:es a nedy entry that was not in the previous l veluatlon. 
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.Tabla 1. (Continued). 

tor 

, 
Oncertainty 

l Bt + H202 -c HBr + HO2 

.Br + H2C0 -c HRr + HCO 

l Br + HO2 + HBr + O2 

BrO + 0 + Br + O2 

BrO + Cl0 * Br + OClO 

* Br + Cl + O2 

8rO + NO - NO2 + Br 

BrO + N02 ! BrON02 

l BrO + BrO -. 2 Br + O2 

- Br2 + O2 

BrO + O3 + Br + 2 O2 

BrO + HO2 + HOBr + O2 

BrO + OH a products 

@OH + HBr .H20 + Br 

OH + CH3Br -. CH2Br + H20 

0 + HBr + OH + Br 

F  + O3 * FO + O2 

*F + H2 bHF+H 

F  + CH4" HF + CH3 

-1.0x10"' 

1.7x10"' 

>2500 

8Oo~200 

3.0x10"' 

6.7~10"~ 

6.7~10"~ 

8.7~10"~ 

(See Table 2) 

*.4x10-*2 

6.Ox1O-14 

-1x10''2 

o-+250 

0=250 

O-+250 

-(265*130) 

-(150-*150) 

-(600+600) 

>1600 

8.0~10"~ o-*250 

6.l~lO"~ 825+200 

7.6~10"~ 1570~300 

2.8~10-'~‘ 

FOX Reactions 

226~200 

1.9xlO"Q 570-+250 

3.0x10"Q 400~00 

<2.0x10-*5 

1.1x10-*2 

>1x10-'3 

3.0x10"' 

6.7~10"~ 

6.7~10"~ 

2.1x10"' 

2.3~10"~ 

4.4x10-13 

<5.0x10"5 

5.0x10''2 

9.0x10''2 

8.0~10"~ 

3.8~10"' 

3.9x10"4 

~1.3x10"' 

2.8x10"' 

8.0x10”’ 

1.3 

i 

3-Q 

2.0 

2.0 

1.15 

1.25 

1.25 

5.0 

5.0 

1.5 

1.25 

1.5 

2.0 

‘-3 

2.0 

81 

82 

83 

64 

85 

85 

86 

87 

87 

88 

89 

90 

9’ 

92 

93 

94 

95 

% 

@Indicates a change from the previous Panel evaluation (JPL 81-3). 

#Indicates a nev entry that w&e not in the previous evaluation. 
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Table 1. (Continued). ! 

Uncertainty 
w 

F + Hz0 - HP + OH 

F + O2 !! F02 

F + NO !? FNO 

F + NO2 ,H ITf02(FONO) 

aNO + FO * NO2 + F 

FO + FO * 2 F + 02 

FO + O3 *F+202 

-, F02 + O2 

FO + NO2 ! FON02 

O+FO+F+02 

0 + F02 -, FO + O2 

OH + CO + CO2 + Ii 

OH + CH4 + CH3 + Hz0 

#OH + C2H6 + Hz0 + C2$ 

#OH + C3H8 -c H20 + C3H7 

IOH + C2H4 + product3 

#OH + C2H2 -* products 

OH + H2C0 - H20 + HCO 

*OH + CH300H + products 

10 + C2H2 + produ'cts 

2.2x10"' 2GOt200 1.1x10"' 

(Sea Table 2) 

(See Iablo 2) 

(See Tab16 2) 

2.6x10"' ot250 2.6x10"' 

1.5x10"' oz?5o 1.5x10"' 

(See Table 2) 

5.0x10"' C=zso 5.0x10"' 

5.0x10"' 02250 5.0x10"' 

l.35xlo-'3(l+Pa~) o-+200 1.35x10-'3~1+PatJ 

2.4~10"~ 1710-+200 7.7x10-15 

1.9x10"' 12fd250 2.7~10"~ 

1.6x10"' 800*50 1.1x10''2 

2.1x10-'2 -(4Oc-*15U) 8.0x10'12 

6.5x10-'2 650-+100 7.3x10-13 

1.0x10"' Of200 1.0x10"' 

2.6~10"~ 190-*100 '.4x10"2 

2.9x10"' 'COO-+300 1.4x10-13 

5.0 97 

2.0 

3.0 

m 

98 

99 

'UO 

100 

3.0 

5.0 

101 

102 

1.25 '03 

1.2 104 

1.25 '05 

1.5 106 

1.7 '07 

2 ioe 

1.25 '09 

5.0 110 

1.3 111 

@Indicates a change frca the previous Panel eveluatlon (JPL 81-3). 

#Indicates a new entry that wee not in the previous eraluetion. 
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Tab le  1. (Con t inued1  

U o n  A-Fac tor  
Uncer ta inty  

a&(E/Jf \  k (298K l  -2C lF IK  N o &  

0  +  H * C O  * p roduots  

l O  + a 3  -c p roduots  

CHj  +  o* -  p roducts  

C H 3  . 0 2  H, c I i302 

f C H Z O H  +  0 2  -  C H 2 0  .e H O 2  

l C H 3 0  +  0 2  * C H 2 0  +  HO2 .  

' H C O  +  0 2  * C O  +  H O 2  

ICH3 +  0 3  -* products  

C C H 3 0 2  +  0 3  -* products  

l C H 3 O 2  +  C 3 0 2  -, p roducts  

'CH302  +  N C  .CH30 +  N O 2  

C H 3 0 2  +  N O 2  * ' C H 3 0 2 N 0 2  

C H 3 0 2  +  H O 2  :. C H 3 O O H  +  0 2  

*O H  +  H 2 S  -  S H  +  H 2 0  

'O H  +  O C S  b  products  

O H  +  C S 2  . products  

O H  +  9 0 2  ! H W O 2  

l O + H c  2'  . O H  +  S H  

0  l ocs * co  +  so  

0  +  cs2 l c s  +  s o  

3.0x10" '  

l .Ur lO"O 

( S e e  Tab le  2 )  

w  

1 .2~10-13  

3.5x10 ' '2  

i 

1 .6~10"~  

4.2x10- '*  

( S e e  Tab le  2 )  

1 5 5 0 ~ 2 5 0  

0*250  

1 3 5 0 * 0 0  

- (14o-*140)  

- (220*2201  

- (180 -+180 )  

1 .6~10 ' '3  1 .25 1 1 2  

1 .4x lO"O 1.5  1 1 3  

< 1 x 1 0 " 6  B  1 1 1 1  

2r l0 "2  

1.3x10' '5  

5 .5x lO"2  

7 .Ox10"3  

< 1 x 1 0 " 7  

3 .4x10-13  (  

7 .6~10"~  

1 0  

1 0  

I.3 

6  

1.25 

1.2 

1 9 5  

1 1 6  

1 1 7  

1 1 8  

1 1 9  

1 2 0  

1 2 1  

7 .7x10-14  - i l 3OOf~~~ , )  6.0x10- '*  

S O , React ions  

5.9x10- '*  -  6 5 2 6 5  4.7x10' '2  

1.3x15- '*  2 3 0 0 % 0 0  6 .0~10"~  

<1 .5x10-15  

( S e e  Tab le  2 )  

1.0x10" '  1810- *550  2 .2x10-14  

2.1x10" '  2200- *150  1 .3x10-14  

3 .2~10 '~~  6 5 0 - + 1 5 C  3.6x10- '*  

3.0  

1.2 

1 0  

1.7 

1.2 

1.2 

1 2 2  

1 2 3  

1 2 4  

1 2 5  

1 2 6  

1 2 7  

1 2 u  

aIndicates a  c h a n g e  f ran the p rev ious  P a n e l  eva luat ion  ( J P L  81-31. .  

# ind icates a  n e w  entry that was  not  in  the p rev ious  evaluat ion.  
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Table 1. (Continued) 

n 

O+SH+H+SO 

IS + o2 + so + 0 

Uncertainty 
A-PIE/R Factor/298K Notes 8 

l.6.10’10 5.0 129 

2.3~10”~ O-*200 2.3~10”~ 1.2 130 

IS + oj * so + o2 

IS + OH + SO + H 

#SO + o2 + 802 + 0 

#SO + o3 -c so2 + o2 

#SO * OH + SO2 + H 

IS0 + NO2 -c SO2 + NO 

#SO + Cl0 * so2 + Cl 

#SO + OClO * so2 + Cl0 

#SO + b-0 -c SO 2 + Br 

1.2x10”’ 

w 6.6x10-f’ 

9.0xlO”~ 

3.2~10”~ 1 loo-*400 7.9x10-14 

8.6~10”’ 

1.4x10”’ 

2.3~10”’ 

1.9x10-12 

. . >u.ox1o-‘1 

2.0 

3.0 

10 

1.5 

2.0 

1.5 

3.0 

3.0 

131 

132 

133 

134 

135 

136 

137 

137 

137 

#so2 + HO2 -c produots <1.0x10"~ - :31 

CH302 + SO2 - products <5.Ox10”7 - 139 

ISH + O2 * OH + SO <3.2~10-‘~ - 140 ! 

'Indicates a change from the previous Panel eval ation (JPL 81-3). 

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



1. This ..recommendation is based on the measurements of HcCrumb and 
Kaufman (1972) and Davis at & (1973). 

2. These recaolmendations are based on ayerages of the absolute rate 
constant measurements reported by gtrelt & & (1976), Davidson 
&a. (1977) and Davidson at al. (1978) for N20, H20, CH4, H2, 
N2, 02, 03, HCl, CC14, CFC13, CF2C12, NH3, and C02; by Amimoto 
&ji & (19781, Amimoto & al. (1979), and Force and Wiesenfeld 
(1481 a, b) for N20, H20, CH4, N2, Ha, 02, 03, C02, CC14, CFC13, 
CF2C12, and CF4 : by Wine and Ravishankara (1981) and (1982) for 
N20, H20, N2, H2, 03. C02, and CF20; by Brock and Watson (1980) 

for N,, O2 and C02; by Lee and Slanger (1978 and 1979) fc:’ H20 and 
02; and by Cericke and Comes (1981) for H20. The weight of the 
evidence from these studies indicates that the results of Hefdner 
and Husain (79731, Heidner & al. (1973) and Fletcher and Husain 
(1976a, 1976b) cohtaln a systematic error. For the crltioal 
atmospheric reactants, such as N29, H20, at.l CH4, the recommended 
absolute rate constants are In good agreement with the previous 
relative me:lsurements when compared with N2 as the reference 
reactant. A similar comparison with O2 as the reference reactant 
gives somewhat poorer agreement. 

3. The branching ratio for the reaction of O(‘D) with N20 to give 
N2 + O2 or NO + NO is an average of the values reported by 
Davidson &, & (1979); Volltrauer & a. (1979); HL*x & al. 
(1979) and Lam &, al. (1981). This result, 9(h2) = l.eb2, agrees 
well with earlier measurements of the N2 quantum yield from N20 
photolysis: 4(N2) = 1.44 (Calvert and Pitts 1966). O(‘D) translational 
energy and temperature dependence effects are not clearly resolved. 

4. *asurements by Zellner & a. (1980) Indicate 1(+005 or -1)s of the 
o(‘D) + H2C reaction products are H2 + 02= 

i ; ! 34 
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5. The branching ratio for reaction of O('D) with CH4 to give OH + 
CH3 or CIi20 + Hz is from tin and D&lore (1973). A molecular beam 
study by Casavecchia & & (1960) Indicates that an additional 
path forming CH30 (or CH20H) c H may be Important. This 
possibility requires further investigation, 

6. The branching ratio for reaotlon of O(‘D) with G3 to give 02 + 02 
or’ 02 + 0 + 0 is from Davenport & J& (1972). This Is supported 
by measurements of Amimoto & gJ,. (1978) who reported that on 
average one ground state 0 is produced per O(‘D) reaction with 

O3' It seems unlikely that this could result from 100% quenching 
of the O(‘D) by 03. 

7. The reaction O(‘D) + HCl may give a small amount of Ii + Cl0 
products (Davidson & al., 1977). 

8, The haiocarbon rate constants we for total disappearance of O(‘D) 
and probably include physical quenching. Products of the reactive 
channels may iwlude: CX30 + X, CX20 + X2, and CX3 + X0, where 
x= H, F, or Cl in various combinations. Chlorine and hydrogen 
are morae easily displaced than fluorine from halocarbons as 
Indicated by approximately 100% quenching for CFQ. A useful formula 
for estimating O(‘D) removal rates by methane and ethane type 
halocarbons was given by Davidson a a. (1978): k(CnHaFbClc) = 
0.32a + 0.030b + 0.74~ (in units 10”’ cm3 molecule”s”). This 

expression does not work for molecules with extensive fluorine 
substitution. Some values have been reported for the fractions of 
the.total rate of disappearance’ of O(‘D) proceeding through 
quenchlqg and reactive channels. For CC14: quenching = (14261% and 
reaction = (8626)$, (Force and Wiesenfeld, 1981) ; for CFC13: quenching 
= (l3~4lS and reaction = (8724)s (Force and Wiesenfeld, 198l), quenching = 
(25210)$, Cl0 formation = (60:15)$ ,(Donovan, 1980); for CF2C12: 
quenching = (14-9)s and reaction = (862141% (Force and 
Wiesenfeld, 19811, quenching = (20210)%, Cl0 formation = (55215)% 

.. ./ 
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(Donovan, 1980) ; for CF4: quenching = 100% (Force and Wiesenfeld, 1981) . 

9. For the reactions of O(‘D) with Ccl20 and CFClO the recaomended 
rate constants are derived from data of Fletcher and Husain (1976). 
For consistency, the recommended values for these rate constants 
were derived using a scaling factor (0.5) which corredts for the 
difference between rate constants from the Husain Laboratory and 
the recommendations for other O(‘D) rate constants in this table. 
The recommendation for CP20 is from data of Wine and Ravishankara 
(19821. ‘Their result is preferred over the value of Fletcher and 
Husain (1978) because it appears to follow the pattern of decreased 
reactivity with increased fluorine substitution observed for other 
halocarbons. These reactions have been studied only at 298 K. 

Based on consideration of similar O(‘D) reactions, it is assumed 
that E/R equals zero, and therefore the value shown for the A-faotor 
has been set equal to k(298 K). 

10. Sanders & A. (1980) have detected the product NH(a’t) in 
addition to OH formed in the reaction O(‘D) + NH3. They report the 
yield of NH(a’6) is in the range 3-l 5% of the amount of OH 
detected. 

11. No experimental data are known for O(‘D) + HF. k IS estimated to 
be large and not strongly temperature dependent, based on comparison 
with other O(‘D) reactions. The products OH + F are exothermfc 
but quenching may also occur. 

12. The recommendation is an average of the recent results of Lee gt &. 
(1978b) and Keyser (1979), which are In excellent agreement over 
the 200-400 K range. An earlier study by Clyne and Honkhouse (1977) 
is in’very good agreement on the T dependence in the range 300-650 K 

but lies about 60% below the recwnmended values. Although we have 

no reason not to believe the Clyne and Honkhouse values, we prefer 
the two studies that are in exceller, agreement, especially since 
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th e y  w o r e  oa r r l ed  o u t ove r  th e  T  r a n g e  of interest.  R s o e n t resul ts 
by  Fln layson-Pi t ts  a n d  K le ind ienst  ( 1 9 7 9 )  a g r e e  wel l  wi th th e  
p r e s e n t r e c o m m e n d a tio n s . R e p o r ts o f a  c h a n n e l  fo r m i n g  H O 2  +  0  
(Fin lhyson-Pi t ts  a n d  K le lndienst ,  1 9 7 9 : - 2 5 % , a n d  F o r m  a n d  
W lesenfo ld ,  1 9 8 1 b : - 4 0 % )  h a v e  b e e n  o o n t rad io tbd  by  o th e r  studies 
( ,Howard  a n d  Finlayson-Pi t ts,  1 9 8 0 : <  3 % ; W a s h i d a  at A L ., 1 9 8 O a : 
<  6 % ; a n d  Fin layson-Pi t ts  &  a ., 1 9 8 1 : <  2 % ) . S e o o n d a r y  a h e m istry 
is be l i eved  to  b e  respons ib le  fo r  th e  o b s e r v e d  0  a to m s  in  th is  
system. W a s h l d a  &  a . ( 1 9 8 O o )  m e a s u r a d  a  low lim it ( <  0 .1 % )  fo r  
th e  p r o d u c tio n  o f s inglet  m o lecu lar  o x y g e n  In  th e  r e a o tio n  H  +  0 3 . 

13.  

1 4 . 

15.  

T h e  r a te  o o n s ta n t fo r  0  +  O H  is a  fit to  th r e e  te m p e r a tu r e  d e p s n d e n o e  
stud ies:  W e s te n b e r g  at &  (1970a) .  Lewis  a n d  W a tso n  ( 1 9 8 0 ) . a n d  
H o u n r d  a n d  S m ith  ( 1 9 8 1 ) . Th is  r e c o m m e n d a tio n  is oons is tent  wi th ear l ie r  
work  n e a r  r o o m  te m p e r a tu r e  as  rev iewed  by  Lewis  a n d  W a tso n  ( 1 9 8 0 ) . 

T h e  r e c o m m e n d a tio n  fo r  th e  0  +  H O 2  reac t ion  r a te  constant  is th e  
a v e r a g e  o f two stud ies  a t r o o m  te m p e r a twc (Keyser ,  1 9 8 2 , a n d  S r l d h a r a n  
a n d  K a u fm a n , 1 9 8 2 )  fitte d  to  th e  te m $ e r a turc  d e p e n d e n o e  g i ven  by  
Keysu r  ( 1 9 8 2 ) . Ear l ie r  stud ies  by  Hack  A !‘. Q ’.. ( 1 9 7 9 )  a n d  B u r r o w s  
rt a . (  1 9 7 7 , 1 9 7 9 )  a r e  n o t cons ide red , b e m u s e  th e  O H  +  H 2 0 2  reac t ion  
was  i m p o r ta n t in  th e s e  stud ies  a n d  th e  va lue  u s e d  fo r  its r a te  constant  
in  the i r  ana lyses  h a s  b e e n  s h o w n  to  b e  in  er ror .  D a ta  f rom Li i  &  
U . ( 1 9 8 O c )  is n o t cons ide red , b e c a u s e  it is b a s e d  o n  on ly  fo u r  
e x p e r i m e n ts a n d  involves a  curve  fittin g  p r o c e d u r e  th a t a p p e a r s  to  
b e  insensi t ive to  th e  des i red  r a te  constant .  

clnly o n e  stu d y  o f th e  0  +  H 2 0 2  reac t ion  h a s  b e e n  pub l i shed  
(Davis  Q $  A ., 1 9 7 4 c ) . T h e  r e c c e u n e n d a tlo n  is b a s e d  o n  the i r  data,  

b u t th e  A  factor  h a s  b e e n  i nc reased  (x3.6)  b e c a u s e  th e  e x p e r i m e n ta l  
va lue  is l ow in  ccmpar i son  to  sim i lar  a t.o m - m o l e c u :e  react ions.  T h e  
tcm p o r a tu r e  c o e fficie n t h a s  b e e n  ad jus ted  to  fit the i r  r a te  constant  
cit. 2 9 8 K . 
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16.. The recommendation for the OH + HO2 rate constant has been 
changed. Three net4 measurements at lgu pressure (l-3 torr) in 
discharge-flow systems all give values -near 7 x 10”’ a3 
molecule-l so1 : Keyser (19811, Bridharan at & (1981i, 
and Temps and Wagner (1982). The latter two studies supersede 
earlier work which reported lower values from the same 
laboratories, Chang and Kaufman (1978) and Haak & & (1978). 

Separate studies at pressures near one atmosphere obtain 
consistently a larger rate constant, about 1 .l x 10 -10: Lii 
& al. (198Fa), Hochanadel at a. (19801, DeHore (19821, and 
Cox at a. (1981). De&we (:982) eports rate oonstants that 

inorease from about 7 x 10”’ st 75 torr to about 1.2 x lO"O at 

730 torr. The present recommendation is for a rate oonatant that 
increases linearly w?.th pressure from 7 x 10°l’ at low pressure 
to 1.1 x 10'10 at one atmosphere. Other studies by Burrows s & (1981) 

Kurylo & a. ( 1981). and Thrush and Wilkinson (1981) agree with 
these values. Although this recommendation inoorporates the most 

reliable and thorough studies, it has not been reconciled in terms of 
the current models of reaction rate theory. The observed pressure 
dependence implies the formation of an H2O3 intermediate. 
Further direct studies of the temperature and pressure dependences 
and products of this reaction are required. 

17. The recommendation for the OH + O3 rate constant is based on 
the room temperature measurements of Kurylo (1973) and Zahniser 
and Howard (1980) and the temperature dependence studies of 
Anderson and Kaufman (1973) and Ravishankbra & a. (1979b). 
Kurylo’s value was adjusted (-8%) to correct ?or an error in the 
ozone concentration measurement (Hampson and Garvin, 1977). The 

Anderson and Kaufman rate constants were normalized to k = 6.3 x 

lo-l4 cm3 molecule” 9-l at 295K as suggested by Chang and Kaufinan _. 

(l!J?d). 
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18. The recaumendation for the OH + OH reaation is the average of sit 

measurements near 298K: Westenberg and de Haas (1973a),- MaKenzie 
& & (1973), Clyne and Down (1974), Trainor and von Rosenberg 
(1974). Farquharson and Smith ( 1980) and Yagner and Zellner (1981). 
The rate constants for these studies all fall between (1.4 and 2.3) 

. x 10’12 3 cm molecule -1 s-1. The temperature dependence is from 
Wagner and Zellner, who reported rate constants for the range T x 
250-580K. 

19. There are extensive new data on the OH + H202 reaction. The 
recommendation is a fit to the temperature dependence studies of 
Keyser (198Gb), Sridharan g& & (19601, Wine at fi. (1981) and 
Kurylo at al. (1982). 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. 

20. The OH + H2 reaction has been the subject of numerous studies 
(see Ravishankara J& a. (1981) for a review .,f experimental and 
theoretical work). The recommendation is fixed to the average of 
nine studies at 298K: Greiner (1969). Stuhl and Ni!;i (1972), 
Westenberg and de Haas (l973b), Smith and Zellner (1974), Atkinson 
a d. ( 1975), Overend & a. ( 1975), Tully and Ravishankara 
(1980), Zellner and Steinert (1981), and Ravishankara & u. 
(198:). The E/R is an average of five temperature dependence 
studies: Greiner (1969). Westenberg and de Haas (1973c), Smith and 
Zellner (i974), Atkinson et al. (1975), and Ravishankara & & 
(1981). 

21. The kinetics of the HO2 + HO2 rtwtion are very complex and a 
comprehensive picture of the reaction mechanism from either an 
experimental or’ a theoretical point of view has not developed. The 
reaction rate constant has been shoun to have unusual pressure, 
temperature and water vapor dependences. There is general 
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agreement between Investigators on the following aspeota of the 
reaction at high pressures (P -1 atm): (a) the HO2 uv absorption 
cross section: Paukort and Johnston (1972). Cox and Burrows (1979), 
Hochanadel &, a. (1980). and Sander & al. (1982) ; (b) the rate 
constant at 300K: Paukert and Johnston (1972), Hamilton (19751, 
Hamilton and Lii (1977), Cox and Burrows (1979), Lii &li U. (i979), 
Tsuchlya and Nakamura (1979), Sander et ill. (1982), and Simonaitis 
and Heicklen (1982) (all values fall in the range (2.5 to 4.7) x 
IO-l2 cn3 molecule” s-l ); (c) the rate constant temperature 
dependence: Cox and Burrows (1979), and Lii &.t a. (1979); (d) the 
rate constant water vapor dependence: Ham11 ton ( 1975)) Hochanadel 
& a. (1972), Hamilton and Lli (1977), Cox and Wrrowi (1979), 
DeMore (1979), Lii fi & (1981), and Sander &al. (1982); and 
(e) the formation of H202 + O2 as the major products at 3OOK: Su afi 
al. (19791, Niki a& al. (1980), Sander aA al. (1982), and 
Slmonaitis and Hiecklen (1982); and (f) the H/D isotope effect: 

Hanil ton and Lil ( 1977) and Sander nt al. ( 1982). At low pressures 
there are fewer results and less agreement between investigators. 
Thrush and WilW.nson (1979) report low rate constants at pressures 
between 2 and 4 torr that extrapolate to k - 0 at P = 0. Cox and 
Burrows (1979), and Lii nt & (1980b) observe no pressure 
dependonce of the reactton between 25 and 760 torr and 400 and 1500 
torr, respectively, while Sander &, A. (1982) and Simonaitis and 
Heickle.1 (1982) see pressure dependence over a broader range and 
suggest k - 1.6 x lo-l2 cm3 molecule-l 3-l, when extrapolated to 
P = 0. The present recommendation is derived from the 298K data 
for the pressure dependence in N2 given by Sender & A. (1982) 
ana Simonaitis and Heicklen (1982) and the temperature dependence 
given by Cox and Burrows ( 1979) and Lil fi A. ( 1979). For systems 
containing water vapor, the factors given by Lii nt a. (1981) and 
Sander St al. (1982) can be incorporated. Our recommendation must 
be used with caution because of major uncertainties in the behavior 
at low pressure and at low temperature and the products at low 
temperature. 
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2 2 . T h e r e  is on ly  o n e  direct  stu d y  o f th e  H O 2  +  0 , reac t ion  (Zahn ise r  1  J’ 

a n d  H o w a r d , 1 9 8 0 ) . Th is  is th e  bas is  o f th e  r e c o m m e n d a tio n . T h r e e  i 

indi rect  stud ies,  al l  us ing  H O 2  +  H O 2  as  th e  r e fe r e n c e  react ion,  i 
a r e  ‘n  g o o d  a g r e e m e n t w h e n  th e  n e g a tive  te m p e r a tu r e  d e p e n d e n c e  o f I. 
th e  r e fe r e n c e  reac t ion  is cons ide red  ( S i m o n a i tis a n d  Heick len,  j 

.‘\ 
1 9 7 3 ; D e W o r e  a n d  Tschu ikow-Roux,  1 9 7 4 ; a n d  D e M o r e  1 9 7 9 ) . A n o th e r  
d i rect  stu d y  w o u l d  b e  va luab le .  T h e  A  factor  is unusua l l y  low. 

2 3 . Ac tiva tio n  e n e r g y  b a s e d  o n  Becke r  9 ;t a . ( 1 9 6 9 ) . V a lue  a n d  
u n c e r tainty a t 2 9 8 K  ass igned  f rom a v e r a g e  o f C lyne  a n d  T h r u s h  
(l% l), W i lson ( 1 9 6 7 ) , Becke r  &  a . ( 1 9 6 9 ) , C lark  a n d  W a y n e  (l .nO ) 

I 
I 

a n d  W e s te n b e r g  & , a . (  1 9 7 0 b ) . In d e p e n d e n t c o n firm a tio n  o f th e  I ’ 
i 

te m p e r a tu r e  d e p e n d e n c e  is n e e d e d . 

2 4 . R e c o m m e n d a tio n  b a s e d  o n  resul ts o f S tie f n t al. ( 1 9 7 9 ) . N o te  th a t 
th is  is a n  u p p e r  lim it b a a e d  o n  ins t rumenta l  sensitivity. Resul ts  o f 
S tie f &  a . a n d  G a r v i n  a n d  B r o i d a  ( 1 9 6 3 )  catit d o u b t o n  th e  fast 
r a te  r e p o r te d  by  P h il l ips a n d  Schif f  ( 1 9 6 2 ) . 

2 5 . G e c o m m e n d a tlo n  is b a s e d  o n  th e  resul ts o f L e e  n t al. ( 1 9 7 8 ~ ) . A  
r e c e n t stu d y  by  Husa in  a n d  S later  ( 1 9 8 0 )  r e p o r ts a  r o o m  te m p e r a tu r e  
r a te  constant  3 0  p e r c e n t h i g h e r  th a n  th e  r e c o m m e n d e d  va lue.  

2 6 . A c c e p ts th e  2 9 8 K  resul ts o f C lyne  a n d  HcDerm id  ( 1 9 7 5 )  fo r  b o th  th e  
va lue  o f th e  r a te  constant  a n d  th e  i d e n tity o f th e  p r o d u c ts. A  r e c e n t 
stu d y  (Husa in  a n d  ,Clater, 1 9 8 0 )  r e p o r ts a  r o o m  te m p e r a tu r e  r  Ite  
constant  va lue  o f 3 .8  x 1 0 ”’ c m 3  m o lecu le” s” fo r  th e  overa l l  
reac t ion  o f N  with N 0 2 . This  h i g h  va lue  m a y , ind icate  th e  p r e s e n c e  
o f catalytic cycles as  d iscussed in  C lyne  a n d  Hclkrmid ( 1 9 7 5 ) . 
Clear ly,  te m p e r a tu r e  d e p e n d e n t stud ies  a r e  n e e d e d . 

2 7 . B a s e d  ,o n  resul ts o f Davis  ti ;A . (  1 9 7 3 ) , B e m a n d  ti al. (  1 9 7 4 1  a n d ’ 
S l a n g e r  &  a . ( 1 9 7 3 ) , th e r e  m a y  b e  a  a l ight  n e g a tive  te m p e r a tu r e  
c o e fficie n t, b u t th e  ev idence  a t l ow te m p e r a tu r e  is u n c e r ta in.  : 

; 
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28. Based on study of Graham and Johnston (1978) and 290K and 329K. 

While limited in temperature range, the data indicate, no 
temperature dependence. Furthermore, by analogy with the reaction 
of 0 with N02, it is assumed that this rate constant Is in fact L 
independent of temperature. Clearly, temperature dependent, studies , 

/ 
are needed. ; ‘: 

29. Based on Kaiser and Japar (1978). 

30. Accepts the upper limit reported by Chapman and Wayne (1974). 

31. Changed from JPL 81-s. Recommended value is based on the study of 
Chang ~3 ti. (1981). The previous recanmendation was based upon 
the unpublished results of the same group. The large uncertainties 
in E/R and k at 298K are due to the fact that this is a single study. 

32. Changed from JPL 81-3. The recommended Arrhenius expression Is a 

least squares fit to the data reported by Birks & a. (1976), 

Llppmann & a. ( 1980), Ray and Watson (19811, and Michael & &,. 
(1981) at and below room temperature, with the data at closely 
spaced temperatures reported In Lippmann &t, al. being grouped 
together so that these four studies are weighted equally. This 
expression fits all the data within the temperature range 195-304K 
reported in these four studies to within 20 percent. Only the data 
between 195 and 304K were used to derive the recommended Arrhenius 
expression due to the observed non-lfnear Arrhenius behavior (Clyne 
a A. (1964), ClOUgh and Thrush (1967), Birks nt a., and Michael 
ILL al.). Clough and Thrush, Birks & a., Sr.nurath & a. (19811, 
and Michael & a. 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 (1973) and Bemand fi d (1974) 
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of k at 298K are in excellent agreeGent with the recommended value 
of k at 298K. 

33. The recommendation for HO2 + NO Is based on the average of six 
measurements of the rate constant near room temperature: Howard and 
Eve&on ( 19771, Leu ( 1979)) Howard ( 1979), Glaschicjc-Schimpf ti al. ( 1979), 
Hack & a&. (19801, and Thrush and Wilkinson (1981). All of these 
are in Cpite good agreement. An earlier stcdy from the Thrush 
Laboratory, Burrows & & (19791, has been dropped because of an 
error In the reference rate constant, k(OH + H202). The 
temperature dependence is from Howard (1980) and is in reasonable 
agreement with that given by Leu (1979). A high pressure study is 
needed in view of the many unusual effects seerA in other HO2 
reactions. 

34. Value reported by Graham and Johnston (1978;. 

35. Changed from JPL 81-3. Even though there have been several recent 
studies of this reaction, all of the reported data are not 
consistent. However, the data which are relevant for stratospheric 
conditions of temperature and pressure are in reasonable agreement. 
The recommended Arrhenius expression is based on a least squares 
fit to the data reported by Wine &, &. ( 1961b), Kurylo & a. . 
(1982), Margitan and Watson (19821, Marlnelli and Johnston (19821,. 
Ravishankara & a. (1982). and Jourdain & d. (1982) at and 
below room temperature, i.e. -3OOK; but did not utilize the data 
of Smith and Zellner (1975), Margitan fi al. ( 1975), Nelson & &. 
(1981) and Connell and Howard (1982). While the data of Margitan 
and Watson appear to be in good agreement with data reported in the 
other recent flzsh photolysis studies (Wine a a., Kurylo && &, 
Aavlshankara & a. and Marinelli and Johnston) it. exhibits one 
rather significant difference, i.e., a small but measurable pressure 
dependence which is greatest at low temperatures (a factor of 1.1 
increase In k from 20-100 torr He at 298 K, and il factor of 1.4 
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i nc rease  in  k f rom 2 0 - 1 0 0  to r r  H e  a t - 2 3 5 K ) . C o n s e q u e n tly it is 
difficult to  reconc i le  th e  d a ta  o f t+ !!g i tan  a n d  W a tso n  with th a t o f 
th e  o th e r  fla s h  p h o tolysis stud ies  w h e r e  n o  p ressu re  d e p e n d e n c e  
was  o b s e r v e d . A lth o u g h  th e .lo w  p ressure .d ischarge  flo w  resul ts o f 
J o u r d a l n  & , al. a r e  in  excel lent  a g r e e m e n t wi th th e  resul ts f rom 
th e  h i g h e r  p ressu re  stud ies  ( a t least  b e l o w  3 O O K h  th is  a g r e e m e n t 
d o e s  n o t p r e c l u d e  a  p ressu re  d e p e n d e n c e  as  th e  m a g n itu d e  o f tn e  
e ffect a t te m p e r a tu res  2  2 5 0  K  is smal l  in  th e  r a n g e  l -40  to r r  
( 1  to r r  is a  typ ica l  d i scha rge  flo w  tu b e  pressure ,  a n d  4 0  to r r  is 
th e  typ ica l  fla s h  p h o tolysls p ressure) .  T h e  d a ta  o f M a r g i ta n  a n d  W a tso n  
a t 4 0  to r r  ( H e  a n d  A r )  a t e a c h  te m p e r a tu r e  w e r e  u s e d  in  der iv ing  th e  
r e c o m m e n d e d  A r rhen lus  express ion  ( d a ta  re levant  to  th e  m id-  
s t ra tosphere  a n d  typ ica l  o f th e  p ressu re  cond i t ions  u s e d  in  o th e r  
fla s h  p h o tolysis stud ies) .  U n d e r  th e s e  cond i t ions  th e  ,d a ta  a r e  in  
excel lent  a g r e e m e n t wi th th e  d a ta  f roF4 th e  o th e r  p r e fe r r e d  stud ies.  
It s h o u l d  b e  n o te d  th a t th e  4 0  to r r  d a ta  is th e  ave rc rge  o f al l  th e  
d a ta ; c o n s e q u e n tly, th e  p r e fe r r e d  va lue  is n o t d e p e n d e n t u p o n  wh ich  
subse t o f M a r g i ta n  a n d  W a tso n  d a ta  is u s e d . T h e  r e c e n t work  o f Ne lson  
&  a . s h o u l d  b e  d i s r e g a r d e d  as  it h a s  b e e n  s u p e r s e d e d  by  th e  
m o r e  carefu l  a n d  c o m p r e h e n s i v e  M a r i n e 1 1 1  a n d  Johns to n  stu d y . H o w e v e r , 
It is n o t p r e s e n tly poss ib le  to  exp la in  th e  d i f fe rence b e tween  tn e  d a ta  
f rom th e  p r e fe r r e d  stud ies  a n d  th a t f rom th e  d i scha rge  flo w  stu d y  o f 
Conne l l  a n d  H o w a r d , w h o  d e te r m i n e d  a  va lue  fo r  k a t 3 0 1 K  o f 8 .4  x lo - l4  
c m  3  m o lecu le  s - 1  (consistent  wi th th e  ear l ie r  va lues  of  S m ith  
a n d  Zel lner ,  a n d  M a r g l ta n  &  al. 1 , in  c o n trast to  th e  r e c o m m e n d e d  
va lue  o f 1 2 .5  x lo- l4  c m 3  m o lecu le  - 1  

9”. In  a d d i tio n  
Conne l l  a n d  H o w a r d  r e p o r te d  i va lue  fo r  E /R of ~ 4 3 0 K , in  c o n trast to  th e  
r e c o m m e n d e d  va lue  o f - 7 7 8 K  a n d  th e  ear l ie r  va lues  o f zero.  
T h e  r e c o m m e n d e d  A r rhen lus  express ion  was  de r i ved  us ing  on ly  d a t a  

f rom - 2 2 0 - 3 0 0 K  d u e  to  th e  n o n - l i n e a  A r rhen ius  b e h a v i o r  n o te d  a b o v e  
3 ’0 0 K  in  al l  th e  r e c e n t stud ies  excep t J o u r d a i n  &  a ., w h o  r e p o r te d  
l i near  A r rhen lus  b e h a v i o r  f rom 2 5 1 - 4 0 3 K . Mar ine l l i  a n d . Johns to n  
fit a l l  the i r  d a ta  ( 2 1 8 - 3 6 3 K )  to  a n  A r rhen ius  express ion ,  b u t curva-  
tu r e  is n o tice a b l e  a n d  h e n c e  the i r  va lue  o f - 6 4 4 K  fo r  E /R w o u l d  b e  

.  
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37. Based on least squares fit to data in studies of Davis &a. 
( 1974b), Graham and Johnston (1976) and Huie and Herron (1974). 

38. Based on Kaiser and Japar (1977) and Streit & al. (1979). 

greater over the temperature range 218-298K. This non-linear 
Arrhenius behavl.or can easily be rationalized In terms of an 
addition channel (dominating at low temperatures), and an H atom 

abstraction channel (daulnating at high temperat.ures). 
Nelson g& a., Jourdaln at d., and Ravishankara & &J,. (1982) have 
all shown that within experimental evidence the yield of NO3 per HO 
removed is unity at 298 K. In addition Ravishankara nt & 
obtained similar product distribution results at 250 K. There is no 

evidence for the production of H202. 

Changed from JPL 81-3. Recommendation based upon the data of 
Trevor & & (19811, Barnes at ti. (1981) and Molina S& al. 
(1982). Trevor S& a., studied this reaction over the temperature 
range 246-324 K and reported a temperature Invariant value of 4.2 x 
10-12 3 cm molecule -1 s-l, although a weighted least squares fit to 
their data yields an Arrhenius expression with an E/R value of 
(1932193) K. In contrast Hollna & a., studied the reaction 
over the temperature range 242-295 K and observed a negative 
temperature dependence with an E/R value of 4650’50)K. An 
unweighted least squares fit to all the experimental data of 
Trevor & al., Barnes & al., and Holina X& al. yields the 

recommended value. The large difference in E/R values may be due to 
the reaction being complex and having different E/R vaues at low 
pressure, i.e., (1 torr (Trevor fi ti.) and high pressures (750 
torr (Mollna ti al.)). The less precise value reported by 
Littlejohn and Johnston (19801 is in fair agreement with the recommendea 
value. The error limits on the recommended E/R are sufficient to 
encompass the results of both Trevor & a. and Molina & u. 
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39. Unchanged from JPL 81-3. The results reported for k(298K) by 
Watson & al+ (1976), Zahrdser & al. (1976), Kurylo and Braun 
(1976) and Clype and Nip (1976a) are in good agreement, and have 

been used to determine the preferred value at this temperature. 
The values reported by Leu and DeMore (1976) (due to the wide error 
limits) and Clyne and Watson (1974a) (the value is inexplicably 
high) are not considered. The few Arrhenlus expressions are in 
fair agreement within the temperature range 205~300K. 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 at al. and Kurylo and Braun are in 
exoellent agreement, the value of k in the study of Kurylo and 
Braun is consistently C-17$) lower than that of Watson & & 
This may suggest a systematic underestimate of the rate constant, 
as the values frd the other three studies agree so well at 298~. A 

more disturbing difference is the scatter in the values reported 
for the activation energy (338-831 cal mole”). 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 298K. 

Inclusion of higher temperature (S466K) experimental data would 
yield the following Arrhenius expression: k = (3.421.0) x 10”’ 
exp(-310*76)/T). 

Vanderzanden and Bi rks (1982) have interpreted their observation 
of oxygen atoms in this system as evidence for some production 
(0.1-0.51) of O2 (“.g) In this reaction. The possible 
production of singlet molecular oxygen in this reaction has also been 

discussed by DeHore ( 19811, in connectf on with the Cl2 photo- 
sensi tired decomposition of ozone. 

40. Minor change from JPL 81-3. This Arrhenfus exrresslon is based on 
the data below 300K reported by Watson SJi a. (1975), Lee & & 
(1977) and Miller and Gordon (1981) . The results of these three 

>” 
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studies are in excellent agreement below 300K; the data at higher 
temperatures are in somewhat poorer agreement. The results of 
Watson fi al. and those of Miller and Gordon agree well (after 
extrapolation) with the results of Benson & al. (1969) and Steiner 
and Rideal ( 1939) at higher temperatures. For a discussion of the 
large body of rate data at high temperatures see the review by 
Baulch ti ti. (1980). Miller and Gordon also measured the rate of 
the reverse reaction, and the ratio was found to be in good 
agreement with equilibrium constant data. 

4’. Unchanged from JPL 81-3. The values reported from the thirteen 
absolute rate coefficient studies for k at 298K fall In the range (0.99 to 
1.48) x 10-13, with a mean value of 1.15 x lo-‘3. How ever, 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 1.04 x lo-l3 can bc determined from the absolute rate 
coefficient studies for k at 298K by giving equal weighting to the 
values reported In Lin & a. ( 1978a), Watson & al. (lm6), 

Manning and Kurylo (19771, Whytock & al. (19771, Zahniser fi al. 
(lg78), Michael and Lee (1977), Keyser (19781, and Ravishankara and 
Wine (1980). The values derived for k at 298K from the competitive 
chlorination studies of Pritchard & &. ( 19541, Knox (1955). 
Pritchard a a. (19551, Knox and Nelson (19591, and tin & a. 
(1978a) range from (0.95 - 1.131 x 10’13, with an average value of 
1.02 x. 10-13. The preferred value of 1.04 x lo-l3 was obtained by 
taki’ng a mean value from the most reliable absolute and rclhtlve 
rate coefficient studies. 

There. have been nine absolute studies of the te?perature 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 rave been performed over the 
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te m p e r a tu r e  r a n g e  - 2 0 0 - 5 0 0  R  ( W h y tock &  a . ( 1 9 7 7 1 , Zahn ise r  
&  g & . ( 1 9 7 8 )  a n d  Keyse r  ( 1 9 7 8 )  1  a n d  in  e a c h  case  a  s t rong  n o n -  

.lin e a r  A r rhen ius  b e h a v i o r  was  o b s e r v e d . Rav ishanka ra  a n d  W ine  
( 1 9 8 0 )  a lso  n o te d  n o n l i n e a r  A r r h e n i u a  b e h a v i o r  ove r  a  m o r e  lim ite d  
te m p e r a tu r e  r a n g e . ,This b e h a v i o r  te n d s  to  expl r i in  p a r tial ly th e  
l a rge  va r iance  in  th e  vsl lues o f E /R r e p o r te d  b e tween  th o s e  o th e r  
iwest iga tom w h o  p r e d o m i n a n tly stu d i e d  th is  react ion b e l o w  3 0 0  I[. 
( W a tso n ;a t&  ( 1 9 7 6 )  a n d  M a n n ing  a n d  Kury lo  ( 1 9 7 7 ) )  a n d  th o s e  
w h o  on ly  stu d i e d  it a b o v e  3 0 0  K  (C lyne  a n d  W a lker  ( 1 9 7 3 1 ,  P o u l e t d  
&  ( 1 9 7 4 1 , a n d  L in  &  gJ.. ( 1 9 7 8 a 1 ) . T h e  a g r e e m e n t b e tween  al l  
stud ies  b e l o w  3 0 0  K  is g o o d , wi th va lues  o f (a )  E /R r a n g i n g  f rom 
l 2 2 9 - 1 3 2 0  K , a n d  (b )  k(: !30 K )  r a n g i n g  f rom ( 2 .6 4 - 3 .3 2 )  x 1 0 - 1 4 .  T h e  

m e a n  o f th e  two d i scha rge  flo w  va lues  (Zahn ise r  n f, al. ( 1 9 7 8 )  a n d  
Keyse r  ( 1 9 7 8 ) )  is 2 .6 7  x lo - l4  , wh i le  th e  m e a n  o f th e  fo u r  fla s h  
p h o tolysis va lues  ( W a tso n  &  al. ( 1 9 7 6 1 ,  M a n n ing  a n d  Kury lo  ( 1977 ) ,  

W h y tock d  & ,. ( 1977 ) ,  a n d  Rav ishanka ra  a n d  W ine  ( 1 9 8 0 )  is 3 . 2 2  x 

lo - l4  a t 2 3 0  K . T h e r e  h a v e  n o t b e e n  a n y  a b s o l u te  stud ies  a t stra- 
tospher i c  te m p e r a tu res  o th e r  th a n  th o s e  wh ich  u ti l ized th e  r e s o n a n c e  

flu o r e s c e n c e  te c h n i q u e . Rav ishanka ra  a n d  W ine  ( 1 9 8 0 )  h a v e  s u g g e s te d  
th a t th e  resul ts o b ta i n e d  us ing  th e  d i scha rge  flov  a n d  c o m p e titive  
ch lor ina t ion  te c h n i q u e s  m a y  b e  In  e r ro r  a t th e  l owar  te m p e r a tu res  
( ~ 2 4 0  K )  d u e  to  a  non -equ i l i b ra tio n  o f th e  2 P 1 ,2  a n d  2 P 3 ,2  
sta tes  o f a tan ic  ch lor ine.  Rav ishaaka ra  a n d  Y ine  o b s e r v e d  th a t a t 
te m p e r a tu res  b e l o w  2 4 0  K  th e  a p p a r e n t b imo lecu la r  r a te  constant  was  
d e p e n d e n t u p o n  th e  chemica l  compos i t ion  o f th e  reac t ion  m ixtu r e ; 
i.e ., if th e  m ixtu r e  d id  n o t c o n ta in  a n  e fficie n t sp in  equi l ib ra tor ,  
e .g . A r  o r  C C 1 4 , tte  b imo lecu la r  r a te  constant  d e c r e a s e d  a t h i g h  
C H 4  c o n c e n trat ions. T h e  chemica l  compos i t ion  in  e a c h  o f th e  
fla s h  p h o tolysis stud ies  c o n ta i n e d  a n  ‘e fficie n t sp in  equi l ib ra tor ,  
w h e r e a s  th is  was  n o t th e  case  In  t he  d i s c h a r g e  flo w  studies.  

H o w e v e r , th e  reac tor  wal ls  In  th e  d i scha rge  P low stud ies  
cou ld  h a v e  b e e n  expec te d  to  h a v e  ac ted  as  a n  e fficie n t sp in  equ i l i -  
b r a to r . C o n s e q u e n tly, u n til th e  h y p o thes is  o f Rav ishanka ra  a n d  W ine  
is p r o v e n  it is’ a s s u m e d  th a t th e  d i scha rge  flo w  a n d  c o m p e titive  
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chlorination results are reliable. Abcve-300 iC.the three resonance 

fluorescence studies reported (a) Raveragedn values of E/R ranging 
from 1530-1623 K, and (b) values for k (500 K) ranging from (7.740 

8.76) x 10-13. These mass spectrcaretric studies have been per- 
formed aboye 300 K with E/R values ranging from 1409-1790 K. The 
data of Poulet & A. (1974) are sparse and scattered, that of 
Clyne'and Walker (1973) show too strong a temperature dependence 
(compared to all other absolute and competitive studies) and 
k(298 K) is -205 higher than the preferred value at 298 K, while 
that of Lin at al. (1978a) is in fair agreement with the resonance 
fluorescence results. In conclusion, it should be stated that the 
best values of k from the absolute studies, both above and below 
300 K, are obtained from the resonance fluorescence studies. 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 (2.11-2.54) x lo-l4 with a mean value of 2.27 x 10'14. 

It can be seen from the above discussion that the average values at 
230 K are: 3.19 x lo-l4 (flash photolysis), 2.67 x lo-l4 (discharge 
flow) and 2.27 x lo-l4 (competitive chlorination). These 
differences increzae at louer temperatures. Until the hypothesis of 
Ravishankara and Wine (1980) 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 1.04 x 
10-13, and at 230 K is 2.71 x lo-l4 (this is a simple mean of 
the three average values). The preferred Arrhenius expression is 
9.6 x lo-l2 exp(-1350/T). This expression yields values 
similar to those obtained in the discharge flow-resonance 
fluorescence studies. If only flash photolysis-resonance 
fluorescence results are used then an alternate expression of 6.4 x lo-l2 (exp 

(-1220/T) can be obtained (k(298 K) = 1.07 x iO-13, and k(330 5) = 

3.19 x lo-'% 

.  
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A recent study (Heneghan & al. ( 1981)) using vary low pressure 
reactor teohniques reports results from 233 to 338K ‘in excellent 
agreement with the other recent measurements. They aocount for 
the curvature in the Arrhcniua plot at higher temperatures by 
trnnsltlon state theory. Measured uquilibrium constants 

atw used to dorivc a value of the heat of formation of the methyl 
radioal at 290K of 35.120.1 koal/mol. 

42. Unchanged from JPL 81-3. Tho absolute rate coofficionto reported in 
all four atudies (Davis af, al. (19701, Henning and Kurylo (19771, 

Louis at al. (19801, and Ray at & (‘i980) are in good agreement 
at 298 K. The value reported by Davis at &l. was probably 
ovoreatimatod by -10% (the authora assumed that If was proportional 
to [Cl 10*9, whereas a linear relationship betweon If and [Cl] 
probably held under their expsrimental oondltiona). The preferre” 
valua at 298 K uns taken to be a simple mean of the four values (the 
value reported by Dnvis .af al. was reduced by 1011, i.e., 5.7 x 10-l’. 
The two values roportcd for E/R are in good agreement; E/R = 61 K  

(Hanntng and Kurylo) and E/R = 130 K (Lewis & a.). A simple 
least squares flt to all thr: data uould un!‘ulrly weight the data of 
Lewis JLf ;rl. diw to the lnrgcr tcmpwaturu range covcrod. Therefore, 
the prcferrcd value of 7.7 x 10”’ uxp(-90/T) is an cxpresslon uhich 
best fits ttw dntn of Lewis ti ti. and Manning and Kurylo between 
21’0 nnd 350 ti. 

43. NW rnt ry . Ibis rwommendstlon is hosed on rosulta over the? temperature 
rnnge ;!L’o-607K reported In tbc rccunt dischorgo flow-resonance 

fluor~szenw study of Lwls Jrt d. (19&I). Those results nro 
consi:rt.cnt with thcsu obtnincd in the ccxnpetitlvc chlorination 
studies of t’rltchwd rf a. (1955) and Knox and Nelson (1959). 

44. New unt.ry. Since abstraction would ba cndothcrmlc by 9 kcal/mol, 
the lnitlnl step must bc addition to give an excited C2Ii2Cl rndlcal 
which rlthcr will tw stnbillzcd or ulll doccmposr? to give the original 
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renctnnts. Lee ind Rowland (19771, in a high pressure study using 
rodlonctivo tracer techniques, ooncluded that the lqi tlal addition must 
occur once in not more than 5 aollisions. They calculated that under 
oonditions corresponding to the stratosphoro at 30 km the overall 
convorslon of Cl to stabilized C2t$C1 proceeds with a rato 
coufficioct of about 1 x lo-l2 cm3 moleoulo” 5-l. Poulet pt & 
(1977) discuss their own eorlior work using the disohorgo flow-mass 
spuctromctria teohniquu at 1 torr helium in whioh they report a 

VrrlllO Of’ ( .?.0-+0.5) x 10-13 independant of tsr,poraturo from 295-500K. 

lhcy point out that. Lhcw results can bo reconciled with those of 
Leu and Rowland if the efflcluncy of stabilization of excited 
C2H2C1 is l/500 a? 1 torr helium. Thu rat.@ constunt given in the 
table is for the ovcrnll rote of conversion of Cl to a stabilized C2H2C1 
radical under conditions 01’ the straeosphero at 30 km. The probable 
fate of this radical is reaction u.lth Oz. 

‘cf.. New unLry. Thi:r rccommundatlon IS based on results obtalnod over the 

tcmycrotuve racgu ZOO-500K using the flash yhotolysis-rcsonnncc fluorcscenoe 
tcchnlyuc 111 Ch only reported study of this reaction, Michael &-, 
d. (1979b). This rcoction has boon used as a source of CH2ClH and 

as u wurw of HO2 by thu reaction of CH?(rH with Oz. SW Radford 
( 1’?80) and R:rdf~olvi a ;11. ( 1981 ) . 

hf5 . Iln4~nn~cd f ram J 1’1. $1 -j. The rr?sults rcportod by both groups (Clyne 
ctntl Ulllkcr’ (197j), and M:lnnlng nnd Krrrylo (1977)) arc? in good 

ngwt‘mlrnt at 298 K. Howvor, the value of the activation energy 
q wsurud by ?hnning and Kurylo 1 s algnlficantly lower than that 
m~waur~d by C?yw nnd Unl kor. Uoth groups of workers measured the 
r;\tc* constant for Lhu Ci + Cii,, and, simiiorly, the activation energy 
q c;wurcd by El;~uning Rand Kurylo was signlflcantly louor than that 
mc;lnurod by Clyrlu and Walker. It is suggested that the discharge 
f’1l’W-mfiYY :~wctrcmt~t.rlc tcchnlyuc was in this case subJect to a systematio 
c’rl’l~t’, an4 It la rccommcnded that the fltrsh photolysls .restilts be used for 
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discussion of the Cl + CH,, studies). In the discussion of the 
Cl + CHq reaotion it was suggested that some of the apparent dis- 
crepanoy between the results of Clyne and Walker and the flash photo- 
lysis studies oan be explained by nonlinear Arrhenius behavior. 
How ever, it is less likely that this can be invoked for this 
reaotion as the pre-exponential A-factor (as measured in the flash 
photolysis studies) is already -3.5 x 10”’ and the significant 
ourvature which would be required in the Arrhenlus plot to make the 
data compatible would result in an unreasonably high value for A 
(> 2 x lO”0). 

i 
\ 

47. Changed from JPL 81-3. The results from five of the six publisheu I 

studies (Michael at al. (1979a), Anderson and Kurylo (19791, Niki 
at a. (1978a), Fasano and Nogar (1981) and Poulet & a. (1981)) 
are in good agreement at -29BK, but -5O$ greater than the value 
reported by Foon nt &I,. ( 1979). The preferred value at 2983 (7.3 x 
?O-“) was obtained by combining the absolute values reported by 
Michael et a., Anderson and Kurylo, and Fasano and Nogar, with the 
values obtained by ccmblning the ratio of k(C1 + H2CO)/k(C1 + C2H6) 
reported by Niki &t, al. (1.320.1) and by Poulet &, A. (1.1620.12) 
with the preferred value of 5.7 x 10”’ for k(C1 + C2H6) at 298K. 
The profei*red value of E/R was obtained from a least squares fit to all 
the data reported in Michael at al,. and in Anderson and Kurylo. 
The A-factor was adjusted to yield the preferred value at 29811. 

48. Unchanged from JPL 81-3. The absolute rate coefficients determined 
at -298-K by Watson & j&l. (1976), Leu and DeHore !1976), 
Michael & al. (1977), Poulet a a. (1978a) and Keyser (198Oa) 
range in value from (3.6-6.2) x 10-13. The studies of Michael 
c.t al-, Keyser, and Poulet & & are presently considered to 
be. the most reliable. The preferred value for the .Arrhcnius 
expression is taken to be that reported by Kcyser. The A-factor 
reported by Michael nt &.. is considerably ,lower than that expected 
from theoretical considerations and may possibly be attributad to- . 
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decomposition of H202 at tcmporatures above 300 K. The data I 
i 

of Ellchael nt a. at and below 300 K are in good agreement with .the 
Arrhenius expression reported by Keyser. More data nre required 
before the Arrhenius parameters can be considered to be well 
established. 

49. New entry. This recommendation is based on results over the temperature 
range 243-365K using the discharge flow-mass spectrometrlc technique 
in the only reported study of this reaction, Cook & &,. (1981a). 
In a subsequent paper, Cook JLf ti. (1961b) argue thet Cl2 + OH 
are the major products of this roactior) even though the reaction 
channel giving HC1 + Cl0 is more exothorbic. 

50. Unchanged from JPL 81-3. Neither study (Lou and DeMore (1976), and 
Poulct a a. (1976a)) can be considered t.o be def1n.ltiv.e. Poulet 
s.& a. postulated that Lcu and DeMoro were ohscrvfng removal of 
HN03 via a heterogeneous process. While this hypothesis is 
possibly correct, the value of E/R reported by Poulet at a. is 
much higher than rould bo expected (resulting in a surprisingly low 
Vi\lUO for k at 298 K). Although this reaction is not important in 
a tmosphcric chcmiutry, addltior.al studies nrt! required to provide 
accurllte Arrhcnius parameters. Until further data becomes 
oviilabl~., the prcfcrrcd value is basci on assuming; that the data of 
Lw nnd Dutlore represents an uppor limit. 

Sl. Changed from J FL 61-3. The rccocznendti tlnns for the two reaction 
channels arc based upon the recent r~ults by Lw znd Howard (1981) 
using ;I discharge flow system with laser magnetic resonance 
detection of HO=, OH and ClO. ,Thc total rate constant is 
t~~mpwature fndcpondunt with d value of (4.2’+0.7) x lo-l1 cm3 
molecule -1 8-l over. the tcmperaturo range ?50-420K. This value 
for the total rate constant is In ogrccmont with the value 
rcconmcndcd in JPL 81-3, which was basod on indirect studies 
relative to Cl + H2C2 (Leu and DcHoro (1976), Poulet af & 



(1978a), Burrous ti al. (1979) or to Cl + H2 (Cox (1980)). The 

contribution of the reaction channel producing OH + Cl0 (211 at 
room temperature) is much higher than the upper limit reported by 
Burrows & al. (1% of total reaction). The value of the rate 
constant for this channel, when combined with the rate constant for 

the reaction Cl0 + OH (assuming the products are Cl + HOa), yielda 
an equilibrium constant of 1.0. This gives a value for the heat ot 

formation of HO2 at 298K of 3.3 kcal/mo:, in reasonably good 
agreement with the Howard (19dO) value of 2.520.6 kcal/mole. Weissman 

& a. (1981) propose that the reaotion proceeds by radical combination 

to give an excited HOOCl intermediate whose stabilization may beoome 
important at stratospheric temperatures. 

52. See note 51. 

53. Unchanged from JPL 81-3. The preferred value of 9.8 x lo-l1 cm3molecule’1a’1 
was determined from two independent absolute rate coefficient studies 
reported by Ray fi al. (1980). using the discharge Xou-resonance 
fluorescence and discharge flow-mass apectrometric techniques. 
This value has been confirmed by Burrows and Cox (1981) who determined 
the ratio k(C1 + C120)/k(C1 + H2) = 6900 in modulated photolysis 
experiments. The earlier value reported by Basco and Dogra (1971) 
has been rejected. The Arrhenius parameters have not been .experlmentally 
determined; however, the high value of k at 298 K precludes a 
substantial positive activation energy. 

54. Unchanged from JPL 81-3. Data reported by Bemand, Clyne and Watson 
(1973): 

55. Changed from JPL 81-3. Recent flash photolysls/resonance 
fluorescence studies by Hargitan (1982) show that the rate constant 
for this reaction is almost two orders of magnitude faster than 

that indicated by the previous work of Kurylo and Manning (1977) 
and Ravishankara nf, d. (1977b). It is probable that the slower 
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reaction observed by Kurylo and Manning uas actually 0 + ClN03, 
not Cl + ClN03. 

56. Changed from JPL 81-3. This.value is based on the discharge flou- 
resonance fluorescence study, of Clyne and Cruse (1972) and the 

flas;] photolysis-resonance fluorescence study of Nelson and Johnston 
(i981). Crimley and Houston (1960) reported a value which ls’lower 
thah this preferred value by a factor of four. This low value may 
be due to adsorption of ClNO on the vessel walls In their static 
experiment. There are no reliable data on the temperature dependence. 

I 

i 

i 

I 
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57. Unchanged from JPL 81-3. Values of 1.56 x lo-“, 9.8 x 1O-11, and 
1.67 x lo’10 have been reported for ka(C1 + Cl00 + Cl2 + 0,) by 
Johnston et al. (1969), Cox & al. (1979), and Ashford & al. 
(1978), respectively. Values of 108, 20.9, 17, and 15 have been 
reported for k,(Cl + Cl00 L Cl2 + 02)/k(Cl + Cl00 + 2 ClO) by 
Johnston fi A., Cox & a., Ashford & a., and Nicholas and 
Norri sh ( 196 81. Obviously the value of 108 by Johnston & a. is 
not consistent with the others, and the preferred value of 17.6 was ootained 

by averaging the other three values (this is in agreement with a value 
that can be derived frcm a study by Porter and Wright (1953)). The 
absol.ute values of J and kb are dependent upon the choice of ,IHF (ClOO) 
(the values of .:.HF (ilOO) reported by Cox & a. and Ashford g& &. 
are In excellent agreement, I.e. 22.7 and 22.5 kcal/mol, 
respectively). The preferred value of k,(Cl + Cl00 * Cl2 + 02) Is 
takeh to be the average of the three reported values, Le. 1.4 x 
10-l’ cm3 molecule”s”. Consequently, the preferred value 
of kb(C1 + Cl00 l 2 ClO) is kaI17.6, i.e. 8.0 x lo-l2 cm3 
molecule” s-l. The E/R values are estimated to be zero, which is 
consistent with other experime.ntally determined E/A values for atom- 
radical reactions. 

58. Llnchangcd from JPL 81-3. The reconmended rate constant is based on 
the .expcrimental data of Bcmand & &. (1973)‘, Clyne and Nip (1976b), 
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and Zahniser and Kaufman ( 1977). The E/R values reported by Clyne and 
Nip and Zahniser and Kaufman are in poor agreement. Before this 
rate constant can be considered to be well established, additional data 
are required. 

59. Minor change from JPL 81-3. The absolute rate coerficients deter- 
mined in the four discharge flow mass spectranetrlc studies (Clyne 
and Watson (1974a), Leu and DeMore (1978), Ray and Watson (1981) 
and Clyne and MacRobert (1980)) and the discharge flow laser magnetio 
resonance study Lee nt ti. (1982) are in excellent agreement at 
298K, and are averaged to yield the preferred value. The value 
reported by Zahniser and Kaufran (1977) from a competitive study 
Is not used in the derivation oc the preferred value as it is about 33% 
higher. The magnitudes of the temperature dependences reported by 
Leu and DeMorc (1978) and Lee & a. are in excellent agreement. 
Although the E/R value reported by Zahniser and Kaufman (1977) is 
In fair agreenent with the other values, it is not considered as it 
is dependent upon the E/R value assumed for the Cl + O3 reaction. 
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 & d. 

60. Unchanged from JPL 81-3. There have been four low pressure discharge 
flow studies, each using a different experimental detection 
technique, and one high pressure molecular modulation study 
(Burrows and Cox, 1961) at 298 K. The values reported at 298 K, 
in units of lo-l2 cm3 q olecule’1s”, are 0.85-+0.19 (Poulet nt al., 
1978). 3.320.5 (Relmann and Kaufman,l978), 4.520.9 (Leek & &, 
1980),, 6.321.3 (Ptimpfle nt al., 1979), and 5.42; (Burrows and Cox, 
1981). The value of Foulet fi a. was disregarded and the preferred 
value taken to be the mean of the other four values, i.e. k = 5.0 x 10’12cm3 
coleculc . -1,-l The agreement between the low pressure values 
and the one atmosphere value suggests the absence of a third order 
complex forming process. The only temperature dependence study 
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(Stimpfle &, a.1 resulted in a non-linear Arrhenius behavior. The 
data were best described by a four parameter equation of the form 
k = AeWBiT + CT”, possibly suggesting that two different mechanisms 
may be occurring. The expression forwarded by Stimpfle & al. was 
3.3 x 10”’ exp(-850/T) + 4.5 x 10”’ (T/3OO)‘3D7. Two possible 
preferred values can be suggested for the temperature dependence of 
k; (a) an expression of the form suggested by Stimpfle & a., but 
where the values of A and C are adjusted to yield a value of 5.0 x 

IO-l2 at 298 K, or (b) a simple Arrhenius expression which fits the data 

obtained at and below 300 K (normalized to 5.0 x lo-l2 at 298 K), 
i.e., 4.6 x lo-‘3 exp(TlO/T). The latter expression is preferred. 

The two most probable pairs of reaction products are, ( 1) HOC1 + O2 

and (2) HCl + 03. Both Leu (198Ob) and Leek & a. used mass 
spectrometric detection of ozone to place upper limits of 1.5s (298 K), 
3.0% (248 K) and 2.0% (298 K), respectively, on k2/k. Burrows and Cox 
report an upper limit of 0.3% for k2/k at 300 K. 

1’ 
! 
I i i 

61. Unchanged from JPL 81-3. Poulet &, a. (1980) have determined al* 

upper limit of 10’15~m3molecuJ.e”s’1 for k at 298 K using the 
discharge flow-EPR technique. 

62. Changed from JPL 81-3. This recommendation is based on the recent 
discharge flow-resonance fluorescence, temperature dependent, study of 
Ravishankara and Eisele (1982)) and a similar study at rodm 

temperature by Leu and Lin (1979). The preferred value at 298 H is 
the mean of the values reported in these two studies. The A-factor 
was adjusted to give the ‘preferred value at 298 K. Lev and Lin determined 
a lower limit of 0.65 for’k,(OH + Cl0 -* HO2 + Cl)/k (OH + Cl0 + products) 
at 298K. The approach was somewhat indirect and the actual value 
of k,/k may be unity. If in fast it is unity, then the value of 
this rate constant and that for the reverse reaction (Cl + HO2 + 
OH + Cl01 are consistent with the Howard (1980) value, of. 2.520.6 
kcal/mol for the heat of formation of H02. See note on Ci + HO2 
reaction. Additional studies of the rate and mechanism as a function of 
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pressure Bnd temperature are needed. 

63. Unchanged from JPL 81-3. .These upper limits are based on the data 
of Walker (reported in Clyne and Watson (1974a) 1. The upper limits 
sh&n for k (298) were actually determined from data collected at 

either 587 K or 670 K. The Arrhenius expressions were estimated 

baaed on this -600 K data. 

64. No recommendation at present. For a discussion of the Cl0 + Cl0 
reactions the reader is referred to Watson ! 1977, 1980). 

65. Unchanged from JPL 81-3. The branohing ratio between the two 

channels is not known, but, for the present discussion, is 

assumed to be unity. The Arrhenius parameters were estimated, and 
the upper limit rate constants are based on data reported by Dellore, 
Lin and Jaffe (l976) and by Wongdontri-Super at A. (1979). 

66. Unchanged from JPL 81-3. There is good agreement between six 
groups of workers at -298K (Takacs and Glass (1973~1, Zahniser 
rrt al. (19741, Smith and Zellner (19741, Ravishankara & & 
( 1977a), Hack & al,. ( 1977) and Husain nt al. ( 1981)) and the 
preferred value at this temperature is the average of the six. The 

Arrhenius expression was derived by giving an equal ueighting to 
data reported by Zahniser & d., Ravishankara & a., and Smith 
and Zellner. 

67. Unchanged from JPL 81-3. There are no experimental data for this 
reaction. This is an estimated value based on the OH + H202 
reaction, which should have roughly similar E/A and A values. 

68. There have been several studies of each of the OH + CHxFyX(4-x-y) 
(X = Cl cr Br) reactions, i.e. OH + CH3C1, CH2C12, CHC13, CHFC12, 

CHFzC1, CH2ClF, and CH3Br, In each case th.ere has been quite good 
agreement between the reported results (except for Clyne and Holt, 
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( 1979b)), both at -298 K and as a function of temperature. Hcuever, 
in certain cases it can be noted that the E/R values obtained from 
studies performed ‘predominantly above 298, K were greater than the 
g/R values obtained from studies performed over a lower temperature 
range, e.g. the E/R value for OH + CH3C1 reported by Perry & JLL. 
(1976a) is significantly higher than that reported by Davis ti a. 
(1976). These small but significant differences could be 
attributed to either experimental error or non-linear Arrhenius 
behavior. The recent results of Jeong and Kaufman (1982) have shown 
a non-linear Arrhenius behavior for each reaction studied. They 
found that their data could best be represented by n three parameter 
equation of the form AT2exp(-B/T). The experlmental AT2exp(-B/T) 
fit is stated by the authors to be in agreement with that expected 
from transi tlon state theory. 

The preferred values shoun in this review were obtained by first 
fitting all of the absolute rate data for each reaction (except 
Clyne and Holt (1976b)) to the three parameter equation AT2exp(- 
B/T), and then simpliping these equations to a set of “derived 
Arrhenius expressions” centered at 265 K. The derived Arrhenius 
expressions uere centered at 265 K as a temperature representative 
of the mid-troposphere. The AT2exp(-B/T) expressions are given 
for each reaction in the individual notes, while the “derived 
Arrhenius expressions” are entered in the table of preferred values. 
Obviously “derived” Arrhenius expressions can be centered at any 
temperature from the three parameter equations (these should be 
restricted to within the temperature range studied). Transforming 
k = AT2exp(-B/T) to the form k = A*exp(-E/T): E* = B + 2T and 
A’ = ‘A x e2 ‘x 9. 

OH + CH8Cl 

Unchanged from JPL 81-j. The preferred values were obtained using 
only absolute rate coet’ficient data. The data of Howard and 
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Evenson (1976a), Davis & a. (1976), Perry & a. (1976), and Jeong 
and Kaufman (1982) are In good agreement and were used to detersh~ 
the preferred values. Fitting the data to an expresaiar. of the form 
AT2exp(-B/T) results in the equation 3.49 x lO’18 sexp(-582/T) 
over the temperature range (247-483)K. This results in a preferred 
value of 4.40 x 10’14cm3 nolecule”s-’ for k at 298 K. The derived 

Arrhenius expression centered at 265 K is 1.81 x 10’12exp(-ll 12/T). 

‘\ 

OH + CH2C12 

Unchanged from JPL 81-3. The preferred valuss were obtained using 
only absolute rate coefficient data. The accuracy of the OH + CH4/ 
OH + CH2C12 study (Cox & A. 1976a)I was probably no better than 
a factor of 2. The data of Howard and Evenson (1976a), Davis ti a. 

3 

! 
i 

i 
(151761, Perry nt al. ( 1976a), and Jeong and Kaufman (1982) are j n 

good agreement and were used to determine the preferred value <the 
values of Davis & &. are somewha t lower (20%) than those reported 
in the other studies but are incluc!ed in the evaluation). Fitting 
the data to an expression of the form AT2exp(-B/T) results in the 
equation 8.5G x 10 -” T2exp(-502/T) over the temperature range 
245-455 K. This results in a preferred value of 1.41 x lO”3cm3 

molecule -1,-l for k at 298 K. The derived Arrhenius expres&.on 
centered at 265 K is 4.45 x 10’12exp(-1032/T). 

i , 

CH + CHC13 

Unchanged from JPL 81-j. The preferred values were oDtaineci using 

only absolute rate coefficient data. The accuracy of the OH + CH4/ 
OH + CHC:3 study (Cox & &,. (1976a)) wa.n probably no better than 

a factor of 2. The data of Howard and Evenson ( 1976a), Davis fi A. 
(1976) and Jeong and Kaufman (1982) are in good agreement and were 
used to determine the preferred values. Fitting the data to an 
expression of the form AT2exp(-B/T) results in the equation 6.3 x 
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1 0 ’18exp( -504 /T)  over  the te m p e r a tu r e  r a n g e  2 4 5 - 4 8 7  K . This results 
in  a  p re fe r red  va lue  o f 1 .0 3  x 1 0 ’1 3 c m 3 m o l e c u l e - ‘s” fo r  k a t 2 9 8  K . 

T h e  de r i ved  A r rhen ius  express ion  c e n te r e d  a t 2 6 5  K  is 3 .2 7  x lo- l2  
exp(-1034/T) .  

O H  +  C B F C 1 2  

U n c h a n g e d  f rom J P L  8 1 - 3 . T h e  p r e fe r r e d  va lues  w e r e  de r i ved  us ing  th e  
a b s o l u te  r a te  c o e fficie n t d a ta  r e p o r te d  by  H o w a r d  a n d  E v e n s o n  
( 1 9 7 6 a ) ,  Per ry  g&a l .  ( 1 9 7 6 a 1 ,  W a tson  s&al .  ( 1 9 7 7 ) , C h a n g  a n d  
K a u fm a n  ( 1 9 7 7 a ) ,  a n d  J e o n g  a n d  K a u fm a n  ( 1 9 8 2 ) . T h e  d a ta  o f C lyne  
a n d  Holt  ( 1 9 7 9 b )  was  n o t cons ide red  as  it is in  r a th e r  p o o r  
a g r e e m e n t wi th th e  o th e r  d a ta  wi th in th e  te m p e r a tu r e  r a n g e  stu d i e d ; 
e .g . th e r e  is a  d i f fe rence o f - 6 5 X  a t 4 0 0  K . Fit t ing th e  d a ta  to  
a n  express ion  of  th e  fo r m  A T 2 e x p ( - B /T) resul ts in  th e  e q u a tio n  
1 . 7 1  x 1 0  -’ ’ $ e x p (  - 4  8 3 /T) o v e  r  th e  te m p e r a tu r e  r a n g e  2 4 1 - 4 8 3  K . 
This  resul ts in  a  p r e fe r r e d  va lue  o f 3 .0  x 1 0 ”4 c m 3 m o l e c u l e ’1 s ~ 1  
for k a t 2 9 8  K . T h e  de r i ved  A r rhen ius  express ion  c e n te r e d  a t 2 6 5  K  
Is 0 .8 9  x 1 0 ’1 2 e x p ( - 1 0 1 3 /T). 

i 

O H  +  CHF2C l  I 

i 
U n c h a n g e d  f rom J P L  8 1 - 3 . T h e  p r e fe r r e d  va lues  w e r e  de r i ved  us ing  i 

‘ 
th e  a b s o l u te  r a te  c o e fficie n t d a ta  r e p o r te d  by  H o w a r d  a n d  E v e n s o n  
( 1 9 7 6 a ) i  A tkin s o n  &  a . ( 1975 ) ,  W a tso n  S &  al. ( 1 9 7 7 1 ,  C h a n g  a n d  

i , 
1  
; 

K a u fm a n  ( 1 9 7 7 a ) , H a n d u e r k  a n d  Ze l lner  ( 1 9 7 8 ) , a n d  J e o n g  a n d  K a u fm a n  i 
I 

( 1 9 8 2 ) , wh ich  a r e  in  g o o d  a g r e e m e n t. T h e  d a ta  of  Clyne  a n d  Holt  
( 1 9 7 9 b )  was  n o t cons ide red  as  it Is in  r a th e r  p o o r  a g r e e m e n t wi th 
th e  o th e r  d a ta  wi th in th e  te m p e r a tu r e  r a n g e  stu d i e d , excep t a t 2 9 8  K  

( the  r e p o r te d  A - factor  o f - 1  x 1 0 ’1 1 c m 3 m o l e c u l e ”s” is 
inconsistent  wi th th a t expec te d  th e o r e tically).. Fitt ing th e  d a ta  
to  an -exp ress ion  o f th e  fo r m  A T 2 e x p ( - B /T) resul ts in  th e  e q u a tio n ’ 
1 . 5 1  x 1 0  - la  T 2 e x p ( - 1 0 0 0 /T) ove r  th e  te m p e r a tu r e  r a n g e  2 5 0 - 4 8 2  K . 
This  resul t .3 in  a  p r e fe r r e d  va lue  o f 4 .6 8  x 1 0 ’1 5 c ,3 ,0 1 e c u l e ’1s -1  

‘. 
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for k at 298 K. The derived Arrhenius erpresaion dentered at 265 K 

.is 0.78 x 10’12exp(-1530/T). 

OH + CH2FC1 

Unchanged from JPL 81-3. The preferred values were derived using the 
absolute rate coefficient data reported by Howard ard Evenson 
(1976a); Watson at a. (1977), Handuerk and Zellner (1978), and 
Jeong and Kaufman (1982) which are in fair agreement. Fitting the 
data to an expression of the form AT2exp(-B/T) results in the 
equation 3.77 x 10 -18 T2exp(-604/T) over the temperature range 
245-486 K. This results in a preferred value of 4.41 x lo-l4 cm3 
molecule” s-l for k at 298 K. The derived Arrhenius expression 
centered at 265 K is 1.96 x 10”2exp(-1134/T). 

69. Unchanged from JPL 81-3. This evaluation is based on the reLent 
data of Jeong and Kaufman (1979) and Kurylo & al (1979). Their 
resuits are in excellent agreement over the temperature range 
250-460 K. The earlier results of Howard and Evenson (1976b), 
Watson & & (1977), Chang and Kaufman ( 1977a) and Clyne and Halt 
(1979a) were discounted in favor of the recent results. The earlier 
results showed higher values of the rate constant, and lower E/R 
values. This may be indicative of the CB3CC13 us;d in tile early studies 
being contaminated with small amounts of a reactive olefinic 
impur: ty. 

70. Unchanged from JPL 81-3. The preferred value at 298 K is a mean of 
the values reported by Howard (1916) and Chang and Kaufman (1977a). 
The .value reported by Winer & a. ( 1976), which Is more than a 
factor of JO greater, is rejt:ted. The preferred Arrhenius parameters 
are those of Chang and Kaufman. 

71. Unchanged from JPL 81-3. The preferred value at 298K Is a mean of 
the values reported by Howard (1976) and Chang and Kaufman (1977a). 

I 4 
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The ‘value derived from a relative rate coefficient study by M iner 
g$ a. (1976) is a factor of about -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 298K). 

72. Unchanged from JPL 81-3. The A-facto? was estimated, and a lower . 

lim it was derived for E/R by using the upper lim its reported for 
the rate constants by Chang and Kaufman (1977b) at about -480 K. 
These expressions are quite compatible with the upper lim its 
reported for these rate constants by Atkinson & al. (1975), 
Howard and Evenson (1976a), Cox & & (1976a) and Clyne and Halt 
il979b). None of the investigators reported any evidence for 
reaction between OH and these chlorofluoromethanes. 

73. Unchanged r’rom JPL 81-3. The results reported by Zahniser .& & 
( 1977) and Ravishankara & al. ( 1977b) are in good agreement at 
-245K (within 25%), considering the difficulties associated with 
handling C13N02. The preferred value is that of Zahniser & a. 
Neither study reported any data on the reaction products. 

74. M inor change from JPL 81-3. Fair agreement exists between tne 
results of Brown and Smith (1975), Wang and Belles (1971), 
Ravishankara fi &. ( 1977a), Hack & al. ( 1977) and 
Singleton and Cvetanovic (1981) at 300K (some of the values for k 
(3OOK) were obtained by extrapolation of the experimentally 
determined Arrhenius expressions), but these are a .foctor of 
-7 lower than that of Balakhnin & a. (1971). 
tinfortunately, the values reported for E/R are in complete 
disagreement, ranging from 226U-3755K. The preferred value 
was based on the results reported by Brown and Smith, Wong and 
Beliep, Ravishankara & a., Hack & a. and Singleton 
and Cvetannvic but not these reborted by Balakhnln & a. 

. 
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75. Unchanged from JPL 81-3. There are no experimental data; this is 
an estimated value based on rates of O-atom reactions with similar 
compounds. 

'76. Unchanged from JPL 81-3. The results reported by MiAina nf, al. 

(1977b) and Kurylo (1977) are in good agreement, and this data has 

been used to derive the preferred Arrhenius expression. The value 
reported by Ravishankara & al. (1977b) at 245K is a factor of 2 
greater than those from the other studies, and this may possibly be 
attributed to (a: secondary kinetic complications, (b) presenca of 
Nb2 as a reactive impurity in the C10N02, or (c) formation of 
reactive photolytic products. None of the studlss reported identi- 
fication of the reaction products. The recent room temperature 
result of Adler-Golden and Wiesenfeld (1981) is in good agreement 
with the recommended value. 

77. This recommendation Is based on results obtained by Hizlolek and 
Holina (1978) over tne temperature range 236-295K in a discharge 
flow system under pseudo first order conditions for 0 atixn decay. 
The values reported by Basco and Dogra (1971a) and Freeman and Phillips 
(!%8) have not been inclirded in the derivation of the preferred value 
due to data analysis difficulties in each of thene studies. 

78. Unchanged from JPL 81-3. Arrnenlua expression was estimated based 
cn 298 K data reported by Bemand, Clyne and Watson i1973). 

79. Unchanged from JPL 81-J. Arrhenius exprcasion was estimated based 
on 293K data reported by Bemand, Clyne and Watson (1973). 

80. Unchanged from JPL 81-3. The results reported for k (298K) by 
Clyne and Watson (1975). Leu and DeHorc (19771, M ichael & & 
(1978) and M-chael and Payns (1979) are in sxcellent agreement. 
The preferred value at 298K is derived by taking a simple mean of 
these four values. The temperature dependences reported for k by 

I. 
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Leu aad DeNore, Michael j& a. and Michael and Payne can only be 

81. 

82. 

83. 

considered to be In fair agreement. There Is a spread of 25s In k 

at 220X and 50% at 360K. Although the results reported by Michael 

& al. and Mich&el and Payne are in good agreement, there is no 
roason at present to discard the results of Leu and DeMore. Therefore, 

until further results are reported, the preferred value was synthesized 
to b*!st fit all the data reported from these four studies. 

Minor change from JPL 81-3. Using the discharge floii-mass spectrcfnetric 
technique Leu (1980a), and Poaey nt al. ( 1981) determined an upper 
limit for k of -2 x lo-l5 at -298 K. Leu also reported an upper 
limit for k of 3 x lo-l5 at 417 K. An estimate of the Arrhenlus 
expression would be < 1 x 10’11exp(-2500/T). The A-factor was chosen 
to be consistent with that determined for the Cl + H203 reaction, b 
and the E/R value was calculated to yield the upper limit at 298 K. 

Changed from JPL 81-3. There have been two studies of this rate 
constant as a function of temperature; Nava & a. (19811, using 

the flash photolysis-resonance fluorescence technique, and Poulet 
rt itl. (1981). using the discharge flow-mass SpectrolEetric 
tschnique. These results are in reaaonal?ly good agreement. The 
Arrhenius exprcsrion was derived from a least squares fit to the 
data reported in these two studies. The higher room temperature 
value of LcBraa & a. ( 1983) using the discharge flow - EPA 
technique has been shown to be in error due to seccndary chemistry 
(Poulet fi a.). 

‘.. 
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Posey fi ;rl. ( 1981) used the discharge flow-mass apectrometric 
technique to determine a value of 2 x lo-l3 (*factor of 2) for k at 

298K. This value seems low for an atom-radical reactjon; for -. ‘. 
example, it is two orders of magnitude lower than the corresponding 
reaction of HO2 with Cl. Therefore, until there is additional 
data, it is suggeatod that this be used <IS a lover limit. 
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84. Unchanged from JPL 81-3. The preferred value is based on the value 
reported by Clyne & al. (1976). This value appears to be quite 
reasonable In light of the known reactivity of Cl0 radicals with 
atomic oxygen. The temperature dependence of k is expected to be ; ‘., 1 
small for an atccn-radical process, e.g., 0 + ClO. /. 

>! 
i >[ 

85. Unchanged from JPL 81-3. The results repL :ed by Clyne and Watson , 

(1977) and Basco and Dogra (1971b) differ not only in the magnitude 
of the rate constants, but also in the interpretation of the .: 

reaction mechanism. The preferred value Is that reported by Clyne 
and Watson. The temperature dependence for such processes is ‘,\ 

expected to be small, as for BrO + BrO. Although the second \ 

reaction channel is shown proceeding directly to Br + Cl + 02, it 
may proceed through Br + Cl00 (AH’ = -6.6 kcal/mol” 1 or Cl + BrOO 
(AHo unknown). 

86. Unchanged from JPL 81-3. The results of the three low pressure 
mass spectrmetric studies (Clyne and Watson (1975). Ray and Watson 
( 1981) and Leu (1979) and the high pressure uv absorption study 
(Watson eL al. (197911, uhich all used pseudo first-order 
condf tiotq are in excellent agreement at 298 K, and are thought 
t.o be such more reliable than the earlier low pressure uv absorption 
study (Clyne and Cruse (lg70b)). The results of the two temperature 
dependence studies are in good agreement and both ahou a small 
negative temperature dependence. The preferred ArrnenlQs 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 
d &,. with that from the three mass spectrometric studies, it 
can be shown that this reaction does uot exhibit any observable 
pressure dependence bctireen 1 and 700 .torr total pressure. The 
temperature dependcnces of k for the analogous Cl0 and HO2 reactions 

are also negative, and are similar’ lo magnitude. 
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87. Changed from JPL 81-x. There are two possibly bimolecular channels 
for this reaction: BrO + BrO + 2Br + 02 (kl ) and BrO + BrO -+ Br2 + 02 
(k2). The total rate constant for disappearance of BrO (k = kl + 
k2) has been studied by a variety of techniques, Including discharge 
flow-ultraviolet absorption (Clyne and Cruse, 1970). discharge 
flou-mass spectrometry (Clyne and Watson, 4975) and flash 
photolysis-ultraviolet absorption (Basco and Dogrs, 1971; Sander 
and Watson, 1981b).. Since this reaction Is second order In [BrOl, 
those studies monitoring [BrO] by ultraviolet absorption reql*lred 
the value of the cross section cl to determine k. There is 
substantial disagreement in the reported values of u. Al though the 
magnitude of 11 is dependent upon the particular spectral transition 
selected and instrumental parameters such as spectral bandwidth, 
the most likely explanation for the large differences in the 
reported values of J is that the techniques (based on reaction 
3tolchiometries) used to determine 0 in the early studies were used 
incorrectly (see discussion by Clyne and Watson), The recent study 
of Sander and Watson used totally independent methods to determine 
the values of ~1 and ($1/k). The recommendations for k, and k2 
are consistent with a recommendation of k = 1.14 x lo-l2 
exp( +255/T) cm3 molecule -1 s-1. This temperature dependence is the 
corrected value from Sander and Watson, and the pre-exponential has 
been chosen to fit the value of k(298K) = 2.7 x lo-l2 cm3 molecule” 
s-1, which is the average of the values reported by Clyne and 
Watson (the mass spectrometric study where knowledge of (1 is not 
requlredl and by Sander and Watson i the recent absorption study). 
There was no observable pressure dependence from 50 to 475 torr in 
the latter study. In a recent study, Cox nt a. (1982) used the 
molecular modulation technique with ultraviolet absorption to 
derive a temparature independent value of k2 which is 50 percent 
greater than the. 298K value recommended here. 

The partitioning of the total rate constant into its two 
components, k, and k2, has been measured by Sander and-ratcon 
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at 2g8K, by Jaffe and Mainqulst (1980) from 258 to 333K. and by Cox 
at & (1982) from 278 to 348K. All art in agreement that k,/k = 
0.84zO.03 at 298K. In the temperature dependent studies the 
quantum yield for the bromine photosensitized decomposition of 
ozone was measured. Jaffe and Hainquist observed a strong, 

i \ 
, 

unexplained dependence of the quantum yield at 298K on [Br21, and 
their results were obtained at much higher [Br2: values than were 

those of Cox ti a. This makes a comparison of results difficult. 
From an analysis of both sets of temperature dependent data, the 
following expressions for k,/k were derived: 0.98 txp(-44/T) (Jafft 
and Mainquist); 1.42 exp(-163/T) (Cox I& a); and 1.18 exp(-104/T) 
(mean value). This mean oelue has been combined with the 
expression for k given above to yield the expression for k, shown 
in the table. The expression for k2 results from the numerical 
values of k2 at 200K and 300K derived from the evaluation of these 

t 

J. 
!’ 

\ 
\ 

expressions for kl and for k(=k, + k2). 

88. Unchanged from JPL 81-3. Dased 00 a study reported by Sander and 
Watson (1981b). Clyne and Cruse (1970a) also reported an upper limit 
of 8 x 10’14cm3molecr~le’1s’1 for this reaction. Both studies 
reported that there is no evidence for this reaction. The analogous 
Cl0 reaction has a rate constant of <10’18cm3molecule’1s’1. 

89. Unchanged from JPL 81-j. Value chosen to be comparable with the 
value of k(C10 + DO,) at 298 K, as there are no experimental data. 
The uncertainty factor in k at 298 K precludes the need to estimate 
the temperature dependence in k, as it would have a smaller 
magnitude than the. uncertainty over the temperature range of the 
stratosphere. 

90. Unchanged from JPL 81-3. Value chosen to be consistent with 
k(C10 + OH), due to the absence of any experimental data. 
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91. Changed from  JPL 81-3. Takacs and Ciass (1973a) and Jourdain 
at & (1981) used the discharge flow - EPR technique and 
reported k (298K) to be 5.1 and 9.2 x lo-l2 cm3 molecule-l 3-l. 
respectively. Ravishankara at & (1979a) and Husain & & (1981) 

used the flash photolyais-resonance fluorescence technique and 
reported values of 11.9 and .6.C x 10-l 2 cn? molecule-’ 3-l, 
respectively. The preferred value of k (298K) is taken to be a 
simple mean of these four values. The data reported by Ravishankara 
&, & show that the rate constant exhibit3 no temperature 

dependence btt;<en 249-416K. 

92. Unchanged frca JPL 81-3. The absolute rate coefficients determ ined 
by Howard and Evenson (1976a) and Davis & & (1976) are in 
excellent agreement at 298 K. The same approach has been used to 
determ ine the preferred Arrheniua parameters aa was used for the 
OH + CHxFyC14-x-y reactions. Fitting the data to an expression 
of the form  AT2exp(-B/T) results in the equation 1.17 x lO-‘8 
T2exp(-295/T) over the temperature range 254-350 K. This results 
in a preferred value of 3.86 x 10-14cm3molecule-‘3-’ for k at 298 K. 

The derived Arrhenius expression centered at 265 K is 6.09 x lo-l3 
exp(-825/T). 

93. Unchanged from JPL 81-3. As the values reported for k at 298 K 

(Takacs and Glass (1!?73b), Brown and Smith (1975) and Singleton and 

Cvetanovic (1978)) are in fair agreement, the mean is taken to be 

the preferred value. The agreement between the values deduced frcnn 
thereported Arrhenlua expreaaions (Brown and Smith (1975) and 
Singleton, and Cvetenovic (1978) ) at stratospheric temperatures 
is rather poor; e.g., the values differ by -70% at 250 K. The 
preferred value has been synthesized to best fit both set.3 of data _’ 
betueen 250 and 400 K. The A-factor derived-for the preferred 

expression and that reported by Brown and Smith appear to be lower 
than would be expected. This, combined with the absence of data 
at stratospheric temperatures, lead3 to cong!derable uncertatnty in 

i 

i 
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the values of k between 200 and 260.~. 

94. Unchanged from JPL 81-3. The only experimental data is that 
reported by Wagner & al. (1972). Value wpears to be quite 
reasonable in view of the well known reaotivity of at&c chlorine 

with 03. 

95. Minor change ‘from JPL 81-3. The value of k at 298K seems to be well 
established with the results reported by Hcmann at al. ( 1970!, 

Uarnatz & al. ( 1972), Zhitneva and Pahezhetakii (1978), Heidner 
& gl,. (1979, 1980). Wurzberg and Houston (1980), Dodonov & a. 
(19?1), Clyne & gl. (19731, Bozzelli (1973), and Igoahin & a. 
(19741, being in excellent agreement (range of k being 2.3-3.3 x 10”’ 

Cm 3 molecule -1 a-‘). The preferred value at 298K is taken to be the 

mean of the values reported in these references. The magnitude of the 
temperature dependence is not quite as well established with values of 
E/A ranging from 4330755K (Homann & al,., Warnatz ti j&l., Heidner 
di al., Wurzburg and Houston, Igoshin & a.). The preferred 
value of E/R is taken to be the mean of the results from all of the 
studies. The A-factor was calculated by taking E/R to be 570K, and 
k at 298K to be 2.8 x lo-l1 cm3 molecule-’ a-‘. 

96. Unchanged from JPL 81-3. The three absolute rate coefricienta 
determined by Wagner S& al. (19711, Clyne ti gl. (1973) and Kompa 
and Yanner (1972) at 298 K are In good agreement; however, this 
may be somewhat fortuitous as the ratios of k(F + H2)/k(F + CH4) 
determined by these same groups can only be considered to be in fair 

agreement, 0.23, 0.42 and 0.88. The values determined for k (298) 

. . . --_ 

from the relative rate coefficient studies are also in gooa 
agreement with those determined in the absolute rate coefficient 
studies, and the value of 0.42 reported for k(F + t!,)/k(F + CH4) 
by Foon and Reid (191) is in good agreement with that reported by 
Clyne nt & The preferred value of 8.0 x 10°T1 for k (298) is a 
weighted mean of all the results. The magnitude of the temperature 
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dependence is somewhat uncertain. The preferred Arrnenius 
parameters are baaed. on the data reported by Wagner et a., and 
Foon and Reid, and the preferred Arrheniua parameters of the F 4 H2 

reaction. This reaction has recently been reviewed by both Foon 

and Kaufman (1975) and Jones and Skolnik (1976). A-factor may be 

too high. 

97. Unchanged from JPL 81-3. This is the value of Zetzach ( 19’71) which 
uas reporteu in the review of Jones and Skolnik (1976). The 
reactivity appears to be somewhat lower than might be expected for 

such a hydrogen abstraction reaction (see review of Foon and Kaufman 
(1975). 

98. Unchanged from JPL 81-3. This is the value reported by Ray and 
Watson (1981) for k at 298K using the discharge flow-mass apectro- 
metric tee-nnlque. The temperature dependence of k is expected to 
be small for such a radical-radical reaction. The temperature 
dependencea of k for the analogous Cl0 and BrO reactions have been 
reported to be negative, with E/R preferred values of -294K and 
-265K, reapect.ively. 

.: 

/ 

99. Unchanged from JPL 81-3. Although the value of k (FO + FO) reported 
by Clync and Watson (1974b) was obtained in a more direct manner’ 
than that of Wagner et al. (19721, and as such is leas auaceptj ble 
to error due to the presence of canplicatlng secondary reactions 
‘and thus would normally be preferred, the value to be recommended 

i 
/’ .’ 

in this assessment ,ia a weighted average of the two studies. From 
the data of Wagner & a. it can be seen that the dominar.t reaction 
channel is that producing 2F + 02. However, their data base i& not 
adequate to conclude that it is the only process. -. .= 

100. Unchanged from JPL 81-j. The FO + O3 reaction has two possible - :._ 
pathways which are exothermic, resulting in tte productior of F + 2 
O2 or F02 + 02. Al though this -eactien has not been aiudied in a 7 .‘i . 

,’ - i- 
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simple, direct manner, two studies of complex chemical systems have 

inferred some kinetic fnformat$on about it.. Starrio & a. (1962) 
I 

measured, quantum yields for .ozone destruction in F2/03 mixtures, 
and attributed the high values, -4600, to be due to the rapfd 
regeneration of atomic fluorine via the FO + 03-+ F + 02 reaction. 

However, their results are probably also consistent with the chain 
propagation process being FO + FO + 2 F + 02 (the latter reaction 
has be.in studied twice (Wagner & a. (1972), Clyne and Watson 
(1974b)), but although the Value Of [F]produced/[FO]consumed is 

known to be close to unity, it has not been accurately determined. 

I 
/ _’ ,.,’ 

.; ‘. 
Consequently it is Impossible to ascertain from the experimental 
results of Starrico & & whether or not the high quantum yields 
for ozone destruction should be attributed to the FL + 09 reaction 
producing either F + 2 02 or FO2 + 02 (this process is also a chain 
propagation step if the resulting F02 radical preferentially reacts 
ui th ozone rather than with el ther FO or Itself). Wagner j& d 

I 

/ 

, 
1 

utilized a low pressure discharge flow-mass spectrometric system to 
study the F + O3 and FO + FO reactions by directly monitoring the 
time history of the concentrations of F, FO and 03. They concluded 
that the FO + O3 reaction was unimportant in their system. However, 
their paper does not present enough Information to warrant this 
conclusion. Indeed, their value of k(F0 + FO) of 3 x 10”’ Is 
about a factor of 4 greater than that reported by Clyne and Watson, 
which may possibly be attributed to either reactive impurities being 

present in their system, e.g., ‘O(3P), or that the FO + O3 reactions 
v’zre not of negligible importance in their study. Consequently, 
it i.s not possible to determine a value for the FO + O3 reaction 
rate constant from existing experimental data. It is worth 
nottng that the analogous Cl0 + O3 reactions are extremely slou 
(<JO-‘*cm3m01ecu1e”s’l ) (DeHore & al. (1976)), and upper limits 

of 8 x lo-l4 (Clyne and Cruse (1970a)) and 5 x 10’15cm3molecule’1s’1 

(Sander and Watson (1981b)) have been reported for BrO + 03. 
: 

. 72 :I 



101. Unchanged from JPL ?i-3. This estimate Is probably accurate to 
within a factor of 3, and Is based upon the assumption that the 
reactivity of FO is similar to that of Cl0 and BrO. The experl- 
mentally determined rate constants for Cl0 and BrO at -298 K are 
5.q x 10”’ and 3.0 x 10”’ , respectively (NASA preferred ‘values). 
The temperature dependence of the rate constant j I expected to be 
small. The temperature dependence of the analogous Cl0 reaction 
has been studied twice with somevhat different results. The values 
reported for’ E/R are -76 K (Zaimiser and Kaufman (1977) and +224 K 

Clyne ani Nip (1976b)). 

102. Unchanged from JPL 81-3. 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 strorg temp- 
erature dependence. 

103. The recommended expression allows for a factor of two increase in k 
with pressure. This increase has been seen in many high pressure 
studies (Overend and ?araskevopoulos (1977a1, Perry & ti. (19771, 

Bfermann & a. (1978), Cox fi d (19’/6b), and Butler fi & (1978)). 
The most detailed study was carried out by Biermann & a. (1978) 
who found the rate coefficient to depend on both pressure and presence 
of O2 (or other Impurities). There Is still some uncertainty as to 
exactly uhat conditions (impurities?) are required to produce the pressure 
effects. 

The enhanced reaction rate is thought to go through an addition 
complex which yields HO2 and CC2 in the presence of 02. Therefore, 
in the atmosphere, It Is appropriate to write the products to be 
H + CO2 since H atoms are quickly converted to H02. 
Further studies of the combined pressure, IO,], and temperature 
effects are needed. 

.’ 
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104. This Is an extremely well characterized reaotion. All temperature 

dependence studies are in good agreement (Greiner (1970a), Davis 

&, &. (lg74), Margitan &, a. (1974), Zellner and Stelnert (1976), 
Tully and aavishankara (1980)). Due to this good agreement, and 

the curved nature of the Arrhenius plot at higher temperatures, the 

value of Davis &i al., obtained in the temperature interval 
240 < T < 373K is recommended. 

105. There is excellent agreement between four studies of this reaotion 

at 298K, i.e., Greiner (1970a), Howard and Evenson (1976), Overend 
& a. (lg75), and Tully & a. (1982). k(298K) is the average 

of these four measurements. The temperature dependence was computed 
by using the data of Grelner (1970a) and Tully & a. (1982). 

106. There are five measurements of the rate coefficient at 2983; Greiher 

(1970a), Gorse and Volman (1974), Bradley ti al,. (1973), Overend 
& a. (1 g75), and Tully & &.. (1982). Gorse and Volman measured 

k(OH + C3H8) relative to k(OH + CO) in the presence of O2 and 
calculated k(OH + C3H8) assuming that k(OH + CO) = 1.5 x lo-l3 cm3 
molecule” 3-l. If the current recommended value for k(OH + CO) in 

the presence of O2 is used, k(OH + C3H8) will be approximately 
1 x 10-12 3 cm molecule -1 9-l. Only the results of Gverend & al. 
(1975) (k = 2 x lo-l2 cm3 s-l) are in disagreement with’ the other 

values. The most probable cause fcr this discrepancy Is the presence 

of secondary reactions in their system. The 298K value is the average 
of the four studies. Only Greiner (1970a) and Tully ti ,Q. (1982) 

have measured the temperature dependence of this reaction, and ths 
recommended E/R was obtained from a linear least squares analysis of 

the data below 500 K. The A factor was adjusted to reproduce k(298K). 
‘;his reaction has two possible channcrls, I.e., abstraction of the 

primary or the secondary H atom. The?efore, non-Arrhenlua bebavie- 

may be exhibited over a wide temperature raige; as seen by Tully & a. 

The branching ratios can be estimated From Grelner’s (197Oa) formula: 
k priuiary = 6.1 x ‘O-l2 exp(-830/T) cm3 molecule” s-’ 
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k = 4.6 x ‘O-l2 exp(-430/T) cm3 molecule -1 
secondary s-1 

Only the hlgh pressure limiting rate constant is considered here. 

107. This reaction is pressure dependent, and there is reasonable agreement 

(factor of 2) between verlous studies on the high pressure limiting 
rate coefficient (Greiner ( 1970b), Smith and Zellner (1973), Stuhl 1 
(1973), Davis & a. (1975), Gordon and Mulac (1975), Atkinson 

g& &. ( 1977), and Overend and Paraskevopoulos (1977b)). The 

preferred value is essentially that of Atkinson &jil. (1977); the 

error bounds are such that most measurements fall within the limits. 

108. The rate coefficient for this reaction has been measured in 

discharge flow tubes by three groups of Investigators; Wilson and 
Westenberg (19671, Breen and Glass (1970), and Pastrana and Carr 

(1974). There is poor agreement between these three studies. 
There have also been flash photolysis studies of this reaction. 
Smith and Zellner (1973) measured k(298K) = 8 x lo”3 

C m  3 mclecule -1 
s-1. Davfs fi &. (1975) found the rate coefficient 

to be independent of press.we, which Is contradicted by Perry nf a. 

(1977) and Michael ft d. (1980), who found k(298K) to increase up 

to a pressure of -200 torr of argon and then reach a pressure-independent 
value. 

The recomncnded value of k(298K) is the average of those obtained 

by Perry & a. (1977) and Michael &t &. (1980) and represents 
k I. The temperature dependence, E/R, is that measured by Michael 

PT, G. since the 200 torr values measured by Perry g& & at 350K 
and 422k were unlikely to have been at the high pressure limit. The 

A factor has been adjusted to reproduce k(298K). In the 
troposph-re and lower stratosphere, the high p?-wre limited rate 
coefficient should apply. 

This reaction'has five possible reaction channels: C2H + H20, CH3 + CO, 

CH CO + H, CH2CH0, and CHCO + Hz. 2 A 16~ pressure study has shown 
‘. 

‘_ 
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CH2C0 + Ii to be a major product (Kanofcky & A. (1~4)). However, 

under high pressure condi tlons, other channels might be more 

important. 

. 109:  The value for k (298 K) Is the average of those d~tdrmined by 

Atkinson and Pitta (1978) and Stief A& A. (19801,  both using the 

flash photolysis-resonance fluorescence tecnniaue. The value 

reported by Morris and Niki (197i) agrees within the stated 

uncertainty. There are two relative values which are not in agree- 
ment with the recommerdatlons. The value of Nlki & & (197Pb) ’ 
relative to OY + C2H4 Is higher while the value of Smith (1978) 

relative to OH + OH in lower. The latter data are &so at variance 
with the negligible temperature dependence ohserved in the two flash 

photolysis studies. Although Atkinson and Pitts assign a small 

energy barrier (E/R = 90 + 150), their data at 356 K and 426 K 
and that of Stief et ti. at 228 K, 257 K and 362 K tie all within 

10% cf the k (298 K) value. Thus, the combined data set suggest E/R 
= 0. The abstraction reaction shown in the table is probably the major 

channel ; other channels may contribute (Horbuitz & &., l-8). 

110. There are no  direct measurerents of this rate constant. The 

estimate divan Is based on an assumed similarity to OH + H202 

and OH + CH30H. Tf.3 k(298K) values for these two reactions are 

reported to be  cim.llw: k(OH + H202) = 1.7 x lo-l2 3  c-1 molecule -1 

so1 (this evaluation) and k(Oh + Cd3CH) = 1  .O x ?a”2 cm-’ molecule’1 
s-’ (aver&s of three measurements, I.e., Capbell & a. ( 1976),  

Overend and Paraskevopoulos (1978) and  Ravishankara and Davis 

(1978)).  Since the temperature dependence of the OH + CR 3 OH reaction 

has not been measured, the E/R value for OH + CH300H reaction is 
ass&d to be same as that for OH + H202. The reaction products 
are not stieclfied since abstraction of H from either end of the 

molecule is possible. 
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1. The value at 298K is an average of eight measurements; Arrington 
& a. (19651, Sullivan and Barneck (1965), Brown and Thrush 

(1%7), Hoyermann & & (1967). Westenberg and deHaas (1%9b), 

James and Glass (197C), Stuhl and N+i (1971.)) and Uestenberg and 

deHaas ( 1977). There is reasonably good agreement between these 

studies. Arliington & al. (1965) did not observe a temperature 

dependence, an observation which ‘was later shown to be erroneous by 

Westenberg and deHaas (1969). Wcatenberg and deHaas are the only ones 

who have measured the temperature dependence, and they observed a 

curved Arrhenius plot. In the range of 195-450K, Arrhenius behavior 
provides an adequate description and the E/R obtained by them in 

this temperature range is recommended. The A factor was calculated 
to reproduce k(298K). This reaction can have two sets of products, 

i.e., C2HO + H or CH2 + CO. Even though under molecu.lar beam conditions 
C2H0 is shown to be the major product, it Is not clear what the branching 
ratio would be under high pressure conditions. 

2. The recommended values for A, E/R and k (298 K) are the averages 
of those determined by Klemm (1979) using flash photolysis-resonance 
fluorescence (250 to 498 K) by Klemm & a. (1980) using discharge 

flow-resonance fluorescence (298 to 748 K) and Chang and Barker 

(1979) using discharge flow-mass spectranetry (2% to 436 K). All 
three studies are in good agreement. The k (298 K) value is also 
consistent Uth the results of Niki at al. (19691, Herron and 

Penzhorn ( 1%9), and Mack and Thrush ( 1973). Although the mechanism 
for 0 + H2C0 has been considered to be the abstraction reaction 
yielding OH + HCO, Chang and Barker suggest that an addl.tlon channel 

yielding H + HC02 may be occurring to the extent of 30% of the total 

reaction. This conclusion is based on an observation of CO2 as a 

product of the reaction under conditiona uhere reactions such as 

0 w HCO +‘ H + CO2 and 0 + HCO * OH + CO apparently do not occur. 
This Interesting suggestion needs independent confirmation. 

‘,T 
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113. The recommended k(298K) is the average of threo measurements - Washida 

and dayes (19761, Slagle af, & (1974) and Yashlda (1980). The E/R 
value Is basea on the results of Washlda and Bayes (1976) who found 
k to be Independent of temperature between 259 and 34lK. All three 

studies employed the 0 + C2H,, reaction as the CB 
3 

source, and CH 
3 

was assumed to be the major product. Recently, however, it has been 
shown (Buss nt a., 1981, Kleinermanns and iuntz, 1981 and dunziker . 

& 91. 1981) that C2H30 is also a significant product of the 0 + C2H,, 

reaction. It is not clear how this finding will affect the measured 

rate coefficient for the 0 + CH 3 reaction. 

114. This bimolecular reaction is not expected to be important based on 

the results of Baldwin and Golden (1978a) who found k < 5 x low17 

CR 3 -1 molec:lle s” for temperatures up to 1200K. Klais ti a. 
(1979) failed to detect OH (via CH3 + O2 -* L’H20 + OH) at 368K 
and placed an upper limit of 3 x lo-l6 3 cm molecule -1 a” for this 
rate coefficient. Basharan, Frank and Just (1980) measured k = 1 

x 10”’ exp(-12,90O/Tj cm3 molecule-’ s-’ for 1840 < T < 22COK. 

The latter two studies, thus, support the results of Baldwin and 
Golden. However, both Washlda and Bayes (19776) and Washida (1980) 

detected a bimolecular reactfon and obtained k(298K) to be -1.5 x 

1@-‘4 CR3 molecule -1 s-1, thereby directly contradicting the above 
three studies. In this evaluation the results of Washida and Bayas 

(1976) and Washida (1980) have not been included. 

115. The rate coefficient has been measured by Radford (1980) by 

detecting the HO2 product in a laser magnetic resonance spectrome,er. 

The effect of wall loss of CH20H could have introduced a large error 
in this measurement. Radford also showed that the previous measurement of 

Avramenko and Kolesnikova (1961) was in error. 

116. The recommended A factor and E/R arc those ubtaincd from the 
results of Gutman & nl. ( 1982). These investigators rave measured 

k directly under pseudo-first order conditions by following CH30 
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117. 

via laser induced fluorescence. The temperature interval was 423 

t0 626~. Cox a J&. (1980) used an end product analysis technique 
to measure k down to 298K. The previous high temperature measure- 

ments (Baker&a. (1977) and Batt and Robinson (1979)), are in 
reasonable agreement with the derived expression. k(298K) is calculated 
from the recommended expression. This value is consistent with ttie 

2983 results of Cox & al. (1980) and with the upper limit measured 

by Sanders at a. (1980). The A factor, shown above, appears to be 
too low for a hydrogen atom transfer reaction. The products of this 
reaction are HO2 and CH20, as shown by Nlki J& & ( 1981). 

The value of k(298K) is the average of the determinations by 

Washida & al. (19741, Shibuya nt A. (19771, Veyret and Lesclaux (1981), 
and Langford and bloore (1981). There are three measurements of’ k where 

HCO was monitored via the lntercavity dye laser technique (Reilly 
& a. (1978). Jadtochenko a a. (1979), and Gill &, a (lsrll)). 

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 [HCOI and laser attenua- 

tion might not be linear, (b) there could have been depletion of O2 

in the static systems that were used (as suggested by Veyret and 
Lesclaux), and (c) these experiments were designed more for the 

study of photochemistry than kinetics. Therefore, these values are 
not included in obtaining the 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 the authors preferred a T” form 

(k = 5.5 x 11)“’ f(0e4+0*3) cm3 molecule” s”‘). 

113. The rate coefficient for this reaction has been measureo by 
Washida a &. (1980) and Simonaitls and Heicklen (1975). The value 
reported by Sfmonaitis and Heicklen is 9.1 x lo-l3 cm3 molecule” 

s-l at 298K and tt.us seems to be in agreement with the results 

- ,. . 
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OF Washida & ‘a. (7.0 x lo-l3 cm3 molecule-l. 5-l). However, the 

rate coefficient derived by Simonaitis and Heicklen is based on the 

assumption that the high pressure limit rate coefficient For the CH3 + O2 + H 

reaction, k,, equals 4 x 10”~ cm3 molecule” d’, independenb of temperature, 
a value which disagrees with the current recbmwndation of 2 x lo-l2 om3 

91 3 . If the current recommendation is used, a value of 4.4 x lo-l2 

cm3 molecule” s-’ is calculated For k(298K). In view of this 

discrepancy, the results of the only direct study, i.e., Washida & 

d. ( 1980), are recommended. 5 the absence of direct measurements, no 

temperature dependence is recommended. This reaction has at least Four 

possible sets of products; HCOOII + OH, CH20 + H02, CH30 + 02, and CH202 + H. 

The branching ratios are unknown. 

119. There are no direct studies of this reaction. The quoted upper 

limit is based on indirect evidence obtained by Simonaitis and 

Heicklen ( 1975). 

120. The rcconmunded value for k(298K) 1s the average of those reported 

by 1loc:lanadel fi A. (19771, Parkes (1977), Anastasi ti aJ,. (197’S), 

Kan nt nl. (19791, Sanhueza s.& al. (1979), and Sander and Watson 

(1980). All the above determinations used ultraviolet absorption 

tc>‘chniques to monitor CH30, and hence measured k/ 11 , where I! is 

:h,: absorption cross section for CH302 at the monitored wavelength. 
T. ybtnin a set of number.3 that can be corn-pared, the values of k 

hnve been recalculated using the absorption cross sections measured 

by iioctianadcl & d. ( 1977). k(298K) is the average of these numbers. 

The recommended temperature depe.ndence is that measured by Pander and 

Watson (1981c). 

Thf8 &ction has three possible sets of products, i.e., 

. ?CHO+02 3 ka 

CH c 3 2 + CH30, - CH20 + CH30H + O2 kb 
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* CH300CH3 + O2 

121. 

122. 

.- - -,- -6, 

FTIR studies by Kan & a. (1980) and Niki & al. (19811 are 

in reasonable agreement on branching ratios at 298K; k,/k -0.35, 

kb/k -0.10. 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. 

The value of k(298K) is the average of those determined by Sander 

and Uatson (IgSO), Ravishankara d a. (1981), Cox and Tyndall 

(1980), ilumb & a. (19811, and Simonaitis and Heicklen (1981). 

Values lower by more than 2 Factor of two have been reported by 

Adachi and Basco (1979) and Slmonaitis and Iieicklen (1979). The 

Former direct study was probably in error because of’interference 

by CH30N0 Formation. The results of Eimonaitis and Heicklen (1979) 

and Plumb & a. (1979) are assumed to be superseded by their more 

recent values. Ravishankara fi a. (1981) and Simonaitis and Heicklen 

( 1981) have measured the temperatu,-e dependence of k over limited temperature 

ranges. The recommended A Factor and E/R were obtained by a least squares 

analysis of the data From the two studies. The value of k(218K) obtained by 
Sinonaitis and Heicklen (1981) has been neglected; however, the 
large error bounds allow the calculated value of k at 218K to 

overlap that measured by Eimonaitis and Heicklen. Ravishankara 

& &. (1981) find Lhat the reaction channel leading to NO2 

accounts For ct 1r:;st 80s of the reaction. This result, 

in conjunction with the indirect evidence obtained by Pate & ti. 

(1974). co*dirms that NO2 formation is the major, if not the only, 
reaction path. 

The row temperature value is that of Cox and Tyndall (1979, 1980). 
This study also reports a large negative E/R value over a temperature 
range 274 to 338K, which is similar to that found For the HO2 + HO2 

reaction by many groups (see note on HO2 + 1102). This measurement 
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has been carried out only at 1 atmosphere pressure. The above results 

arc not inconsistent with the suggested value for the HO2 + Pi02 

reaction. The rate coefficient needs independent veriflcatlon at 

one atmosphere, and measurements 2s functions of pressure, water 

vapor concentration, and temperature. . 

‘\ 
123. The value of k(298) is an average of the rate constants reported 

by Perry &, al. (1976b), Cor and Sheppard (19801, Wine nt & (1981a), 
Leu and Smith (1982a), and Michael ti al. (1982). The value of E/R 

.’ 

i 
‘P 

Is taken from a ccmposit’l unweighted least squares fit to the 
Individual data points fran these same five studies. The study by 

Leu and Smith (1982a) shows a slight parabolic temperature dependence 
of k with a minimum occurring near room temperature. Within the error 

lilrits stated In this evaluation, all data are fit reasonably well 

with an Arrhenlus expression. The weight of evidence from the recent 

measurements suggests that the earlier study by Westenberg and deliaas 

(19’73b) was in error (quite possibly due to secondary reactions). 
The room temperature value of Ptuhl (1974) lies just outside the 2 

error limits ‘set for k(298). 

124. This recommend.stion accepts with broad uncertainties the work of 

Lcu and Pmith (1981) who report rate constants between 300 and 
5COK approximately an order of magnitude lower than Ravishankara. 

ief, ;tl. (1900b), who had been thought to have minimized the ccmpli- 
cations due to secondary chetlistry and/or excited state reactions 

present In the studies of Atkinson & d. (1978) and Kurylo (1978). 

The upper limit of k(298) reported by Cox and Sheppard (1980) is 
too insensitive to permit valid comparison with the newer results. 
The Ravishankara & u. (1980h) data can be wed to calculate an 

E/R value of -2OOOK. The similarity between this value and the 

2jOK value of Leu and Smith (1981) suggests a temperature invariant 

removal OF OH in the Ravlshankara experiment possibly due to 

impuri tics in the OCS. Product observations by Leu and Smith (1981) 

tentatively confirm the suggestion of Kurylo and Laufer (1979) that 
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I 
the reaction produces predominantly HS + C02. 

i 
Until these lowur 

measurements are independently confirmed , the ‘error limits on k(298) I, 
I 

and E/R will encompass the results of Ravishankara & &. (1980b). I -. 
i 
, 
f 

125. This upper limit is based on the study by Wine & a. ( 198Oa). 
Tnese authors dealt with severe complications due to excited state 

and secondary chemistry. The extremes in experimental variation 
which were necessary to minimize these effects indicate remaining 

complications in the studies of Atkinson & a. (1978), Kurylo 
(1978) and Cox and Sheppard (1980). The Cox and Sheppard (191(O) 

study In particular may have been affected by the reaction of electronically 

excited CS2 (produced via the 350 run photolysis) with O2 (f n the 1 

atmosphere synthetic air mix). The importance of this reaction In 

the tropospheric photooxidation of CS2 into OCS has been suggested 
by Wine nt A. (1980h). In addition, Ravishankara ( 1982) has observed 
an acceleration of the OH + CS2 reaction in the presence of 02, 

thereby suggeqting a reaction between O2 and an OH-(X2 adduct. 
The Wine & d. (19SCa) determination Is consistent with an upper 

limit for the rate of production of OCS in the OH + CS2 reaction 
system reported by Iyer and Rowland (1980), suggesting that OCS and SH 
are the primary reaction products. This mechanistic interpretation 

is further supported by the recent study of Leu and Smith (1982h), which 

also sets an upper limit on k(298) somewhat higher than recommended here. 

126. This recommendation is derived From an unwelghted least squares 

fit of the data of Singleton sJ, al. (1979) and Whytock & al. (1976). 

The results of Slagle et A. ( 1978) show very good agreement for 

E/R i!~ the temperature region of overlap (300-500K)’ but lie systematically 
higher at every temperature. The uncertainty factor at 296K has been 
chosen to encompass the values of k(298K) determined by Slagle & & 
(1978) and tlollinden & a. (1970). Other than the 26311 data point 

of Whytock & &,. ; 19;) and the 281K point of Slagle & a. (1978) 
the main body of rate constant data below 298K come: from the study of 

Hollinden ef a. (1970), which indicates a dramatic change in E/R in 
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this temperature region. Thus, E/R was set to account for these 

observations. Such a non-linearity in the Arrheniua @lot might indicate 

a change in reaction mechanism from abstraction (as written) to addition. 
An addition channel has been proposed for this reaction by Slagle & & 

(1978) as well 8s by Singleton & al,. (19791, and addition products 
from this reaction have been seen In a matrix by Smardzewaki and tin 

(1977). Further kinetic study in the 200 to 300K range as well as 
direct mechanistic information could clarify these issues. This 
reaction is thought to be of .llmited stratospheric importance, 

however. 

127. The value for k (298 K) is the average of five different studies of 

this reaction: Westenberg and de Haas (1969a1, Klemm and Stlef 

(19741, We1 and Timmons (19751, Manning rt al. (1976) and 

Breckenridge and Miller (1972). The recommended value for E/R Is 
the average of those determined in the temperature studies reported 

in the first three references. Hau ft a. (1979) report that 
this reaction proceeds exclusively by a stripping mechanism. 

128. The value of k (298 K) Is the average of seven determinations: Wei 
and Timmons (1975), Westenberg and de Haas (1%9a), Slagle & a. 

( 19741, Callear and Smith ( 19671, Callear and Hedges (19’701, Homann 
g& A. ( 19681, and Graham and Gutman (1977). The E/R value Is 

an average of those determined by Wei and Timmons (1975) and Graham 

and Cutman (1977). E/R has been set to encompass the limited 

temperature data of Westenberg and de Haas (1%3a). The principal 
reaction products are thought to be CS + SO. However, Hau & a. 
(1979) report that 1.4% of the reaction at 298K proceeds through the 

channel yielding CO + S2 and calculate a rate constant for the 
overall process In agreement with that recoclmended. Graham and Gutman 

(1977) have found that 9.6s of the reaction proceeds to yield OCS + S 
at roan temperature. 

. . 
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129. This recommendation accepts the results of Cupitt and Glass (1975). I .’ 

The large uncertainty reflects the fact that there is only one study . . 

of the reaction. 

I 
130. This recommendation is based primarily on the study of Davis & A. 

I 
-i . . 

. 
.’ (197L). Modest agreement at 298K Is provided by the studies of Fair 

and Thrush (1969), Fair & a. (1971), Donovan and Little (1972) 
/, ,/ 

and Clyne and Townsend (1975). A more recent study by Clyne and 
1 i’ 

--.. 
Whitefield (1979) indicates a slightly negative E/A between 300 and 

400K. Their data are encompassed by the error limits of the present 

recommendation. , 
I 

131. This recommendation accepts the only available experimental data by 

Clyne and Townsend (1975). In the same study these authors report I’ 
’ /I 

a value for S + O2 in reasonable agreement with that recommended. 

The error limit cited reflects both the agreement and the need for 

Independent confirmation. 
I 

132. This recommendation Is baaed on the single study by Jourdain &, al. .; -?.. 
t 

(1979). Their measured value for k(298) compares favorably with 

the recommended value of k(0 + OH) when one considers the slightly i .,’ 

greater exothermiclty of the present reaction. I 

133. The value of k(298) is based on an exirapolatlon of the data of 
j 

Homann & a. (1968) obtained over the temperature range 580-1145K. 1 
!* 

Their results are consistent with an E/R value pf 3300K. Other high :- 
/ 

.temperature measurements of the reaction give widely varying 
Arrhenius parameters (cf. Baulch & a. ( 19tW)). The large 
uncertainty in k(298) reflects the possible unreliability of this 
extrapolation. i 

134. The value of k(298) 13 an average of the determinations by Halstead .t 
I’ 

and Thrush (1966) and Robertshaw and Smith (11380) using uidely 
dif ferf ng techniques. The value of E/R 13 from Halatead ‘and 

\ 
: 

; 

85 



. ,  .  r  .  .  .  I .  - . . .  _  --  

.  

- .  ‘.. 

. :  .’ i; . :  _ _ _  

i . :  

Thrush  (1966 )  wi th the A-factor  calculated.’ to fit the  va lue  
r e c o m m e n d e d  for k( 298) .  

I . -_  

135 .  T h e  va lue  r e c o m m e n d e d  for k (Z98)  is a n  a v e r a g e  of the determinat ions  ,,: 

by  Fai r  a n d  Thrush  (1969 )  .and  Jourda in  & , al. (1979) .  B o th sets 
! . . 

, 
of da ta  h a v e  b e e n  corrected us ing  the present  r ecommenda t i on’ for the .L : -  

! 
0  +  O H  reaot ion.  1  

! 
136 .  T h e  va lue  of k (298)  is b a a e d  o n  the recent  m e a s u r e m e n t  of C lyne  , I 

1  
a n d  MacRober t  (1980) ,  wh ich  ag rees  qu i te  wel l  wi th the rate constant  

ca lcu la ted f rom the relat ive rate measu remen ts  of C lyne  ati. 

(1966) .  

137 .  This  r ecommenda t i on  f3 b a s e d  o n  the s ing le  Invest igat ion by  C lyne  

a n d  t !acRobert  (  1 9 8 1  I. Uncer ta int ies for bo th  the C l0  a n d  O C l O  
react ions reflect the absence  of any  conf i rming invest igat ions. 
In the B r O  react ion (pe r fo rmed  in  excess S O ) , the B r O  decay  was  

too rap id  to permi t  quant i tat ive analysis.  T h e  lower  l imit for 

k (298)  was  therefore  ob ta ined  f ran the m e a s u r e m e n t  of S @ 2  

product ion.  i 

138 .  This  u p p e r  l imit is b a a e d  o n  the a tmospher ic  p ressure  study of 

G r a h a m  s,L ti. (1979) .  A  m o r e  recent  low p ressure  laser  m a g n e tic 

r esonance  study by  Bu r rows  &  & . ( 1979 )  p laces  a  sl ightly m o r e  

h igher  u p p e r  l imit o n  k (298)  of 4  x lo- l7  (de te rmined  relat ive 

to O H  +  H202) .  The i r  l imit is b a a e d  o n  the assumpt ion  that the products  

a re  O H  +  S 0 3 . T h e  we igh t  of bo th  these studies seems  to suggest  a n  

er ror  in  the ear l ier  de termina t ion  by  P a y n e  &  jLL.  (1973) .  

139 .  This  r ecommenda t i on  accepts  results f ran the study of  S a n d e r  a n d  
Y a ’tson ( 1581a) ,  wh ich  is be l ieved-  to b e  the,, most  appropr ia te  study for’ 
stratospher ic  m c  .e. l lng pu rposes  a m o n g  those wh ich  h a v e  b e e n  

conducted.  The i r  exper iments  w e r e  conduc ted  us ing  m u c h  lower  C H 3 0 2  

:adfcal  concent ra t ions then  in  the ear l ier  s tudies of S a n h u e z a  
-: 

. 
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at jrl. ( 1979) and Kan & al. ( 19791, both of which resulted in 

k(298) values approximately 100 times larger. A more recent atudy by 
Kin et a. (1981) postulates that these differences are due to “: 

reactive removal of the CH302S0, adduct at high CH302 radical 
concentrations, prior to .its reversible decomposition lntq C!i302 + S02. 

They suggest that swh- behavior of CH302S02 or Its equilibrated 
adduot with O2 (CH302S02 0.9 vouid be expected In the studies 
yielding high k values, while decomposition of CH302S02 Into 
reactions would dominate In the Sander and Watson experiments. It 

does not appear likely that such seoondary reactions involving CH302, 
NO, or other radical species, if they occur, would be rapid enough 
under normal stratosphere conditions to compete with the adduct 
decomposition. 

! 

i / 
I 

140. The basis of this recommendation is tile recent work of Tlee & a. 

(1981) employing laser induced fluorescence detection of HS. Their 
preliminiwy meawrement is lover than the upper limit ior this 

rate constant estimated by Cupitt and Claaa (1975) by nearly two orders 
of magnitude. 
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Table 2. Rate Constants foJ* Three-Body Reactions 

Reaotion $00 
0 

n m Noto~ 

‘0 + oz.! o3 

O:k + N , 2 ,n $0 

H l 02 * ' HO2 

@OH + ljH !! H202 

0 + NO !! NO2 

0 + NO2 !! NO3 

a0H + NO !! HONO 

OH + NO2 !! HN03 

@HO2 + NO2 ! H02N02 

*NO2 l NO 3 '! N2C5 

Cl + NO ! ClNO 

@Cl * NC2 ! ClONC 

' UN0 * 2 

c1 + 0 2 ! Cl00 

'Cl0 + NO2 ! 210N02 

n Isaer 

(6.020.5)(-34) 

(3.5-+3.0)(-37) 

(5.5*0.5)(-32) 

C6.e'3.0,(-31, 

(1.2*0.3)(-31) 

(9.0-+1.0)(-32) 

(6.7=1.2)(-31) 

(7.6~0.3)(-30) 

(2.3*0.2)(-31) 

(.?.2-+1.1)(-30) 

(9.022.0)(-32) 

(1.5~0.6)(-30) 

(3.1-*1.2)(-31, 

(2.021.0)(-33) 

(4.522.3)(-32) 

(1.3-*0.2)(-31) 

2.320.5 

0.5ff5 

1.420.5 

, o*2.o 
* -1.0 

l.tiO.5 

2.021.0 

2.521.0 

2.920.7 

4.6=1.0 

2.821.0 

1.8-+0.5 

1.g1.0 

1.921.0 

1.321.3 

3.til.O 

3.e1.3 

(1.0-+0.5)c-11) 

(3.0-+1.0)(-11) 

(2.220.3)(-11) 

(1.5-+l.o)c-l1) 

(2.421.2)(-11) 

(4.2-*1.0)(-12) 

(1.0-*0.8)(-12) 

(1.0-*0.5)c-10) 

(l.OfO.5)(-10) 

tl.j-*O.7):-11) 

(1.5'0.7)(-11) 

- 

1 .Ofl .o 

Of1 

o-+1 

0.5fo.5 

1.321.3 

o-*.0 

oa.0 

1.91.9 

1.9a.9 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

12 

13 

14 

14 

k (T)[Hl 
!iat.!: k(Z) - k(H,T) - (------Oy---- 

1 + kotr) [?I]/~~‘, ‘*’ 

11 + [lon,o~ko(T)~el/k~(T))12~-1 

the values quoted are suitable for air a5 the third body, H. 

*Changed from JPL 81-3. 
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Table 2. (Cqntlnhed), 
.. .', . . -3. 

A*action k300 
0 

"'-7, :.' GO0 8 Notaa 

l C10 + NO2 !! C10N02(a) (1.820.3):-30 3.4-++ (1.5t0.7)(-11) 1.9a.9 14 

l BrO + NO2 y BrON02 

F+02 ' F02 . 

l F + NO !j FNO 

t5.0-+2.0)(-31) 2.9yy (1.0*0.5)(-11) 1.0*1.0 15 
: 

(1.620.8)(-32) 2.5*1;0 - - 16 

(8.7'4.4)(-32) 1.7fl.7... - - 17 

l F + NO2 !j FN02 (1.1,0.6)(-30) 2.322.3 (1.3;t0.5)(-10) l.Ofl.0 18 

l FO + NO2 H, FONOZ (2.6*2.0)(-31) 1.3a.j (2.oa.o)(-11) '1.521.5 19 

CH3 + 0, ? CH302 (2.2*1.1)(-31) 2.2210 . (2.0-*1.0)(-12) 1.721.7 20 I_ 

CH302 + NO2 _ ' CH302N02 (1.5'0.8)(-30) . 4.022 G (6.5-+3.2)(-12) 2.022.0 21 

OH + .Q02 H, HGS!12 (3.0-*1.5)(-31) 2.9?1,0 (2.0-*1.5)(-12) O-+1.0 22 
_^ 
.,*:. 

k CT) INI il ~~~lo~,o(ko(T)IN~/k~(T)))2)-1 
Sotc: k(Z) - k(?l,T) = ‘r;-(~T~-I~l~~T~) 0.6 :‘I.-.:. .: 

0 Y) ..: 
,.: 

. . 
The values quoted are soltable for air as the thi&body, H. . ..I-..' 

*Changed rrom JPL 81-3. 
-_, ~. .,. 

(a) This ;a an alternative recousendatlon for the ciO,+ NO, + H reaction which assumes 
that isomer formation is unlsportant. See not,~~,-l4. 
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1. Lou-pressure limit and T-dependence are an average of Klais, 

Anderson, and Kurylo (1980a), and Lin and Leu (1982). The result 

is in agreement with most earlier work (see references therein). 

2. Low-prequre. limit born Kajimoto ancl Cvetanovlc (1976). T-dependence 

assuming constant B. Rate constant is extremely low in this special 
‘system due to electronic curve crossing. 

3. Kurylo (19721, Wong and Davis (1974) averaged. Both studies include 
T-dependence; the recommended value is chosen with constant <L?rE>,, - 

.04 kcal mole-‘. This very low number reflects rotational effects. 

4. Zellner & a. ( 1982) report pressure and T-dependence in N2 for 

253 < T < 353. Thefr values are in rough agreement with those of 
Kijeuaky and Troe (1972;, who report low-pressure values in Ar for 

950 < T < 1450. Trainor and von Rosenberg (1974) also, -sport a 

value. 

5. Values of rate constants and temperature dependencea from the 

evaluations of Baulch & al. (1980). They suggest F, = 0.85f.l. 
compared to our fixed value of 0.6. They ala0 suggest m = -0.3. 

These make very small differences over the range of stratoapherio 

condl tlona. 

(In a supplementary review, Baulch nf; a. (1962) suggest a slight 

temperature dependence for F,, which would cause their suggested 

value to rise to F, = 0.89 at 200 K.) 

6. Values of rate constants and temperature dependences from the 

evaluations of Bculch at a. (198010). They use Fc = 0.8 to fit the 

measured data at 298K, but our value of Fo = O.Lgives a similar 
result. (In a 3upplerPentary review, Baulch A& nl. (19&Z) suggest 
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a slight temperature dependence for Fc, which would cause their 
suggested value to rise to F, = 0.85 at ,200K.) 

7. The low-pressure limit rate constant. has .been reported by Anderson 

and Kaufman (1972), Stuhl. and Niki (197: , Morley and Smith (1972), 
Westenberg and de Haaa (1972), Anderson&&, (19741, Howard and 

Evanson (1974), Harris and Wayne (1975), Atkinson & al,. (19751, 

Overend J& &I.. (l976), and Anaatasi and Smith (1978). The general 

agreement is good, and the recommended value la a weighted average, 
with heavy weighting to the work of Anastasi and Smith. The 
reported high pressure limit rate constant is generally obtained 

from extrapolation. The rerammended value is a 
of the reports in Anaatasi -ind Smith (1978) and 

(<374). 

weigh ted average 
Anderson & a. 

8. Low-pressure limit from Anderson &al. (19741, who report n = 2.5 
(240 < T/K < 450); Howard and Evenson (1974); Anaatasl and Smith 

(19’76), who report n = 2.6 (220 < T/K < 550) and Wine & & (1979) 

who aupport these values over the range (247 < T/K < ?52). ;rhe recommended 

value of n = 3.9 cornea from XAE>N ~0.31 kcal mole”. The high- 
pressure Umii a?d T-dependence gome from R Fi K M model of Smith and Golden 
(1978), although tts error limits have been expanded to encompass 
m= 0. 

Robertshaw and Smith (1982) have measured k up to 8.6 atmospheres of 

CF4. Their work suggests that km might be higher than suggested 

he:-e (-50%) . This mjght also be due to other causes (i.e., isomer 
formation or invol**%nent of excited electronic states). The reCOmmendat.iOlJ 

herein fits all data over the range of atmospheric interest. 

9. Low-pressure limit from Howard (1977) and Sande: and Peterson , 
(yl982). The latter work includes a complete study of pressure and 
temperature dependence, and all ather parameters are from this 

study. The previous values from Baldwin and Golden (1978), who used 
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RRKH theory and data on the reverse reaotion from Graham, Uiner, and 

Pitts (19771, differ alightly in the value and the temperature 

dependenoe of k,,. The absenoe of negative temperaturo dependenoe 

for k yields an equilibrium oonstant that, in turn, yields values 

of So(H02N02) -76 oal mole” deg” and iIHf(H02N02) 8’ -12.7 koal 
raol e-1. This compares to Baldwin and Golden’s values of So2g8 r 

71.6, or AHf, 2gg x -14.1 kcal/mole”. Thia value of 71.6 e.u. 
should be a fairly conservative upper limit, and suggests that 3-e 
negative T-dependence may be required to fit all the data. The 
discropanoy in the high-pressure limiting rate constants has a 

small effeot at stratospheric pressures. 

Other studies by Simonaitis and Heioklen (1978) and Cox and Patrick 

(1979) are in reasonable rlgrcement with the recommendations. 

10. Data on the reverse reaction from Connell and Johnston (1979) and 

Viggiano sJ, al. (1981). A very thorough analysis of this data by 

Halko and Tree (1982) conoludes that the data is best fit with ko300 = 
3.7 x 10w30, n = 4.1, k.,,300 E 1.6 x 10’12, m = -0.2, and F, = exp(-T;250) + 

exp(-1050/T), F, = .33 at 300R. The values reoommended here fit the 

data just as well. 

11. Lou-pressure limit from Lee & a., (1978a1, Clark et ti. (1%6), 
Ashmore and S!lenccr (1959). and Ravishankara & & (1978). 
Temperature dependonce from Lee a A. (?978a) and Clark & &,. 

0968). 

12. Low-pressure limit and T-dependence from Ravishankara & u. (1978), 

Ravishankara (1982). and Chang & d. (1979). The latter paper 
shows why Niki d a. (1978) saw two products with ClONO dminating 

(see Note 14). ii = 0.41 was arrived at by dividing the sum of k,, for 
both paths into measured rate constant for overall reaotion of 

Cl + NO?. High-pressure limit and temperature dependence are fixed 

to match measurement at 200 torr. : 
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13. Stedman & a. ( 1968) and Nicholas and Norrish (1968) measured this 

process in hr. Reoommended value based on k(N2)/k(Ar) 8 1.8. 
T-dependence from constant <AE>. 

14. The available kinetios data for this reaotion fall into two sets, 

which are in substantial disagreement. Several independent low- 

pressure determinations (Zahniser & al., 1977; Birks fi a., 1977; 

Leu ti BL, 1977; Lee &l., 1982) of the rate OF Cl0 disappearanoe 
via the Cl0 + NO2 + H reaction are in excellent agreement and give 
an average k,(JOO) near 1.8 x 10B31 om’ 8-l. No produot 
identifioation was carried out, and lt was assumed that the reaction 

gave chlori ne nitrate, C10NC2. In contrast, direct measurements 

of the -ate of thermal decomposition of ClON02 (Knauth, 1978; 
Schonle af, a., 19791, combined with the equilibrium constant, give 

k,(300) = 4.5 x 10-32 ml6 s-1 for tho three-body reaction forming 

C10N02. Since the measured rate of Cl0 disappearonoe seems well 
established by four groups, the Knauth results can be reoonoilad 
with the higher number by three different explanations: (1) the 

q eaa.ured therm al docom position rate is inoorreot; (2) the 
equilibrium constant I:, in error by a factor of three (requiring 

that the .\tly*s are off by -1 kcal/mole, which, uhilo small, is 

outside the stated error llmita); (3) all the data aro oorrect, and 
the low-pressure C;C disoppcarance studies measured not only a 

reaction forming C1ONO2, but another chnnnel forming an isomer, 

such as OCLNO2, ClOONO, or OClONO (Chsng at nl., 1979; Molina at a., 

1980n). 

When the isomer-forming reaction is included in models, the fate of 

tho isomer must also be ststod. Whlla rapid photolysia 

back to Cl0 + NO2 seems moat reasonable, an isolner of the 
form Cl0 ON 0 could, in fact, diasociste to Cl0 0 + N 0, and thus 

enhance catalytic destruction of ozone. The ontire matter will 
remain speculative and unsettled until thore is conclusive evidence 

for or against isomer formation. 

i 
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Both of the above possibilities are represented by the two sets of 

recommendations. The first set, which takes into account possible 
isomer formation, used the Knauth rai.e constant for ClON02 formation 

and assigns the difference between this value and the rate constant 
for Cl0 disappearance to the other pathway. Temperature dependence 
is estimated from the value of C\E>, as explained in the text. 

The second set uses the average value for total Cl0 disappearance, 

treating the process as if only ClON02 is formed. The temperature 
dependence comes from assuming that <IE> is constant. 

The high-pressure limit rate constants and their temperature 
dependence are from the model of Smith and Golden (1979). 
Either set of the rate constants above fit measured rate data for 
the disappearance of reactants (Cox and Leuis, 1979; Dasch &, &, 

1981). Data from Zellner (1982) indicate an approximately SOS 
lower k,.. 

i 

15. Data at 300K are from Sander & a. (1981). They suggest k, = 

(!S.O~l.O)(-31) k.,. = (2.0::;)(-II) and F, = 0.4$:&. The 
temperature dependences are simple estimates. 

16. Low-pressure limit and temperature dependence from Baulch fi d. 

(19821, who averaged the results of Zetzsch (1973), Arutyunov &, 

d. (l976), Chen & d. (1977), and Shamonima and Ketov (1979). 

17. Parameters estimated from strong collision calculations with C\E> 

set at .52 kcal/molc”, yielding ;; = .33 at 300K and 1; = .43 
at ZOOK. T-dependence as per text. 

18. Lou-pressure limit rate constant from strong collision calculation 
and ;; = 0.33. T-dependence from constant CE> = 0.52 kcal mole”. 
High-pressure limit. and T-dependence are estimated by analogy tp 

Cl + N02. 
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Caveat: The formation of FONO might be the more inportant path (see 

Cl + N02). 

19.. Lowpressure limit from strong oollision calculation and (3.0 0.33. 

T-dependence from constant aE> = .52 kcal mole”. High-pressure 

limit and T-dependence estimated. 

Caveat: There. could oe multiple channels here, which would mean that 

the reaction between FO and  NO2 could be much faster. 

20. Low-pressure limit from extrapolation of data of Washida and Bayes 

(1976), Basco & a. (19721,  and Parke8 (1977).  [The extrapolation 
techniques were poor, but this (being the only reaction of methyl 

radicals) is not a  very sensitive reaction.] Lou-pressure limit 
T-dependence as per text. High-pressure limit from van den Bergh 
and Callear (1971),  and Hochanadel a a. (1977). [Data of Basoo 
&, al. (1972),  Washida and Bayes (1976), Laufer and Bass (19’75), 

Washida (1980), are also considered.1 High- pressure Urnit. T- 
dependence estimated. 

21. Parameters from a reasonable fit to the temperature and pressure- 
dependent data in Sander and  Watson (1980) and Ravishankara & a;L. 

(19801, using equation (1). 

The former reference reports their room-temperature data in the same 

form as herein, but they allow F, to vary. They report: 

k0 
= 2.33 x 10'3O, k, = 8 ; 10-12, F, = 0.4 

which is not a  qualitatively different fit to the data at 300K. 
The later reference reports temperature dependence as: 

k, = 2.2 x 10-30(T/300)-2’5, k, = 7 x 10-‘2(T/300)-3’5, F, = 0.4 
These parameters are a better fit at all temperatures than those 

recommended here. Be do not adopt them since they are not much 
better in the stratospheric range, and they would require both a 

change in our F, = 0.6 format, and the adoption of a  quite large 

I 
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negative activation energy for km. 

The most recent ’ CODATA -recommendations (Baulch s.G 81.) 1982) are: 

k0 
: 2.3 x 10’3°(T/300)‘4, km = 8 x lo”‘* and 

Fc 
= ebT/32 + e-1280/T . F  . . c= .41 at 300K and .54 at 200K. 

These values do not fit the data as well as the current recommendations. 
It is interesting to note that the data require a negative T-dependence 
for k, unlike HO2 + NO*, and that the value of b  at 300K i3 -.2. 

22. Values of rate constants and temperature dependent J from Baulch 

s,t al. (1980). They suggest a value of F, = 0.7. In a supplementary 
review, Baulch & A.. (1982) suggest tht F, = 0.55 at 3OOK and Is 

temperature dependent, such that F, = 0.67 at 200K, and they raise 
k 3oo to 2.5 x lo-l2 ..’ to accommodate tt.ls change. The computed rate 
constants are esseutlally the same wer stratospheric conditions as 
when using F, = 0.6 as recommended herein. 

i 
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EQUILIBRIUM CONSTANTS : 

Some of the three-body reactions in Tabie 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 31x 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)/cn3 molecule” = A exp(B/T) (200 < T < 300K) 

The third column entry in Table 3 is the calculated value of K at 300K. 

The data sources for K(T) are described In the Individual notes to 

Table 3. When values of the heats of formation and entropies of all 

species are known at the temperature T,’ we note that: 

As; 
log [K(T)/cm3 molecule”1 = 1j03fi - 

AH; 
:!. 303RT + log T - 21.87 

where the superscript “on refers to a standard state of one atmosphere. 

In scme 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. folloulng 

equatiions were then used to calculate the parameters A and 8: 

: , 
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B/OK 1;200 300 ; 200 = 2.303 log - K300 300 - 200 

= 1382 log(K200/K300j 

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

Reaction A/cm3 molecule" B/OK log K(300) Note 

HO2 + NO2 .* H02N02 2.33 x lo"7 10, 870 -10.90 1 

NO2 + NO3 * N2O5 1.77 x 10-27 11, 061 -10.83 2 

Cl + o* * Cl00 2.43 x 1O-25 2, 979 -20.30 3 

Cl0 + o* + ClO'O* (1.3 x 10-26 <5, 230 G16.30 4 

F + 02 * FOO 5.32 x 1O-25 7, 600 -13.27 5a 

1.15x 10-25 3, 582 -19.75 5b 

CH302 + NO2 + CH302N02 1.30 x 10-28 11, 192 -11.68 6 

K/cm3 molecule" = A exp(B/T) [200 < T/K < 3001 
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1. The value was obtained by. combining the data of Sander and Peterson 
(1982) for the rate constant of the reaction as written and that of 

Graham S& al. (1977) for the reverse reaction. 

2. The parameters A and B were calculated from JANAF equlllbrlum constants 
! 
I 
! 

at 200 and 300 K. 
; r 
j 

3. Cox fi &,. (1979) measured K at 298 K. Their reported value of K, 
(5.422.6) x lo'*' cm3 molecule", when combined with JANAP values 
for the entropy change, gives AHf(298)(C102) = 22.5 kcal/mole". 
This Is in excellent agreement with Ashford & al. (1978), who suggest 

AHf(298)(C102) = 22.52.5 kcal/mole". The expression of Cox & al. 
is: 

K = 3.71 x 1O’28 T exp(32l7/T). 
I 

From the equilibrium constant, it may be inferred that the thermal 

decomposit ion of H02N02 is unimportant in the stratosphere, but is 
important in the troposphere. 

4. Zellner (1982) suggests K < 12 atm" and AH 1 - 11 kcal/mole. The 

corresponding value of A leads to S"300(C10*02) -73 cal mole” K". 
A higher value of K has been proposed by Prasad (1980), but It 

requires S"(C10'02) to be about 83  cal mole" K-1, which seems 
unreasonably high. Carter and Andrews (1981) found no experimental 
evidence for C10'02. 

5. (a) From JANAF thermochemical values. ., 
(b) From Benson's (1976) thermochemical values. 

6. Thermochemical values at 300 K for CH302N02' and CH302 are from 

Baldwin (1982). In the absence of data, AH0 and ASo were assumed I 1. 
to be  independent.of temperature. 8ahta & al. (1982) have measured 

'. . . : 
1  
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k(dissociatlon) at 263 K. Using the values of k(recomblnation) suggested 

.in this evaluation, they compute K(263) = (2.6820.26) Z 10”’ cd. 

Our values predict 3.94 x 10”’ cm3, in good agreement. 
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PHOTOCHEMICAL DATA 

In Table 4 we present a iist of photochemical reactions considered 

to be of stratospheric interest. In cases where the data presentation is 

very complex, or where the reaction Is of lesser importance, only a 

reference to a data source is given. For example, discussions of the 

absorption cross sections of O2 ad 03, which largely determine the extent 

of penctra tlon of solar rad.Cation into the stratosphere and troposphere, 

are found in Hudson and Kieffer (1975), NASA RP 1049 an3 WMO Report #Il. 

The photodissociation of NO in the O2 Schumann-Runge band spectral range 

is another important process’ requiring special treatment (see Frederick 

and Hudson(l979) and WMO Report dll). Some references are given on the 

photochemistry of SC2 and C.CR, but the data are not discussed here. These 

molecules have highly structured spectra with photodissociation quantum 

yields which are not simple functions of the wavelength. Other species, 

such as CHRO and NOP, also have complicated spectra, but in view of their 

importance for atmospheric chemistry the data are summarized 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 

Inportant photochemical reactions. These factors represent the combined 

uncertainty in cross sections. and quantum yields, taking into 

consideration the atmospherically important u-avelength regions, i?.ne they 

refer to total dissociation rate regardless of product identity (exceot in 

the case of O(‘D) produciion from photolysis of 03). 
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The absorption cross sections are deffned by the fcllowing : I 
: 

expression of Beer’s Law: i 

! 

I.3 I,exp(-ml), 

where: I,, I are the incident and transmitted light intensity, I 

2 -1 i 
respectively, 0 is the absorption CPOSS section in cm molecxie , nis f 

the concentraticn in molecule cnw3 , and 1 Is the pathlength Ike cm. The 

cross sections are room temperature values, and the expected 

phptQdissoclatlon quantum yields are unity , unless otherwise stated. 
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ORIGINAL PAGE 1s 
OF POOR QUALITY 

Table 4. Photochzmical Reactions of Stratospheric Interest 

02+hv+O+0 (1) clON0 + hv -c products 

o3 + hv + o2 + 0 (1) C10N02 + hv + products 

O3 + hw + O2 + O('D) CC+ + hv + products 

HO?.+ hu + products CC13F + hv + products 
H20 + m, + H + OH (1) CC12F2 + hv * products 

H202 + h + OH + OH CHC1F2 + ~AJ + product3 

NO+hu+N+O (2) CH3C1 + h, + products 

NO2 + hu + NO + 0 cc120 + M + products 
NO3 + h * products CClFO + hv + products 

N20 + TV -6 N2 + O('D) CF20 + hv * products 

N205 + h * products CH3CC13 + hv + products 

NH 3 + hl -. NH2 + H (1) BrON02 + hv + products 
HN02 + hv + OH + NO HF + tv -, H + F 

HN03 + hv + OH + NO2 CO+hv +C+O (1) 
HN04 + hv * products CO2 + hv + CO + 0 (11 

Cl2 + hv . Cl + Cl CH4 + hu + products (3: 
Cl0 + hv + Cl + 0 CH20 + hv + products 

Cl00 + hv + products CH300H + hv + products 
OClO + hv .+ 0 + Cl0 HCN + hv * products 

C103 + hv + products CH3CN + hv -+ products 

HCl + hv * H + Cl SO 2+hv+SO+0 

HOE + hv -+ OH + Cl H2S + hv -, HS + H (3: 
CM0 + hv + Cl + NO COS + hv + CO + S 

C1N02 + hv + products CS2 + hv + product3 

(1) Iiudson and Kieffer (1975) 
(2) Frederick and Hudson (1979) 

(3) Turco ( 1975) 
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Table 5. Combined Uncertainties for Cross Sections and 

Quantum Yields 

Species 

-- 

Uncertair.ty 

02 (Schumann-Runge bands) 1 .b 
02 (Continua) 1.25 

O3 1.15 

O3 O(b) 1.4 
NO2 1.25. 

N03 2.0 

N2O 1 .2 

N2°5 2.0 

w2 1.4 

HN03 1.25 
H02N02 2.0 

CH20 1.4 
IICl 1 .I5 

HOC1 1.4 

C10N02 1.25 

cc14 1.1 
CC13F 1.1 

CC12F2 1.15 

CH3C1 1.1 

CF20 2.0 

CH300H 1.4 
PrONO 1.4 
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O3 + b + O( ‘D) + O2 

The quantum yields for O(‘D) produotion, @(OlDI, for wavelengths 

near 310 nm--i.e., the energetio 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 now several studies 

whioh indioate that this assumption is not oorreot: Fairchild a & 

(1978) observed approximately 10s of the primary photolysis products in 

the ground state channel, that is, @(03P) = 0.1, at 278 nr; Sparks a 

al. (1980) also report @(03P) = 0.1, at 266 nm; according to Brook and 

Watson (1980b) @(OlDI = 0.88 at 266 nm; and Amimoto & & (1980) 

report C(O’D) = 0.85 at 248 nm. There are also some indlcations 

that (O’D) decreases slightly between 304 and 275 nm (see Brook and 

Watson, 1980 a, b). 

The ear’lier recommendation for the quantum yields in the fall-off 

region nas to employ the mathematical expression given by Hoortgat and 

Kudzus (1978), which gives relative values in gooa agreement with those 

reported by Drock and Watson (1980a). Our present recommendation, shown 

in Table 5, merely scales down these values by a factor of 0.9 to account 

for the absolute magnitude of Q(OID) at short wavelengths. 

. 
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Table 6. Mathematical Expression for O(‘D) Quantum Yields, Q, in thu I 

Photolyuis of 03 

@(A, T) = A(T) arctanlB(T)(X-.~,(T))l + C(T) 

Where: T = T - 230 is a temperature function with T given in Kelvin, 

A is expressed In ND, and aratan in radians. 

The coefficients A(T), B(T), X0(T) and C(T) are expressed as 

interpolation polynomials of the third order: 

A(T) = 0.332 + 2.565 x d, 4 1.152 x 10-5T 2 + 2.313 x 10-8, 3 

B(T) = -0.575 + 5.59 x lo-3T -1.439 K lO-5 l2 - 3.27 x 10 -8 T3 

X0( 1) - 308.20 + 4.4871 x 10-2T +6.9380 x 1O-5 12 - 2.5452 x 1O-6 ,3 

C.(K) = 0.466 + 8.883 x 10-4T -3.546 x 1O-5 x2 + 3.519 x lO-7 T3. 

In the limits where $(,\,T) > 0.9, the quantum yields Is set @ = 0.9, and 

similarly for @(X,T) < 0, the quantum yield is set Q =O. 
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HO2 + hv * OH + 0 
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The absorption cross so&ions of the hydroperoxyl radical, H02, in 

the 200-250 nm region have been measured at room temperature by Paukert 
i 

1 
i . 

and Johnston (19721, Hochanadel & al. (1972) and Cox Burrows (1979). 

Hochanadel & & (1980) give a cross section value of 4.020.5 x lo-l8 cm2 i 

at 205 nm, and Sander & al. (1982) a value of 3.0*0.4 x 10’18 cm2 at i 
i 

227.5 nm. 1 * ! 
The shape of the spectrum reported by the first three groups cited , 

above is in reasonable agreement. The recommended absorption cross 
1 

sections, listed in Table 7, are computed frcm the mean of the three after 

normalization of each spectrum to the value at 227.5 nm reported by Sander 

ti al. (1982). This latter study gives the most direct measurement of an 

absolute cross section value for H02. 

Table 7. Absorption Cross Sections of HO2 

.i (& 1020,(cm2) 

190 430 

200 480 

210 490 

220 400 

230 260 

240 120 

250 , 50 

. . 
i 

. [ 

‘. 
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H202 + hv * OH + OH 

The recommended absorption cross section values, listed in Table 8, 

are the meari of the data of Linti& (1978b) and of Molina and Molina 

(1980). This latter work supersedes the earlier results-of Holina & a. 

(1977d. 

Table 8. Absorption Cross Sections of H202 Vapor 

i 02Oa 

lcm2) 

190 67.2 

195 56.3 

200 43.5 

205 39.8 

210 34.9 

215 29.9 

220 25.4 

225 21.3 

230 17.9 

235 14.8 

240 12.2 

245 10.0 

250 8.3 

255 6.7 

260 5' .c 

. 265 4.2 

270 3.2 

275 2.5 

280 2.0 

285 1.5 

290 1.13 

295 0.87 

300 0.66 

305 0.49 

310 0.37 

315 0.28 

320 0.20 

325 0.15 

330 0.12 

335 0.09 

340 0.07 

345 0.05 

350 0.03 
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NO2 + h; * NO + 0 . 

Table 9 lists the recommended absorption cross sections of nitrogen 

dioxide, taken from the work of Bass let al. (19761, who report extinction 

coefficients every l/8 nm between 185 and 410 nm at 298 K, and between 290 

and 400 nm at 235 K. The effect of the dimer (N20,) absorption was 

considered in detail, and the measurements are probably correct to within 

210%. 

Harker fi al. (1977) have reported measurements of absorption cross 

sections and quantum yields in the 375-420 nm region. Their cross 

sections are 4-105 larger than the values reported by Bass & & (19761, 

and their quantum yields al’e, on the average, about 151 smaller than those 

measured by Jones and Bayes (1973), whose data provided the basis for 

earlier recommendations. Recent measurements of the quantum yields by 

Davenport (1978) at six different wavelengths agree very well with those of 

Harker & & The recommended values for the quantum yields, presented in 

Table 9, are those of Harker & & (1977). Davenport’s results.indicate 

that the quantum yields themselves are temperature dependent, although the 

effect of temperature on the cros3 sections Is mope pronounced. 

For quantum yield3 in the 295-365 nm region the recommendation is to 

use the expression given by Jones and Bayes (19731, listed at tne bottom 

of Table 10. More accurate value3 should be established in this 

wavelength region, although their contribution to the overall atmospheric 

./ 

, 

photodissociation rate is not of major importance. Di retit measurements of 

the solar photodissociation rate in the troposphere (Stedoan g,$ a., 1975; 

Dickerson and Stedman, 1980) indicate that the present data base is 

adequate for atmospheric modeling purposes. 
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Table 9. NO2 Absorption Cross Sections at 235 and 298 K 

A 1020a(hm2) A 1020a(Cm2) 

(ml 235 K 298 K (Id 235 K 298 K 

185 25.0 300 10.9 . 11.7 

190 29.3 305 16.7 16.6 

195 24.2 310 18.3 17.6 

200 25.i) 315 21.9 22.5 

205 37.5 320 23.5 25.4 

21c 38.5 325 25.4 27.9 

2’1 5 40.2 330 29.1 29.9 

220 39.6 335 31.4 34.5 

225 32.4 349 32.3 38.8 

230 24.3 345 34.3 40.7 

235 14.8 350 31.1 41.0 

240 6.70 355 43.7 51.3 

245 4.35 360 39.0 45.1 

250 2.83 365 53.7 57.8 

255 1.45 370 48.7 54.2 

260 1.90 375 50.0 53.5 

265 2.05 38@ 59.3 59.9 

270 3.13 385 57.9 59.4 

275 4.02 390 54.9 60.0 

200 5.54 395 56.2 58.9 

285 6.99 400 66.6 67.6 

290 6.77 8.18 405 59.6 63;2 

295 8.52 9.67 410 53.2 57.7 
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Table 10. Quantum Yields for NO2 Photolysis 

375 0.73 389 0.74 400 0.65 

376 p.75 390 0.74 401 0.62 

377 0.86 391 0.81 402 0.57 

378 0.74 392 0.73 403 0.50 

379 0.83 393 0.78 404 0.40 

380 0.81 394 0.83 405 0.32 

381 0.73 394.5 0.78 406 0.30 

382 0.65 395 0.81 407 0.23 

383 0.62 395.5 0.75 408 0.18 

384 0.66 396 0.78 409 0.17 

385 0.70 396.5 0.81 410 0.14 

386 ll.74 397 0.77 411 0.10 

387 0.69 398 0.72 415 0.067 

388 0.76 399 0.70 420 0.023 

295-365 mu: +(\I - 1.0-0.0008 (l-275) 
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NO3 + hv * NO + O2 (Q ,I 

+ NO2 + 0 @2) 
. ,  .  

The absorption cross sections of the -itrate free radical, N03, have 

been studied by (1) Johnston and Graham (1974); (2) Graham and Johnston 

(1978); (3) Mitchell nt a. (1980); and (4) Marinelli s.& z& (1982). The 

1st and 4 th studies required calculation of the NO3 concentration by 

ltodelllng a complex kinetic system. The 2nd and 3rd studies are the most 

direct ones and the result3 in terms of integrated absorption coefficients 

are in very good agreement; the discrepancies in peak heights can be 

attributed to the difference In instrumental resolution, which was higher 

in the 2nd study. The recommended absorption cross sections, listed in 

Table 10 for every 2 nm, are taken from this latter study (Graham and 

Johnston, 19781, uhich reports values every nm. 

The 4th study uas designed to characterize under high resolution the 

strong absorption band around 662 nm; for spectroscopic measurements of 

NO3 in the atmosphere the preferred cross sections are those reported in 

this 4th study, which have been scaleti to yield the same integrated 

absorption coefficient as in the 2nd and 3rd studies. 

The quantum yields 4, and Q2 have been measured by Graham and 

Johnston (1978) and unde’r higher resolution by hagnotta and Johnston 

(1980), who report the product of the cross section times the quantum 

yield f n the 400 to 630 nm range. The total quantum yield value Gl + Q2 

computed from the results of this latter study aEd tne cross sections of 

Graham and Johnston (13801, listed in Table 11, a-e above unity for X <610 

w which is, of course, impossible; hence, there is some systematic error 

and it is most likely in the primary quantum yield measurements. Hagnotta 

i 
i 
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and Johnston (1980) and Marinelli & a. (1982) have discussed.the 

probable sources of thls.error, but thequestionremains to be resolved 

and further studies are in orde-. At present, the recommendation remains 

unchanged from our previous one, namely, to use the following 

photodissociation rates estimated by Magnotta and Johnston (19trO) for 

overhead sun at the earth's surface: 

J,(NO + 02) = 0.022 s-' 

J2(N02 + 0) = 0.18 s-l. 
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Tab le  11.  Absorp t ion  Cross  Sect ions of N O 3  

a  1 0 2 o u  a  l o 2 0 0  a  1 o 2 0 a  a  1 0 2 0  
( cm2)  (cm2)  (j lul l  ( cm2)  (nul l  ( cm21  

4 0 0  0  4 7 6  6 4  5 5 2  2 1 6  

4 0 2  1  4 7 8  6 6  5 5 4  2 4 5  

l o4  2  4 8 o  6 4  5 %  2 9 5  

4 0 6  3  4 8 2  6 3  5 5 8  3 1 7  

4 0 8  3  4 8 4  6 2  5 6 0  3 2 3  

4 1 0  .6 4 8 6  7 4  5 6 2  2 6 8  

4 1 2  3  4 8 8  8 0  5 6 4  2 4 8  

4 1 4  7  4 9 0  9 3  5 6 6  2 5 8  

4 1 6  3  4 9 2  8 9  5 6 8  2 5 7  

4 1 8  6  4 9 4  8 8  5 7 0  2 5 3  

4 2 0  9  4 %  1 0 4  5 7 2  2 4 8  

4 2 2  8  4 9 8  1 0 8  5 7 4  2 5 5  

4 2 4  1 2  5 0 0  9 8  5 7 6  2 9 2  

4 2 6  9  5 0 2  9 1  5 7 8  3 0 3  

4 2 8  1 2  5 0 4  1 0 5  5 8 0  2 9 9  

4 3 0  1 2  5 0 6  1 1 9  5 8 2  3 1 0  

4 3 2  1 4  5 0 8  1 0 6  5 8 4  2 4 7  

4 3 4  1 7  5 1 0  1 3 0  5 8 6  2 7 5  

4 3 6  2 1  5 1 2  1 6 1  5 8 8  4 4 8  

4 3 8  1 8  5 1 4  1 4 1  5 9 0  5 6 7  

4 4 c  1 9  5 1 6  1 4 0  5 9 2  4 8 3  

4 4 2  2 0  5 1 8  1 2 1  5 9 4  3 9 2  

4 4 4  2 1  5 2 0  1 4 4  5 %  4 1 6  

4 4 6  2 3  5 2 2  1 7 2  5 9 8  3 5 4  

4 4 8  2 8  5 2 4  1 5 0  6 0 0  2 4 5  

4 5 0  2 7  5 2 6  1 3 7  6 0 2  2 8 4  

4 5 2  . 3 1  5 2 8  1 7 9  6 0 4  4 0 0  

4 5 4  3 4  5 3 0  2 0 9  6 0 6  3 3 8  

4 5 6  3 2  5 3 2  1 8 1  6 0 8  1 5 9  

4 5 8  3 7  5 3 4  1 7 7  6 1 0  1 3 5  

4 6 0  3 9  5 3 6  2 3 2  6 1 2  1 6 9  

4 6 2  3 5  5 3 8  2 1 1  6 1 4  2 2 4  

4 6 4  4 1  5 4 0  1 8 1  6 1 6  1 7 4  

4 6 6  4 5  5 4 2  1 6 8  6 1 8  1 8 3  

4 6 8  5 0  5 4 4  1 3 9  6 2 0  2 4 7  

c 7 0  4 9  5 4 6  2 0 4  6 2 2  7 6 1  

5 7 2  5 4  5 4 8  2 7 5  6 2 5  1 1 6 6  

u 4  5 6  5 5 0  2 2 4  6 2 6  7 0 0  

6 2 8  6 8 9  

6 3 0  6 4 1  

6 3 2  3 2 7  

6 3 4  1 3 2  

6 3 6  1 2 3  

6 3 8  1 7 6  

6 4 0  9 8  

6 4 2  6 8  

6 4 4  7 1  

6 4 6  5 6  

6 4 8  4 8  

6 5 0  3 2  

6 5 2  3 9  

6 5 4  5 7  

6 %  8 9  

6 5 8  1 6 8  

6 6 0  5 1 2  

6 6 2  1 7 0 8  

6 6 4  1 1 5 4  

6 C 6  4 8 6  

f.6 8  1 7 5  

6 7 0  7 5  

6 7 2  5 7  

6 7 4  3 6  

6 7 6  3 1  

6 7 8  5 5  

6 8 0  4 9  -  

6 8 2  2 5  

6 8 4  9  

6 8 6  3  

6 8 8  4  

6 9 0  1 ‘ 

6 9 2  0  

6 9 4  1  

6 %  4  

6 9 8  4  



N20 + IN + N2 + r)(‘c) 

The recommended values are taken from the work of Selwyn & a. 

(19771, 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 12. Hubrich and 

Stuhl (1980) have recently measured the N20 cross seotions at 298K and 

2084 and their results are in very good agreement with those of Selwyn fi 

al. 

Table 12. Mathema.tical .Expreasion for Absorption Cross 
Sections of N20 as a Function of Temperature 

In o(A, T) = A, + A2A + A3A2 + A4h3 + A5A4 

+ (T-300)exp(B, + B2X + B3h2 + B4A3) 

Where: T: temperature, Kelvin A :ND 

Al = 68.21023 B: = 123.4014 

A2 = -4.071805 Be = -2.116255 

A3 = 4.301146 x 1O-2 B3 = 1.111572 x 10-2 

A4 = -1.777846 x IO-' B4 = -1.881058 x lo’5 

A5 = 2.520672 x lO-7 

Range:. 173 to 240 nm; 194 to 320 K 

II 

ORIGINAL PAGE IS 
OF POOR QUALln 
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N205 + h’J + products OF POOR QuALrrr 
.. 

The absorption cross sections.of dinitrogen pentoxide, N205, have 

been measured at room temperature by Jones and Wulf (1937) between 285 and 

380 nm, by Johnston and Graham (1974) between 210 and 290 nm, by Graham 

(1979) between 205 and 310 nm; and for temperatures in the 223 to 300 K 

range by Yao &a. (1982), between 200 and 380 ND. he agreement is gooa 

particularly considering the difficulties in handling N2O5. The 

recommended cross section values, listed in Table 13, are taken from Yao 

&t j& (1982); for wavelengths shorter than 280 nm the.re 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 13. 

The primary quantum yield for photodissociation appears to be unity 

and the primary products appear to be 2N02 + 0 (Connell, 1979; Magnotta, 

1979) l 

Table 13. Absorption Cross Sections of X205 

Mnm) 102%(cm2) Unm) 102%(cm2) 

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 :zm 11.7 

For 285 1p1 > X > 380 w; 300 K > T > 225 K: 
io201J t expC2.735 + (4728.5 - 17.127 >)/TI . 

Where a/cm2; X/m; T/K. ” / ., ._ 
I :. 

- 
.: . 

: 
1 
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HONO + ins .-c HO + NO 

ORIGINAL PPIGE 1s 
OF POOR QUALITY 

The Ultraviolet spectrum of HONO between 300 and 400 nm has been 

studied by Stockwell and Calvert (1978) by examination of its equilibrium 

mixtures with NO, N02: H23, .N2O3 and N2Oyi the possible interrerences by 

these compounds were taken Into account. The recommended cross sections, 

taken from this work, are listed In Table 14. 

Table 14. HONO Absorption Cross Sections 

310 0.0 16.3 368 45.0 
311 0.0 33:: 10.5 369 29.3 
312 0.2 341 8.70 370 11.9 
313 0.42 342 33.5 371 9.46 
314 0.46 343 20.1 372 8.85 
315 0.42 344 10.2 373 7.44 
316 0.3 345 8.54 374 4.77 
317 0.46 346 8.32 375 2.7 
318 3.6 347 8.20 376 1.9 
319 6.10 348 7.49 377 1.5 
320 2.1 3'19 7.13 378 1.9 
321 4.27 350 6.83 379 5.8 
322 4.01 351 17.4 380 7.78 
323 3.93 352 11.4 381 11.4 
324 4.01 353 37.1 382 14,0 
325 4.04 354 49.6 383 17.2 
326 3.13 355 24.6 384 19.9 
327 4.12 356 11.9 385 19.0 
328 7.55 357 9.35 386 11.9 
329 6.64 358 7.78 387 5.65 
330 7.29 359 7.29 388 3.2 
331 8.70 360 6.83 389 1.9 
332 13.d 361 6.90 390 1.2 
333 5.91 362 7.32 391 0.5 
334 5.91 363 9.00 392 0.0 
335 6.45 364 12.1 393 0.0 
336 5.91 365 13.3 394 0.0 
337 4.58 366 21.3 395 0.0 
338 19.1 367 35.2 3% 0.0 

.’ 
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&~GINAL PAGE 1s 
HNfJ3 + hv + OH + NO2 OF POOR. QUALITY 

The recommended absorption cross sections, listed in Table 15, are 

taken from the work of Molina and Holina (1980). These data are in good 
I 

agreement throughout the 190-330 nm range with tne values reported by 

Bi aume ( 1973). They are also in very good agreement with the data of 

Johnston and Graham (1973) except towards botn ends of the wavelength 

range. Okabe (1980) has metisured the cross sections in the 1 lo-190 nm 

range; his results are 20-305 lower than those of Blaume ana of Johnston 

and Graham around ‘i85-190 nm. 

The temperature dependence of these cross sections has not been 

measured yc t ; it might be significant in the 300 n? region and hence for 

estimates of the atmospheric photodissociation rate. 

Table 15. Absorption Cross Sections of HN03 Vapor 

1.90 
195 
200 

205 
210 

215 
220 

225 

230 
235 
240 

245 
250 

1560 260 
1150 265 

661 270 
293 275 
105 280 

35.6 285. 
15.1 -290 

8.62 295 
5.65 300 

3.72 305 
2.57 310:. 
2.10 315 
1.91 320’ 

1.88 

1.71 

1.59 

J.35 
1.10 
0.848 

0.607 
0.409 

0.241 

0.146 
0.071 
0.032 
0.012 

255 1.90 325.. .’ 0.005 

330 ‘. 0.002 

’ 
a. 

.- r,.’ .I -. . 
‘.. . .a 
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: 
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H02N02 + h, + products 

There are four studies of the UV spectrum of H02N02 vapor: Cox and 

Patrick (lg79), Morel J&& (19801, Graham &a. (1978b) and Moiina and 

Holina (1980). The latter two studies are the only ones covering the gas 

phase spectrum in the critical wavelength range for atmospherio 

photodissociation, that is, wavelengths longer than 290 nm. The 

recommended values, listed in Table 16 are taken from the work of Holina 

and Mollna (19801, which Is the more direct study. The temperature . 

dependence of the cross sections at these longer wavelengths and the 

identity of the photodissociation products remain to be determined. 

Table 16. Absorption Cross Sections of H02N02 Vapor 

x 1 02% x 1020a 

(nd ( cm2) (ml) (cm21 

190 1010 260 27.8 

195 816 265 22.4 

200 563 270. 17.8 

205 367 275 la.4 

210 241 280 9.3 
215 164 285 6.3 

220 120 290 4.0 

225 95.2 295 2.6 

230 80.8 300 1.6 

235 69.8 305 1.1 

240 59.1 310 0.7 

245 49.7 315 0.4 

250 41.8 320 0.3 

255 35.1 325 0.2. 

330 0.1 

i 



Cl2 + hv + Cl + cl 

The absorption cross sections of Clz, listed in Table 17, are taken 

from the work of Se& and Brltton (1964). These results are in good 

agreement with those reported by Gibson and Bayllss (19331, and Fergusson 

sk al. (1936). 

Table 17. Absorption Cross Sections of Cl2 

I 

I x(nm) 1 O%( CR?) X(nm) 1020u(cm2) 

240 0.08 

250 0.12 

260 0.23 

270 0.88 

280 2.7 

,290 6.5 

300 12.0 

3:o la.5 

320 23.6 

330 25.6 

340 23.6 

360 

370 

360 

390 

400 

410 

420 

430 

440 

450 

la.9 

13.1 

a-3 

4.9 

3.3 

1.9 

1.3 

0.99 

0.73 

0.53 

0.34 
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.ClO + hv + Cl + 0 

The absor;rtlon cross sections of chlorine monoxide, ClO, have been 

reviewed by ‘Watson (1977). 
1 

There are some .recent measurements yielding 

results in reasonable agreement with the earlier ones, by Handelman and 

Nicholls (1977) in the 250-31’0 nm region; by Wine & & (1977) around 283 

nm; and by Rigaud &t a. (1977) and Jourdain & & (1978) in the 270-310 

IID region. 

The calculations of Coxon nt j& (1976) and Langhoff & al. (1977) 

indicate that photodecomposition of Cl0 accounts for at most 2 to 3 

percent of the total destruction rate of Cl0 in the stratosphere, which 

occurs predotlinantly Ly reaction with oxygen atans and ritrlc oxide. 

i 
i 
! 

I 
i 
I 

i 
i 
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cl00 + hv * Cl0 + 0 

Johnston a & (1969) measured the absorption cross sections of the 

Cl00 radical using a molecular-modulation technique which required 

interpretation of a complex kinetic scheme. The values listed in Table 18 

are taken from their work. 

Table 18. Absorption Cross Sections of Cl00 

102Oa(cGl2) 

225 260 255 1240 

230 490 260 1000 

235 780 265 730 

240 1050 270 513 

245 1270 275 340 

250 1230 280 230 



I 

OClO + lnJ + 0 + Cl0 

The spectrum of OClO is oharacterited by a series of well developed 

progression of bands extending from - 280 to 480 nm* The apectrosoopy of 

this molecule has been studied exfensively, and the quantum yield for 

photodissociation appears to be unity throughout the above wavelength 

range--see, for example, the review by Watoon (1977). 

Birks & AI,. (1977) have estimated a half-life against atmospherio 

photodissociation of OClO of a few seconds. I 



clo3 + hv -c products 

Table 19 lists aosorption cross sections of chlorine trioxide, C103, 

for the 200 to 350 nm range obtained by grsptical Interpolation between 

the data points of Goodeve and Richardson (1937). Although the quantum 

yield for decomposition has not been measured, the continuous nature of 

the spectrum indicates that it is llkeily to be unity. 

Table 19. c103 Absorption Cross dpctions 

A 10200 A 1020 u 

(ml) (cm21 (mu) (cd) 

200 530 260 460 

210 500 290 430 

220 480 300 400 

230 430 310 320 

240 350 320 250 

250 370 330 la0 

260 430 340 110 

270 450 350 76 

: .  

.Lr 
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sic1 + hJ + H + Cl 

-The absorptions cross sections of HCl, listed in Table 20, are taken 

from the work of Inn (1975). 

Table 20. Absorption Cross Sections of Xl Vapor 

A 10200 A 10206 

(mu) ( cm2) (Id ( cm2) 

140 211 

145 281 

150 345 

155 382 

160 332 

165 248 

170 163 

175 109 

180 58.8 

185 31.3 

190 14.5 

195 6;18 

200 2.56 

205 0.983 

210 0.395 

215 0.137 

220 0.048 

! 

/ ,’ 
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HOC1 + hv + OH + Cl 

Knauth &, A. (1979) have measured absorption cross sections of HOC1 

using essentially the same technique as Molina and Molina (1978) except 

for a higher temperature, which allowed them to obtain a more accurate 

value for the equilibrium constant Keq for the H2O-C120-HOC1 SYSteh The 

cross section values from Holina and Holina~s measurements recalculated 

using -the new Keq are in excellent agreement with the results of Knauth & 

A. The recommended values, taken from this later work, are presented in 

Table 21. 

Holina nt al. (1980b), by monitoring directly OH radicals produced 

by laser photolysis of HOCl, obtain an absorption cross section value of 

-6 x 10-20cm2 around 310 nm, again in excellent agreement uith the data of 

Knauth s.& & (1979). 

In contrast, the theoretical predictions of Jafr’e and Langhoff 

(1978) indicate negligible absorption at those wavelengths. The reason is 

not known, although it should be pointed out that no precedent exists to 

validate the theoretical approach for this particular type of problem. 

a-’ 

127 
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Table 21. 

. 

Absorption Cross Sections of HOC1 

A 1020, ‘A ’ 10200  

(ml (cm21 Cm) (cm21 

200  5.2 310 6.2 

210  6.1 320 5.0 

220  11.0 330 3.7 
230 18.6 340 2.4 

240  22.3 350  1.4 

250  18.~ 360  0.8 

260  10.8 370 0.45 

270  6.2 380  0.24 

280  4.8 390  0.15 

290  5.3 400  0.05 

300  6.1 420  0.04 

! 
I- _  , 

I  

I. 
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ClNO + hv + Cl + NO 

Nitrosyl chloride has a continuous absorption extending beyond 650 
I 

nanometers. There is good agreement between the work of Hartin and Cards 
I 

(;956) ior the 240 to 420 .nm wavelength region, of Ballash and Armstrong 

(1974) for the 185 to 540 nm region, and of Illies and Takacs 81976) for 

the 190 to 400 nrp region. These results indicate that the early data of 

Goodeve and Katz (1939) were seriously in error between 186 and 300 nm, 

whereas, at longer wavelengths, they are in good agreement with tne more 

recent measurements. 

The recommended absorption cross sections, listed in Table 22, are 

obtained by taking the mean of the results of Ballash and Armstrong (1974) 

and of Illies and Takacs (19761. The two sets of measurements agree 

within 20 percent, except in the region near 240 nm, where the values of 

Ballash and Armstrong are about 60 percent higher. 

The quantum yield for the primary photolytic process has been 

reviewed by Calvert and Pitts (1967); It is unity over the entire visible 

1 
i 
! 
1 - 
f 
f 
i 

and near-u1 traviolet bands. 1 
i 
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Table 22. ClNO Absorption Cross Sections 

1 %  

200  

210 

220  

230  

240  

260  

280  

300  

320  

340  

360  

380  

400 

5270  

6 970 

3180  

1170  

377  

134  

18.0 

10.3 

9.5 

12.1 

13.7 

12.2 

8.32 

5.14 

i 

1 



ClN02 + b + products 

.' The absorption cross sections of nitryl chloride, C1N02, have been 

measured between 230 and 330 I& by Martin and Gareis (1956), between 185 

.j 
i 
i 

and 400 nm by Illies and Takacs (1976). and between 270 and 370 nm by 

Nelson and Johnston (1981). The results are in good agreement belou 300 

nm. Table 23 lists the recommended values which arc taken from Illies and 

Takacs (1976) between 190 ar!d 270 nm, and from Nelson and Johnston (1981) 

between 270 and 370 nm. These latter authors showed that a -6% Cl2 

impurity in the samples used by Iliies and Takacs could explain the 

discrepancy in the results above 300 nm. 

Nelson and Johnston (1981) report a value of one (within 

experimental error) for the quantum yielti for production at Cl atoms; they 

also report a negligible quantum yield for the production of oxygen atoms. 

Table 23. Atsorption Cross Sections of ClN02 

190 2690 293 18.1 

200 455 300 15.5 

210 339 310 12.5 

220 342 320 8.70 

230 236 330 5.58 

240 140 340 3.33 
250 98.5 350 1.98 

260 63.7 3a0 1.14 

270 37.2 370 0.7s 

280 22.3 

- 
.:. _. 



ClONO + h,~ + products 

Measurements in the near-ultraviolet of the cross seotions of 

chlorine nitrite (ClONO) have been made by Holina and Holina (1977). 

Their results are listed In Table 24. The characteristics of the spectrum 

and the instability of ClONO strongly suggest that the quantum yield for 
decomposition Is unity. The Cl-0 bond strength is only about 20 

kilocalories, so that chlr,rine atoms are likely photolysis products. 

'\ 
Table 24. ClONO Absorption Cross Sections at 231 I( : 

2.. 
I- ._. _. 

x 102% x 102% 

(ml (cm21 (ml (cm2) 

235 215.0 320 80.3 

240 

245 

250 

255 

260 

265 

270 
275 

280 

285 

290 
295 

300 

305 

310 

315 

76.0 325 75.4 

37.0 330 58.7 

06.0 335 57.7 

65.0 340 43.7 

64.6 345 35.7 

69.3 350 26.5 

90.3 355 22.9 

11n.o 360 16.1 

132.0 365 11.3 

144.0 370 9.G 

144.0 375 6.9 

142.0 380 4.1 

129.0 385 3.3 

114.0 390 2.2 

105.0 395 1.5 

98.1 400 0.6 

y . 
;” 



C10N02 + hu + products i 
I 

The recommended cross section values, listed in Table 25, are taken I 

from the work of Nolina and Holina (19791, which supersedes the earlier 
I I 

. work of Rowland, Spencer and Holina i1976). 

The ic’entity of the primary photolytic fragments has been 

investigated by several groups. Smith B.& a. (1977) report 0 + ClONO as 

the most likely products, using end product analysis and steady-state 

photolysls. The results of Chang &ji al. (19791, who employed the Very 

Low Pressure Photolysisn (VLPPh) technique, indicate that the products are 

Cl + N03. Adler-Golden and Wiesenfeld (19811, using a flash photolysis 

atomic absorption technique, find O-atoms to be the predomi=nt photolysla 

product, and report a quantum yield for Cl-atom production of less than 

4% The preferred results are those of Chang & al. (19791, and it 

appears that the reason Adler-Golden and Wiesenfeld failed to observe Cl 

was that the rate constant for Cl + ClN03 is much faster (two orders of 

magnitude) than thought a: the time of their experiments, Hargitan (19821, 

and the Cl had disappeared on the time scale of their observations. Very 

recent studies by Margltan (19821 on C1N03 photolysis show a near 100% 

yield of atomic Cl. None of these studies have been carried out at 

wavelengths longer than 290 nm, which Is the relevant range for 

atmospheric photodissociation. Further studies are r’equired on this 

question. 



Table 25. Absorption Cross Sections of ClON02 
t 

1020 (cn2) 
227K d43R 296K 

190 

195 

200 

205 

210 

215 

220 

225 

230 

235 

240 

245 

250 

255 

260 

265 

270 

275 

280 

285 

290 

295 

300 

305 

310 

, 315 

I 320 

555 

358 

293 
293 

330 

362 

348 

282 

206 

141 

98.5 
70.6 

52.6 

39.8 

30.7 

23.3 

18.3 

13.9 

10.4 

7.50 

5.45 

3.74 

2.51 
1.80 
1.28 

'0.892 

0.630 

- 

50.9 

39.1 

30.1 

23.1 

18.0 

13.5 

9.98 

7.33 

5.36 

3.83 

2.61 

1.89 

1.35 

0.954 

0.681 

589 
381 

30'1 

299 

329 

360 

344 

286 

210 

149 

106 

77.0 

57.7 

44.7 

34.6 

26.9 

21.5 

16.1 

11.9 

8.80 

6.36 

4.56 

3.30 

2.38 

1.69 

1.23 

0.895 

102Oa(cm2) 

227K 243K 296K 

325 

330 

335 

340 

345 

350 

355 

360 

365 

370 

375 

380 

385 

390 

395 

400 

405 

410 

415 

420 

425 

430 

435 

440 

445 

450 

0.463 o.so2 

0.353 0.381 

0.283 0.3c7 

0.246 0.255 

0.214 0.223 

0.198 0.205 

0.182 0.183 

0.170 0.173 

0.155 0.159 

0.142 0.140 

0.128 0.130 

0.113 0.114 

0.098 0.100 

0.090 0.083 

0.069 0.070 

0.0% 0.058 

0.655 

0.514 

0.397 

0.323 

0.285 

0.246 

0.218 

0.208 

0.178 

0.162 

0.139 

0.122 

0.108 

0.090 

0.@77 

0.064 

0.055 

0.044 

0.035 

0.027 

0.020 

0.016 

0.013 

0.009 

0.007 

0.005 

- .  .  
? 
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KALOCARBON ABSORPTION CROSS SECTIONS AND QUANNH YIELDS 

The primary process in the photodissociation of ahlorfnated 

hydrocarbons is well established: absorption of ultraviolet radiation In 

the lowest frequency band is interpreted as sn n- a transf tion involving 

excitation to a repulsive electronio state (antibonding in C-Cl), rhiah 

dissociates by breaking the carbon-chlorine bond (Najer and Bimons, 1964). 

As expected, the chlorofluoromethanes--vhich are just a partioular type of 

chlorinated hydrocarbons--behave in this fashion (Sandorfy, 1976). Henac, 

the quantum yield for photodissociatfon is expected to be unity for these 

compounds. There are several studies which show specifiaally that this is 

the case for CF2C12, CFC13 aand CC14. These studies--which have been 

reviewed in CODATA (1982k also Indicate that at shorter wavelengths two 

halogen atoms can be released simultaneously in the primary process. 

Several authors have investigated recently the absorption cross 

sections for CC14, CC13F, CC12F2, CHC1F2, and CH Cl--e.g., Hubrioh at a. 3 

(1977); Hubrich and Stuhl (1980); Vanlaethen-Meuree pt u. (1978a.b); 

Green and Wayne (1976-I 977)--and their results are in general in very good 

agreement with our earlier recommendation.s. Tables 26, 27 and 28 list the 

present recommenaations for the oross sections of CC14, CC13F and CC12F2 

respectively; these data are given by the mean of the vnluas reported by 

various groups--those cited above as well as those referred to in earlier 

evaluations--as reviewed by CODATA (1.982). For atmospheric 

photodissoclatlon calculations the change in the cross section values with 

temperaLure is rlegligible for CC14 and CFC13; fcr CF2C12 the temperature 

dependence is given by the expression at the bottom of Table 28. 

The species CHC1F2, CH3Cland CH3CC13 are discussed individually; 

their absorption cross sections are listed in Tables 29, .30 and 32, 

respectively. 

The, pbsorp,tivn cross sections for various other halocarbons not 
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listed In this evaluation have been investigated .reoently. For CClF3, 

CC12FCC1F2, CClF2CClF2 and Ccl~~cF~ the values given by Hubrioh and Stuhl 

(1980) at 298 K are in very good agreement with tine earlier results or 

Chou & & (1978) and of Robbins (1977); Hubrich and Stuhl also report 

valuos of 208 K for these species. 

Absorption cross sections have aiao been measured recently for 

several other halocarbons, including the following: CHC12F by Hubrloh ti 

al. (1977); CHC13, CH2C12, CH2ClF, CF3CH2C1, CH3CClF2 and CH3CH2Cl by 

Hubrich and Stuhl (1980); CHC13, CH3Br, CHFC12, C2F4Br2, C2KCl3 and 

C2H3Cl3 by Robb.i.ns (1977); CH2Cl2 and CUCl3 by Vanlaethem-Kwree &, & 

(1978aI; CHC12F, CC1F,CH2C1, CF3CH2C1, CF3CHCl2 and CH3CF2Cl by Green and 

Wayne (1976-1977); and CH3Br, CH2Br2, CBrF3, CBr2F2, CBrC1F2, CBrF2CBrF; 

and CBrF2CF3 by Molina AL Eric (1982). 

Fcr atmospheric modeling purposes the present recommendations for 

halocarbon cross section values are essentially the same as those listed 

in our previous evaluation. As before, the recommendation for the 

photodissociation quantum yield value is unity for all these species. 

: 
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Table 26. AbsorptAon Cross Sections of CC14 

X(W 1020a(cm2) X(nd 1020u(cm2) 

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 9899 236 1.51 

194 74.4 238 1.13 

1% 68.2 240 0.784 

198 66.0 242 0.579 
200 64." 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 27. Absorption Cross Sections of CCI$ 

X(nm) 102Wcm2) X(nd 102Ocr(cm2) 

170 316 .208 21.2 

172 319 210 15.4 

174 315 212 10.9 

176 311 214 7.52 

178 304 216 5.28 

180 308 218 3.56 

182 285 220 2.42 

184 260 222 1.60 

186 233 224 1.10 

188 208 226 0.80 

190 178 228 0.55 

192 149 230 0.35 

194 123 235 0.126 

196 99 240 0.0464 

198 83.1 245 0.0173 

200 64.7 250 0.00661 

202 50.8 255 0.00337 

204 38.8 260 0.00147 

206 29.3 

I 
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Table 286 Absorption Cross Sections of CC12F2 

x(x-Id 1020a(c& a4 =I -1020&n;2) 

,170 124 200 8.M  
172 151 202 5.60 

174 171 204 3.47 

176 183 2C6 2.16 

178 189 208 1.32 

180 173 210 0.80 

182 157 212 0.48 

ld4 137 214 0.29 

186 104 216 0.18 

180 84.1 218 0.12 

190 62.8 220 0.068 

192 44.5 225 0.022 

194 30.6 230 0.0055 

1% 20.8 235 0.0016 

198 13.2 240 0.00029 

UT = u2g8exp[4.1 x 10-40-184.3)(T-298)I 

Where: 0298 : cross section at 298K 

a :W 

T  : temperature, Kelvin 

! 
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CHC~F~ + hu + products 

The preferred absorption cross sections, listed in Table 29, are. the 

] 

mean of the values reported by Robbins and Stola-ski (1976) and Chou & 

& (1976!, which are In excellent agreement with each other. Hubrich & 

.a. (1977) have reported cross sections for CHC1F2 at 298 K and 208 K. 

Their results indicate a s ignificant temperature dependence for X > 200 

nm, and their room temperature values are somewhat higher than those of 

the former two groups. i 

Photolysis of CHC1F2 is  rather unimportant throughout tne 

atmosphere ; reaction with OH radical is  the dominant destruction process. 

Table 29. Absorption Cross Sections of CHC1F2 i 
! 

lO%(c& lO%(c& 

184 

186 

188 

190 

192 

194 

1% 

198 

200 

202 

204 

174 174 5.94 5.94 

176 176 4.06 4.06 

178 178 2.85 2.85 

180 180 1.99 1.99 

182 182 1.30 1.30 

0.625 

0.476 

0.339 

0.235 

0.157 

0.100 

0.070 

0.039 

0.026 

0.022 

0.013 

J  J  --  L 
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cH3C1 + hv -+ products 

The preferred absorption cross sections, listed in Table 30, are 

those given by Vanlaethem-Heuree nt A. (1978b). These values are In 

very good agreement with those reported by Robbfns (7976) at 298 K, as 

well as with those given by Hubrich & & (1977) at 298 K and 208 K, if 

the temperature trend is taken into consideration 

Table 30. Abbwption Cross Sections of CH3Cl 

a 102Ou(cm2) 

‘ml 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 

is4 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 



ccl20 + lw + products, XlFO + m, + products, and CF2C + w + products I . 

; 
Table 31 shows the absorption cross sections of Ccl20 (phosgene) and 

CFClO given by Chou & a. (19TTa), and of CF2C taken from the work of 

Molina and Holina (1982). The spectrum of CF20 shows considerable 

structure; the values listed in Table 31 are averages over each 500 

wavenumber Interval. The spectrum of CFClO shows less structure, and the 

Ccl20 spectrum is a continuum; its photodissociation quantum yield is 

unity (Calvert and Pltts, 1967). 

The quantum yield for the photodissociation of CF20 at 206 nm 

appears to be -0.25 (Holina and Holina, 1982); additional studies Of the 

quantum yield in the 200 nm rclglon are required in order to establish the 

atmospheric photodissociation rate. 



Table 31. Absorption Cross Sections of CC120, CCLFO, and CF20 

1020u(cm2) 
a 

(ml cc120 CClFO CF20 

184.9 204.0 
186.0' 189.0 15.6 5.5 
187.8 137.0 14.0 4.8 
189.6 117.0 13.4 4.2 
191.4 93b7 12.9 3.7 

. 193.2 69.7 12.7 3.1 

195.1 52.5 12.5 2.6 
197.0 41.0 12.4 2.1 

199.0 31.8 12.3 i.6 
201.0 25.0 12.0 1.3 

203.0 20.4 11.7 0.95 

205.1 16.9 11.2 0.69 

207.3 15.1 10.5 0.50 

209.4 13.4 9.7 0.34 
211.6 12.2 9.0 0.23 

213.9 11.7 7.9 0.15 

216.2 11.6 6.9 0.10 
218.6 11.9 5.8 0.06 
221.0 12.3 4.8 0.04 
223.5 12.8 4.0 0.03 
226.0 13.2 3.1 



cH3cc13 + hu + products 

The absorption cross sections have been measured by Robbins (1977), 

by Vanlaethem-Meuree & al. (1979) and by Hubrich and Stuhl (1980). These 

latter authors corrected the results to account for the presence of a UV- 

absorbing stabilizer in their samples, a correction which might account 

for the rather large discrepancy with the other measurements, The results 

of ‘Robbins (1977) and of Vanlaethem-Meuree ti al. (1979) are in good 

agreement. The recommended values are taken from this latter work (which 

reports values at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm, and in 

a separate table at wavelengths corresponding to the wavenumber Intervals 

generally used in stratospheric photodissociation calculations). Table 32 

lists the values at 210 K, 250 K and 295 K, every 5 nm; the odd wavelength 

values were computed by linear Interpolation 

144 
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Table 32. Absorption Cross !Sectiohs of CH3CC13 

a I ~~ 102ddcm2; 1 

185 265 265 265 

190 192 192 192 

195 129 129 129 

200 81.0 81.0 81.0 

205 46.0 44.0 42.3 

210 2u.o 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 

295K 250K 210K 

‘. 
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The bromine’nitrate cross sections have been measured at room 

temperature by Spencer and Rowland (lwe) in the wavelength region 186-390 

nm; their results are given in Table 33. The photolysis products are not ..: 

known. 

Table 33. Absorption Cross Sections of BrCN02 

a 102oa a 1 020u 

(nut) (cm21 (run) (cm21 

186 1500 280 29 

190 1300 285 27 
195 1000 290 24 

200 720 295 22 

205 430 300 19 

21c 320 JO5 18 

215 270 310 15 

220 240 315 14 

225 210 320 12 

230 190 325 11 

235 170 330 10 

240 130 335 9.5 

245 100 340 8.7 

250 78 . 345 8.5 

255 61 350 7.7 

260 48 360 6.2 

265 39 370 4.9 

270 * 34 380 4.0 

275 31 390 2.8 

i -. 
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HF + hti + H + F” 

The ultraviolet absorption spectrum of HF has been studied by 8aFary 

$3 al. (1951). The onset of absorption occurs at A < 170 nm, so that 

photodissociation of HF should be- unimportant in the stratosphere. 

I 

i 
I 
i 

CH20+hu+H+HCO (@,I . 

+H 2+co (4,) 

Bass & & (1980) have recently measured the absorption cross 

sections of Formaldehyde with a resolution of 0.05 nm at 296 R and 223 K. 

The cross sections have also been measured by Moor! & &. (1980) with 

a resolution of 0.5 nm in the 210-360 K temperaturo range; their values 

are -302 larger than those of Bass a A. For wavelengths longer than 300 

nm. The recommended cross section values, listed in Table 34, are the 

mmean of the two sets of data (as computed In CODATA, 1982). 

The quantum y ields have been reported with good agreement by 

Hcrowltz  and Calvert (19781, Clark & &. (19781, Tang ti ill. (19791, 

Hoortgat and ‘rlarneck (19791, and Moortgat S& & (1981). The recommended 

values listed in Table 34 are taken From the latter work. The quantum 

y ield $2 is  pressure dependent for wavelengths longer than 329 nm, and Is 

given by the expression at the bottom of Table 34, which is  based on the 

values reported by Moortgat & al. ‘(19811 for 300 K. 
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Table 34. Absorption Cross Sections and Quantum Yields Sor 
Photolysla of CH20. 

10202(cm2) 
A @ l %  

d 290 K 220 K (H + HCO) (H;! + co) 

240 0.03 0.08 0.21 0.42 

250 0.13 0.08 0.24 0.46 

260 0.47 0.47 0.30 0.48 

270 0.86 0.85 0.40 0.46 

280 1.86 1.93 0.59 0.35 
290 2.51 2.47 0.71 0.26 

300 2.62 2.58 0.78 0.22 

310 2.45 2.40 0.77 0.23 
320 1.85 1.71 0.62 0.38 

330 1.76 1.54 0.17 0.80 

350 1.18 1.10 0 0.69. 

350 0.42 0.39 0 0.40@ 

360 0.06 0.02 0 0.12, 

Note: The values are averaged For 10 11~ intervals centered on 

indicated wavelength. 

l 
: at p = 760 torr 

For 1 B 329 nmI Q2 is given by the following expression: 

Q ii 1 - exp(112.8-0.3471) 
9 

.’ --.. ‘\ 
‘.., - 

a : nm 

P : torr 

j -T 
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, .:\:-, 



CH300H + hu + products 
, 

Molina and Argue110 (1979) have measured the absorption cros8 

sections of CH300H vapor. Their results are listed in Table 35. 

Table 35. Absorption Cross Sections of CH300H 

. 

a 10200 a 10% A 1020 
(ml) (cm21 (ml (cm21 (run) (cm21 

210 37.5 260 3.8 310 0.34 

220 22.0 270 2.5 320 0.19 
230 13.8 280 125 330 0.11 

240 8.8 290 0.90 340 0.06 

250 5.8 300 0.58 350 0.04 
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HCN + hu + products and c:~~CN + hu * Products 

Herzberg and Innes (1975) have studied the spectroscopy OF hydrogen 

cyanide, HCN, which starts absorbing weakly at A < 190 nm. HcEZlcheran nt 

& (lgI;a) have reported the spectrum of methyl cyanide, CH3CN; the first 

absorption band appears at X < 216 nm. 

The solar photodissociation rates For thetie molecules should be 

rather small, even in the upper stratosphere; estimates of these rates 

would require additional studie e OF the absorption cross sections and 

quantum yields in the 200 nm region. 

l cn 



go2 + hv -+ products 8 

The UV absorption spectrum of SO2 is highly structured,. with a very, 

weak abswption in the 340-390 nm region, a weak absorption in the 260-340 

nm, and a strong absorption extending from 180 to 235 nm; the threshold 

wavelength for photodissociation is -220 nm. The atmospheric 

photochemistry OF SO2 has been reviewed by Calvertd &,. (lgT8), the 

conclusion being that direct photooxidation atwavelengthslonger than 

-300 nm by way of the electronically excited states of SO2 is relatively 

unimportant. 

I 
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OCS + hv + CO + S 

I 

I 
I ! 

The absorption cross sections of OCS have been measured by Chou nt 

j& (1979) between 186 and 226 nm, at296, 251 and 232 K (the results are 

unpublished); by Breckenridgc and Taube (19701, who presentea their 298 K 

results in graphical form, between 200 and 260 nm; by Rudolph and Inn I 

(1981) betusen 200 and -300 nm (see also Turco JL& a., 1981), at 297 and 

195 K; and by Holina au. (1981) between 180 and 300 nm, at 295 and 225 

K. The results are in good agreement in the regions OF overlap, except 

for h > 280 nm, where the cross section values reported by Rudolph and Inn 

(1981) are significantly larger than those reported by Molina nt al. 

(1981). The latter authors concluded that solar photodissociation of OC8 

in the troposphere occurs only to a negligible extent. 

The recommended cross sections, given In Table 36, are taken From 

Holina &a. (1981). (The original publication also lists a table with 

cross sections values averaged over 1 n.a intervals, between 185 and 300 

run). 

The recommended quantum yield for photodissociation is 0.72. This 

value is taken from the work cf Rudolph and Inn (1981), who measured the 

quantum yield for CO production in the 220-254 nm range. 
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Table 36. Absorption Cross Sections of OCS 

186.1 

187.8 

189.6 

191.4 

193.2 

195.1 

197.0 

199.0 

201.0 

203.1 

205.1 

207.3 

209.4 

211.6 

213.9 

216.2 

218.6 

221.5 

223.5 

226.0. 

102Q(cm2) 

295 K 225 K 

18.9 13.0 228.6 

8.33 5.63 231.2 

3.75 2.50 233.9 

2.21 1.61 236.7 

1.79 1.53 239.5 

1.94 1.84 242.5 

2.48 2.44 245.4 

3.30 3.30 248.5 

4.48 4.50 251.6 

6.12 6.17 254.6 

8.19 8.27 S58.1 

10.8 10.9 261.4 

14.1 14.2 264.9 

17.6 17.6 268.5 

21.8 21.8 272.1 

25.5 25.3 275.9 

28.2 27.7 279.7 

30.5 29.4 283.7 

31.9 29.5 287.8 

30.2 27.4 292.0 

296.3 

102Odcm2) 

26.8 

22.1 

17.1 

12.5 

8.54 

5.61 

3.51 

2.11 

1.21 

0.674 

0.361 

0.193 

0.0941 

0.0486 

0.021!8 

0.0119 

0.0584 

0.0264 

0.0012 

c.ooc5 

0.0002 

-- 

Phot&iissociation quantum yield C = 0.72 

295 K 225 K 

23.7 

18.8 

14.0 

9.72 

6.24 

3.89 

2.29 

1.29 

0,679 

0.353 

0.1';8 

0.0900 

0.0419 

0.0199 

0.0101 

0.0048 

0.0021 

0.0009 

0.0005 

0.0002 



I 

cs2 + hv + CS + S 

The CS2 absorption spectrum is rather complex. Its photochem$atry 

has been reviewed by Okabe (1978). There are two distinct regions in the 

near UV spectrum: a strong absorption extending frorc ?85 to 230 nm, and a 

. weaker one in the 290-j 80 nm ratige. The threshold wavelength for 

photodissociation is -280 nm. 
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