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1.1 Introduction

In Table 1 (Rate Constants for Bimolecular Reactions) the evaluated reactions are grouped into the classes Oy,
O('D), Singlet Oz, HO,, NOx, Organic Compounds, FOx, CIOx, BrOy, 10x, SO, and Metals. Some of the reactions
in Table 1 are actually more complex than simple two-body, bimolecular, reactions. To explain the pressure and
temperature dependences occasionally measured in reactions of this type, it is necessary to consider the bimolecular
class of reactions in terms of two subcategories, direct (concerted) and indirect (nonconcerted) reactions.

A direct, or concerted, bimolecular reaction is one in which the reactants A and B proceed to products C and D
without the intermediate formation of an AB adduct that has appreciable bonding, i.e., there is no bound
intermediate; only the transition state [AB]* lies between reactants and products.

A+B—[AB]*—-C+D
The reaction of OH with CH4 forming H2O + CHjs is an example of a reaction of this class.

The rate constants for these reactions can, in general, be reasonably well represented by the Arrhenius
expression

k(T) = Axexp(—E/RT)

over the temperature range of atmospheric interest. Very useful correlations between the expected structure of the
transition state [AB]* and the Arrhenius A-factor of the reaction rate constant can be made, especially in reactions
that are constrained to follow a well-defined approach of the two reactants in order to minimize energy requirements
in the making and breaking of bonds. The recommended parameters, A and E/R, are given in Table 1 as discussed
below and the temperature range associated with their recommended use is given in the corresponding reaction note
(e.g. “below 400 K”). Rate constants for reactions of this type are not pressure dependent.

However, even for this class of reactions, deviation in the temperature dependence from the simple Arrhenius
expression mentioned above may be apparent over the full range of the experimental data considered in the
evaluation, and even over the more limited temperature range used to derive the Arrhenius expression
recommendation. Deviation from Arrhenius behavior is typically exhibited as curvature in the Arrhenius plot - a
concave upward curvature in In(k(T)) versus 1/T. There are several possible factors that may contribute to this
curvature such as multiple reaction channels, the existence of reactant conformers, tunneling, and others. In cases
where curvature was experimentally resolved, the reaction note emphasizes the temperature range over which the
Arrhenius parameters given in Table 1 are applicable and also provides a recommended three-parameter expression

k(T) = Ax(T/298)"xexp(-E/RT)
where n is a fit parameter, that better represents the overall temperature dependence.

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

A+B < [AB]*—>C+D

The intermediate [AB]* is different from the transition state [AB]#, in that its lifetime substantially exceeds the
characteristic time of intermolecular vibrations and, thus, it is considered a bound molecule. Of course, transition
states are involved in all reactions, both forward and backward, but are not explicitly shown in the equation above.
An example of a reaction of this class is CIO + NO, which normally produces Cl + NO,. Reactions of the
nonconcerted type can have more complex temperature dependences and can exhibit a pressure dependence if the
lifetime of [AB]* is comparable to the rate of its collisional deactivation. This arises because the relative rate at
which a complex [AB]* decomposes to products C + D or back to reactants A + B is a sensitive function of its
internal energy. Thus, in reactions of this type, the distinction between the bimolecular and termolecular
classification becomes less meaningful, and it is especially necessary to study such reactions under the temperature
and pressure conditions in which they are to be used in model calculations, or, alternatively, to develop reliable
theoretical bases for extrapolation of the experimental data. In several cases where sufficient data exist, reactions of
this type are treated in Section 2 and included in the corresponding table for termolecular reactions.

As mentioned above, the recommended rate constant tabulation for bimolecular reactions (Table 1) is given in
Arrhenius form, k(T) = Axexp(—E/RT), and contains the following information:

1. Reaction stoichiometry and products (if known).
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Arrhenius A-factor: A

Recommended temperature dependence (“activation temperature”): E/R
Recommended rate constant at 298 K: k(298 K)

Rate constant uncertainty factor at 298 K: f(298 K) (see below)

A parameter used to calculate the rate constant uncertainty at temperatures other than 298 K: g (see
below)

7. Index number for a detailed note containing references to the literature, the basis of recommendation and,
in several cases, alternative methods to calculate the rate constant.

For a few reactions, the recommendations for A, E/R and k(298 K) are italicized in blue font. These represent
estimates by the Panel in cases where there are either no literature data, where the existing data are judged to be of
insufficient quality to base a recommendation, or where the recommendation is based on an extrapolation of very
limited experimental data.

o gk~ wbd

1.2 The Evaluation Procedure

The process of evaluating chemical Kinetic data does not conform to a simple set of mathematical rules.
There is no “one size fits all” algorithm that can be applied and each reaction must be examined on a case-by-case
basis. Consideration of uncertainties in the kinetic and photochemical parameters used in atmospheric models plays
a key role in determining the reliability of and uncertainty in the model results. Quite often the cause(s) of
differences in experimental results from various laboratories can’t be determined with confidence and making
recommendations for the uncertainties of the rate constant is often more difficult than for making recommendations
of the Arrhenius parameters themselves. In many cases, investigators suggest possible qualitative reasons for
disagreements among datasets. Thus, data evaluators necessarily must consider a variety of factors in assigning a
recommendation, including such aspects as the chemical complexity of the system, sensitivities and shortcomings of
the experimental techniques employed, similarities or trends in reactivity, and the level of agreement among studies
using different techniques.

A recommendation for k(298 K) is typically made by averaging the rate constants from those studies
deemed to be of sufficiently high quality / reliability and free from chemical interferences that could have biased the
results. In cases where a study provides reliable data over a range of temperatures of atmospheric interest, the value
of k(298 K) used in the averaging process is typically obtained from a weighted non-linear least-squares fit to the
data from that study, k(T) versus T, assuming equal relative uncertainties in the rate constants reported at the
different temperatures. In deriving a recommended Arrhenius temperature dependence (E/R), the selected data sets
are examined to ascertain the temperature range over which a standard Arrhenius fit to the data provides an adequate
representation. Each data set is then scaled by a constant factor so that the Arrhenius expressions describing the
individual data sets give the recommended k(298 K) and a weighted non-linear least-squares fit to all of these scaled
data is then made. This typical process is helpful in avoiding biases resulting from systematic errors associated with
an individual data set or from the fact that the individual data sets may have been obtained over significantly
different temperature ranges. In cases where the selected data sets have been obtained over similar ranges of
temperature, a fit to the combined scaled data often yields a value for E/R not very different from that obtained by
averaging the E/R values from the individual studies. The recommended Arrhenius pre-exponential factor “A” is
then calculated based on the recommended values for k(298 K) and E/R.

1.3 Uncertainty Estimates

The parameters f(298 K) and g given in Table 1 can be used to calculate an estimated rate constant
uncertainty at any given temperature, corresponding to approximately one standard deviation, from the following

Note that, since f(298 K) and g have been defined to correspond to approximately one standard deviation,
f(T) yields a similar uncertainty interval. The more commonly used 95% confidence limits at a given temperature
can be obtained by multiplying and dividing the recommended value of the rate constant at that temperature by the
factor f2(T). It should be emphasized that the parameter g has been defined exclusively for use with f(298 K) in the

f(T) = f(298 K)exp

where the exponent is an absolute value.
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above expression and should not be interpreted as the uncertainty in the Arrhenius activation temperature (E/R).
Thus, g is dependent on the value selected for f(298 K). For example, reactions for which f(298 K) is rather large
may require only a small value of g to represent an adequate total rate constant uncertainty at other temperatures.

The uncertainty factor f(298 K), corresponding to approximately one standard deviation in the case of
normally distributed data, was assigned such that all of the data used in deriving the average are encompassed within
the band derived by multiplying and dividing k(298 K) by 2(298 K), i.e., two standard deviations, which is
considered a 95% confidence interval for the evaluation. In some cases, a slightly higher value of f(298 K) may be
recommended to encompass outlying data that were not used in the averaging but could not be entirely rejected.

The uncertainty factor “g” was then selected for use in the f(T) expression described below such that f2(T)
encompasses all of the data used in the evaluation over the temperature range of the recommendation. Neither f(298
K) nor g is derived from a rigorous statistical treatment of the available data, which generally are too limited to
permit such analyses and, more importantly, do not follow a normal statistical distribution. Rather, the uncertainty
estimation is based on knowledge of the techniques, the difficulties of the experiments, and the potential for
systematic errors.

This approach is based on the fact that rate constants are typically known with greater certainty at room
temperature where the experimental data are more abundant and often more reliable. The overall uncertainty
normally increases at other temperatures where there are fewer data. In addition, data obtained at temperatures far
distant from 298 K may be less accurate than at room temperature due to various experimental difficulties or
complications.

The uncertainty represented by f(T) is normally symmetric; i.e., the rate constant may be greater than or less
than the recommended value, k(T), by the factor f(T). In a few cases in Table 1 asymmetric uncertainties are given
in the temperature coefficient. For these cases, the factors by which a rate constant is to be multiplied or divided to
obtain, respectively, the upper and lower limits are not equal, except at 298 K where the factor is simply (298 K).

Finally, there is obviously no way to quantify “unknown” errors. The spread in results among different
techniques for a given reaction may provide some basis for an uncertainty estimate, but the possibility of the same,
or compensating, systematic errors in all the studies can’t be disregarded. Comparisons among rate constants
recommended for similar reactions or for reactions within a homologous series of compounds can also help in the
assignment of uncertainty factors. For measurements subject to large systematic errors, the true rate constant may
be much further from the recommended value than would be expected and allowed for with any reasonable values of
f(T) based on the data available for the evaluation. For example, there have been cases in the past where the
recommended rate constants have changed by factors well outside of the uncertainties that had been assigned in the
absence of quantitative knowledge of systematic errors. However, as experimental techniques improve together
with improved understanding of various reactive processes and with significant expansion of the kinetic and
thermodynamic database for the recommendations, exceptionally large changes are becoming less likely.
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Rate Constants for Bimolecular Reactions
1.4 Ox Reactions
1.4.1 Table 1A: Ox Reactions

Temperature
Reaction Range of Exp. A-Factor ER k(298 K)P f(298 K)e g Note
Data(K) @
M -
0+0, > 05 (See Table 2-1)
0+03—> 02+ 02 220-409 8.0x10-12 2060 8.0x10-1 1.10 200 Al

Shaded areas indicate changes or additions since JPL10-6.

& Temperature range of available experimental data. This is not necessarily the range of temperature over which the
recommended Arrhenius parameters are applicable. See the corresponding note for each reaction for such information.
b Units are cm® molecule * s ™.

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

1 1

f£(T) = £(298 K)exp |g <$ - ﬁ>|

Note that the exponent is an absolute value.
1.4.2 Notes: Ox Reactions

Al. O+ 0s. The recommended rate expression is from Wine et al.> and is a linear least-squares fit of all data

(unweighted) from Davis et al.,> McCrumb and Kaufman,® West et al.,* Arnold and Comes,* and Wine et al.>

(Table: 83-62, Note: 83-62, Evaluation: 10-6) Back to Table

(1) Arnold, I.; Comes, F. J. Temperature dependence of the reactions O(°P) + O3 — 20, and O(°P) + O, +

M — O3 + M. Chem. Phys. 1979, 42, 231-239.

(2) Davis, D. D.; Wong, W.; Lephardt, J. A laser flash photolysis-resonance fluorescence kinetic study:
Reaction of O(®P) with O3. Chem. Phys. Lett. 1973, 22, 273-278.

(3) McCrumb, J. L.; Kaufman, F. Kinetics of the O + O3 reaction. J. Chem. Phys. 1972, 57, 1270-1276.

(4) West, G. A,; Weston, R. E., Jr.; Flynn, G. W. The influence of reactant vibrational excitation on the
O(®P) + Os' bimolecular reaction rate. Chem. Phys. Lett. 1978, 56, 429-433.

(5) Wine, P. H.; Nicovich, J. M.; Thompson, R. J.; Ravishankara, A. R. Kinetics of O(®P;) reactions with

H>0; and Oa. J. Phys. Chem. 1983, 87, 3948-3954.

1.4.3 Bibliography — Ox Reactions

Arnold, 1.; Comes, F. J. Temperature dependence of the reactions O(®P) + O3 — 20, and O(P) + O + M — O3 +

M. Chem. Phys. 1979, 42, 231-239.

Davis, D. D.; Wong, W.; Lephardt, J. A laser flash photolysis-resonance fluorescence kinetic study: Reaction of
O(®P) with Os. Chem. Phys. Lett. 1973, 22, 273-278.

McCrumb, J. L.; Kaufman, F. Kinetics of the O + O, reaction. J. Chem. Phys. 1972, 57, 1270-1276.

West, G. A.; Weston, R. E., Jr.; Flynn, G. W. The influence of reactant vibrational excitation on the O(°P) + Os"
bimolecular reaction rate. Chem. Phys. Lett. 1978, 56, 429-433.

Wine, P. H.; Nicovich, J. M.; Thompson, R. J.; Ravishankara, A. R. Kinetics of O(®P;) reactions with H,O, and Os.

J. Phys. Chem. 1983, 87, 3948-3954.
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15 O(*D) Reactions
1.5.1 Table 1A: O(*D) Reactions

Reaction BEQEZ'EQ Tqué)ffg;?aii?gbe Total Rate Coefficient: O('D) Loss ¢ Note
A-Factor ¢ ER k(298 K)¢ | f(298K)e g
O('D) Reactions A2
O('D) + Oz 104-424 3.3x10-" -55 3.95x10-" 1.10 10
— O(3P) + 02 0 A3
— O(3P) + 0('%) 0.80 £ 0.20 -
—» O(3P) + 05('A) 0.20 (0.40-0)
O('D) + O3 103-393 2.4x10-10 0 2.4x10-10 1.20 50
—> O(3P) + 03 0 A4
5 02+ 02 0.50 +0.03 2
— 02+ O(3P) + O(3P) 0.50 +0.03
O('D) + H2 204-420 1.2x10-10 0 1.2x10-10 1.15 50
—> O(3P) + Ha <0.01 AS
— OH +H 1%
O('D) + H20 217-453 1.63x10-10 -60 2.0x10-10 1.08 20
— O(3P) + H.0 <0.003 A6
505+ Hs 0.006 + 0.006 e
— OH + OH 1.0 5015
O('D) + N2 104-673 2.15x10-" -110 3.1x10-" 1.10 20 A7
> OCP)+ N 1.0 —
0('D) + No M, NSO (See Table 2-1)
O('D) + N20 195-719 1.19x10-10 -20 1.27x10-10 1.10 25
— O(P) + N20O <0.01 A8
3 No+O» 0.39 (0.36-0.42) -
—NO +NO 0.61+0.03
O('D) + NH3 204-354 2.5x10-10 0 2.5x10-10 1.20 25
— O(%P) + NHs 0 A9
— Products 1.0
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Branching

Temperature Range

Reaction Ratio 2 of Exp. Data (K) ® Total Rate Coefficient: O('D) Loss © Note
A-Factor ¢ ER k(298 K) (298 K) e g
O('D) + HCN 193430 1.08x10-10 -105 1.54x10-10 1.2 0
> OP) + HCN 0.15%exp(200/T) A10
— Products 0.93xexp(-82/T)
O('D) + CHsCN 193-430 2.54x10-10 24 2.34x10-10 1.2 0
— O(%P) + CH3CN 0.035 295 A11
— Products 0.965 0935
0('D) + CO2 195-370 7.5%10-"" -115 1.1x10-10 1.15 20
— O(P) + C02 1.0 2 A2
O(D) + CH,4 198-413 1.75%10-10 0 1.75%10-10 1.15 25
— O(3P) + CH4 <0.005
—> CHs + OH 0.75+0.15 A13
— CH30 or CH,OH + H 0.20+0.10
— CH,0 + H, 0.05+0.05
O('D) + HCl 199-379 1.5x10-10 0 1.5x10-10 1.10 25
— O(%P) + HCI 0.12+0.04 A14
S H+CIO 0.22 £0.05 =
5 Cl+OH 0.66 (0.61-0.71)
O('D) + HF 298 5.0x10-11 0 5.0x10-" 1.50 25
—> O(P) + HF 0.70 £ 0.05 A15
— F+OH 0.30 £0.05
O('D) + NF3 199-356 2.0x10-1" -44 2.3x10-11 1.10 0
— O(°P) + NF3 0.07%0:57 Al6
— Products 0.93%597
O('D) + HBr 297 1.5x10-10 0 1.5x10-10 1.50 25
— O(%P) + HBr 0.20 £0.07 INT;
— H+Bro 0.20 £ 0.04 s
s Br+OH 0.60 (0.49-0.71)
O('D) + Cl 298 2.7x10-10 0 2.7x10-10 1.10 25
— O(3P) + Cl 0.25+0.10 A18
— Cl+CIO 0.75+0.07
0('D) + CCl.0 194-429 2.2x10-10 -30 2.4x10-10 1.10 25
— O(P) + CCL.O 0.20 £ 0.04 A19
— Products 0.80 + 0.04
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Branching

Temperature Range

Reaction Ratio 2 of Exp. Data (K) ® Total Rate Coefficient: O('D) Loss © Note
A-Factor ¢ ER K298K)¢ | f298K)e | g
O('D) + CCIFO 298 1.9x10-10 0 1.9x10-10 1.50 25
> O(P) + CCIFO 0.20 A20
— Products 0.80
O('D) + CF20 298 7.4x10-11 0 7.4x10-1 1.50 25
> O(P) + CF20 0.35 A2t
— Products 0.65+0.10
O('D) + CHsCl 298 2.6%x10-10 0 2.6%x10-10 1.3 50
> O(P) + CHyCl 0.10
—> CIO + Products 0.46 + 0.06 A22
— Cl + Products 0.35
— H + Products 0.09
O('D) + CCls4 (CFC-10) 203-343 3.30x10-10 0 3.30x10-10 1.15 0
—5 O(3P) + CCly 0.21+0.04 A23
—> CIO + Products 0.79+0.04
O('D) + CHsCCls 298 3.25%10-10 0 3.25%10-10 14 0
5 O(%P) + CHsCCls 0.1 A24
— Products 0.9
O('D) + CHsBr 297 1.8x10-10 0 1.8x10-10 1.15 50
— O(3P) + CH3Br 0+397 25
— BrO + Products 0.44 +0.05 -
—> OH + Products 0.56 (0.44-0.61)
O('D) + CH2Br2 297 2.7x10-10 0 2.7x10-10 1.20 25
—> O(3P) + CH:Br. 0.05 £ 0.07 A26
— Products 095 2%
O('D) + CHBrs3 297 6.6x10-10 0 6.6x10-10 1.30 25
—> O(3P) + CHBr3 0.30 £ 0.10 A27
—> Products 0.70 +£0.10
O('D) + CHsF (HFC-41) 298 1.5%x10-10 0 1.5%x10-10 1.15 50
_» O(P) + CHF 0.18 £ 0.07 A28
—> Products 0.82 £0.07
O('D) + CH2F2 (HFC-32) 298 5.1x10-11 0 5.1x10-1 1.20 50
— O(3P) + CHaF> 0.70 £ 0.11 A29
—> Products 0.30 £ 0.11
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Branching

Temperature Range

Reaction Ratio 2 of Exp. Data (K) ® Total Rate Coefficient: O('D) Loss © Note
A-Factor ¢ ER K298K)¢ | f298K)e | g
O('D) + CHF3; (HFC-23) 217-372 8.7x10-12 =30 9.6x10-12 1.05 0
—> O(3P) + CHF3 0.75 £ 0.05 sl
— Products 0.25+0.05
O('D) + CHCI.F (HCFC-21) 188-343 1.9x10-10 0 1.9x10-10 1.15 50
—> O(3P) + CHCI,F 0.20+ 0.05 A31
—> CIO + Products 0.74 +£0.06 —
— OH + Products 0.06 (0-0.17)
O('D) + CHCIF, (HCFC-22) 173-373 1.02x10-10 0 1.02x10-10 1.07 0
—> O(3P) + CHCIF2 0.25 +0.05
—> CIO + Products 0.56 +0.03 A32
— OH + Products 0.05 0.0
— Other Products 0.14(0.04-0.24)
O('D) + CHF2Br 211-425 1.75%10-10 =70 2.2x10-10 1.15 25
> O@3P) + CHFBr 0.40 £ 0.06 A33
— BrO + Products 0.39+0.07 —
—> Other Products 0.21(0.08-0.34)
O('D) + CClsF (CFC-11) 173-372 2.30x10-10 0 2.30x10-10 1.10 0
> O(P) + CChF 0.10 £ 0.07 A34
— CIO + Products 0.79 £0.04 =
—> Other Products 0.11(0.0-0.22)
O('D) + CCl2F2 (CFC-12) 173-373 1.40x10-10 =25 1.52x10-10 1.15 0
— O(3P) + CCloF2 0.14 £0.07 A35
— CIO + Products 0.76 + 0.06 —
—> Other Products 0.10 (0-0.23)
O('D) + CCIF; (CFC-13) 298 8.7x10-1 0 8.7x10-1 1.20 50
—> O(3P) + CCIF3 0.18 = 0.06 A36
— CIO + Products 0.82 +0.06
(D) * 1,2-0-C4ClzFs (E,2) 296 1.56x10-10 0 156x10-10 11 0
—5 O(P) +1,2-c-CiCloFs (E2Z) | 0.12£0.12 Al
— Products 0.88 X042
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Branching

Temperature Range

Reaction Ratio 2 of Exp. Data (K) ® Total Rate Coefficient: O('D) Loss © Note
A-Factor ¢ ER K298K)¢ | f298K)e | g
O('D) + CCIBrF2 (Halon-1211) 297 1.50%x10-10 0 1.50x10-10 1.20 50
—> O(3P) + CCIBrF2 0.35 £ 0.04 A38
— BrO + Products 0.31+0.06 —
— Other Products 0.34 (0.24-0.44)
O('D) + CBrzF2 (Halon-1202) 297 2.20x10-10 0 2.20x10-10 1.20 50
—> O(3P) + CBr2F> 0.55 + 0.06 A39
— Products 0.45 + 0.06
O('D) + CBrF3 (Halon-1301) 297 1.00x10-10 0 1.00x10-10 1.20 50
—> O(3P) + CBrF3 0.55 + 0.08 Ad0
— BrO + Products 0.45+0.08
O(D) + CFs (PFC-14) ) 297 <2x10- 1
~5 O(%P) + CF4 A
O('D) + CH3sCHzF (HFC-161) 297 2.6x10-10 0 2.6x10-10 1.20 25
—5 O(%P) + CHiCH.F 0.180.05 Ad2
— Products 0.82+0.05
O('D) + CH3sCHF2 (HFC-152a) 297 1.75x10-10 0 1.75%10-10 1.20 50
— O(3P) + CH3CHF> 045+0.15 A43
—> OH + Products 0.15+0.02 —
—> Other Products 0.4 (0.18-0.62)
O('D) + CHsCClF (HCFC-141b) 297 2.60x10-10 0 2.60x10-10 1.20 50
—> O(%P) + CHsCCLF 0.31+0.05 Ad4
— Products 0.69 £ 0.05
O('D) + CHsCCIF2 (HCFC-142b) 217-373 2.0x10-10 0 2.0x10-10 1.10 0
— O(3P) + CHsCCIF, 0.35+0.10 S
— Products 0.65+0.10
O('D) + CHsCF3 (HFC-143a) 217-373 5.6x10-1 -20 6.0x10-1 1.20 0
—> O(3P) + CHsCF3 0.35+0.05 A46
— OH + Products 0.38 +0.06 —
—» Other Products 0.27 (0.16-0.38)
O('D) + CH2CICCIF2 (HCFC-132b) 297 1.6x10-10 0 1.6x10-10 1.50 50
> O@3P) + CH:CICCIF, 0.10 A4T
— Products 0.90
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Branching

Temperature Range

Reaction Ratio 2 of Exp. Data (K) ® Total Rate Coefficient: O('D) Loss © Note
A-Factor ¢ ER K298K)¢ | f298K)e | g
O('D) + CH2CICF3 (HCFC-133a) 297 1.2x10-10 0 1.2x10-10 1.25 50
~5 O(%P) + CH:CICFs 0.20 £ 0.05 A48
— Products 0.80 £ 0.05
O('D) + CH2FCF3 (HFC-134a) 297 4.9x10-11 0 4.9x10-1 1.15 50
—> O(3P) + CHoFCF3 0.65 + 0.06 A49
— OH + Products 0.24 £0.04 o
—> Other Products 0.11(0.01-0.21)
O('D) + CHCI.CF3 (HCFC-123) 297 2.0x10-10 0 2.0x10-10 1.20 50
—> O(3P) + CHCICF3 0.21+0.08 250
— Products 0.79+0.08
O('D) + CHCIFCF3 (HCFC-124) 297 8.6x10-11 0 8.6x10- 1.20 50
_, O(¢P) + CHCIFCFs 031:0.10 ASt
— Products 0.69+0.10
O('D) + CHF2CF3 (HFC-125) 217-373 9.5%x10-12 -25 1.03x10-1 1.07 0
—> O(3P) + CHFCF3 0.25+0.05 A52
— OH + Products 0.60 £0.10 =
—> Other Products 0.15(0-0.30)
O('D) + CCIsCF3 (CFC-113a) 296 2.6%x10-10 0 2.6%x10-10 1.25 0
> O(¢P) + CCIiCFs 0.10 A5
—> CIO + Products 0.79£0.05 e
—> Other Products 0.11(0-0.16)
O('D) + CCI2FCCIF2 (CFC-113) 217-373 2.32x10-10 0 2.32x10-10 1.10 0
> O(P) + CCLFCCIF2 0.10 A5t
—> CIO + Products 0.80 £0.05 e
—> Other Products 0.10(0-0.15)
O('D) + CCI2FCF3 (CFC-114a) 296 1.6%x10-10 0 1.6x10-10 1.20 0
—> O@3P) + CCLFCF3 0.10 -
—> CIO + Products 0.80 +£0.05 —
—> Other Products 0.10(0-0.15)
O('D) + CCIF.CCIF, (CFC-114) 217-373 1.30x10-0 25 141x1070 110 0
> O(P) + CCIF.CCIF2 0.10 A5
— CIO + Products 0.85+0.06 —
—> Other Products 0.05(0-0.1)
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Branching

Temperature Range

Reaction Ratio 2 of Exp. Data (K) ® Total Rate Coefficient: O('D) Loss © Note
A-Factor ¢ ER k(298 K)¢ | f(298K)e g
O('D) + CCIF.CF3 (CFC-115) 217-373 5.4x10-" -30 6.0x10-" 1.15 0
— O(3P) + CCIFCF3 0.14 £0.06 A57
— Products 0.86 £ 0.06
O('D) + CBrF2CBrF2 (Halon-2402) 297 1.60x10-10 0 1.60x10-10 1.20 50
—> O(3P) + CBrF2CBrF> 0.25+0.07 -
— Products 0.75 £ 0.07
O('D) + CFsCF3 (CFC-116) 297 15%10-13
— O(3P) + CF3CF3 A59
— Products <0.2
O('D) + CFsCHFCFs3 (HFC-227ea) 217-373 7.9x10-12 -70 1.0x10-11 1.1 0
—5 O(3P) + CFaCHFCFs 0.28+£0.07 AL
— Products 0.72 £ 0.07
O(*D) + CHF,CH,CFs (HFC-245fa) 1.5%10-10 0 1.5%10-10 1.3 0
—> O(3P) + CHF2CH,CF3 0.5 A61
— Products 0.5
O('D) + CHF2CF2CF2CHF2 (HFC-338pcc) 297 1.8x10-11 0 1.8x10-1" 1.30 50
— O(3P) + CHF2CF.CFoCHF2 | 0.9510%5 AB2
— Products 00590
O('D) + ¢-CaFs 297 8x10-12
— O(3P) + ¢-C4Fs A63
— Products <0.04
O('D) + CFsCHFCHFCF.CF3; (HFC-43- 297 2.1%x10-10 0 2.1x10-10 2 50
10mee) A64
— O(3P) + CFsCHFCHFCF,CF3 | 0.90£0.10 -
— Products 0.10+0.10
O('D) + CsF12 (PFC-41-12) 297 4x10-13
— O(3P) + CsF12 A65
— Products <0.12
O('D) + CF 14 (PFC-51-14) 297 1x10-12
— O(3P) + CeF14 A66
— Products <0.16
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Reaction

Branching
Ratio a

Temperature Range
of Exp. Data (K) b

Total Rate Coefficient: O('D) Loss ©

Note

A-Factor d

ER k(298 K) ¢

(298 K) ©

O('D) + 1,2-(CF3)2c-CaFs
— O(3P) + 1,2-(CF3)2c-CsFe
— Products

297

<3x10-12

A67

O('D) + C4F10
— O(P) + C4F1o
— Products

297

<5x10-13

A68

O('D) + SFe
— O(3P) + SFe
— Products

<0.7

297

1.8x10-14

A69

O('D) + SO2
— O(%P) + SO2
— Products

0.24 £ 0.07
0.76 + 0.07

298

2.2x10-10

0 2.2x10-10

1.30

30

A70

O('D) + SO2F2
— O(3P) + SO2F2
— Products

0.45 + 0.04
0.55 + 0.04

199-351

9x10-"

-100 1.26x10-10

1.30

30

O('D) + SFsCF3
— O(3P) + SF5CF3
— Products

<0.3

296-300

2x10-13

A72

Shaded areas indicate changes or additions since JPL10-6. Italicized blue entries denote estimates.
2 Recommended product channel branching ratios are temperature independent unless noted otherwise.
b Temperature range of available experimental data. This is not necessarily the range of temperature over which the recommended Arrhenius parameters are applicable. See the
corresponding note for each reaction for such information.
¢ The total rate coefficient (i.e., O(*D) loss) is defined as A x exp(-E/RT) in units of cm® molecule s*.
The rate coefficient for an individual reaction channel, if provided, is defined as Branching Ratio x A x exp(-E/RT) in units of cm® molecule™* s,
4 Units of cm® molecule™* sL.
¢ f(298 K) is the uncertainty factor at 298 K. To calculate the uncertainty at other temperatures, use the expression:

f(T) = f(298 K)exp |g (% B %M

Note that the exponent is an absolute value.
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1.5.2 Notes: O(*D) Reactions

A2.

A3.

O(*D) Reactions. O(*D) reactions are complex with several possible exothermic reaction pathways, which
include (1) collisional (physical) quenching of O(*D) to ground state oxygen atoms, O(°P), (2) abstraction or
addition-elimination reaction, and (3) reactive quenching to form O(®P) and products other than the reactant,
including stable and radical species. The recommended total rate coefficient parameters given in the table are
for the disappearance of O(*D). The details of deriving a recommended rate coefficient are given in the note
for each reaction. In deriving recommended values, direct measurements are used whenever possible.
However, rate coefficients measured via relative rate techniques have been considered for checking
consistency in measured elementary reaction rate coefficients. The ratios of the rate coefficients for O(*D)
reactions measured using the same method (and often the same apparatus) may be more accurate and precise
than the individual recommended rate coefficients. The ratios of rate coefficients can be obtained from the
original references. The weight of the evidence indicates that the results from Heidner and Husain,* Heidner
et al.,% and Fletcher and Husain®? contain systematic errors and, therefore, are not considered in the
determination of the recommendations.

The basis for the product branching ratio recommendations for deactivation and chemical reaction are
described in the individual reaction notes. The collisional quenching channel and yield is listed as the first
(possibly only) reaction pathway for each reaction given in the table. Reactive quenching channels, i.e.,
channels that produce O(®P) and reaction products, are included for the O, and O3 reactions, but have not
been identified in the majority of the other experimental studies. Bromine, chlorine, and hydrogen are more
easily displaced than fluorine from halocarbons and, therefore, typically account for major reaction product
yields in the form of BrO, CIO, and OH radicals. The uncertainties in the recommended branching ratios are
taken from the experimental studies (see notes) where possible. For some channels, a range of values is
provided in parenthesis that is consistent with the other reported uncertainties and a total branching ratio of
unity.

(Note: 15-10) Back to Table

(1) Fletcher, I. S.; Husain, D. Absolute reaction rates of oxygen (2'D,) with halogenated paraffins by
atomic absorption spectroscopy in the vacuum ultraviolet. J. Phys. Chem. 1976, 80, 1837-1840,
d0i:10.1021/j100558a002.

(2) Fletcher, I. S.; Husain, D. The collisional quenching of electronically excited oxygen atoms, O(21D,),
by the gases NHs, H202, C2Hs, C3Hg, and C(CHs)4, using time-resolved attenuation of atomic resonance
radiation. Can. J. Chem. 1976, 54, 1765-1770.

(3) Heidner, R. F., Ill ; Husain, D.; Wiesenfeld, J. R. Kinetic investigation of electronically excited oxygen
atoms, O(2'D,), by time-resolved attenuation of atomic resonance radiation in the vacuum ultra-violet
Part 2.-Collisional quenching by the atmospheric gases N2, O,, CO, CO2, H,0 and Os. J. Chem. Soc.
Faraday Trans. 2 1973, 69, 927-938.

(4) Heidner, R. F., l1l; Husain, D. Electronically excited oxygen atoms, O(2!D,). A time-resolved study of
the collisional quenching by the gases Ha, D2, NO, N2O, NO2, CH4, and C30; using atomic absorption
spectroscopy in the vacuum ultraviolet. Int. J. Chem. Kinet. 1973, 5, 819-831.

O(*D) + O2. The recommended 298 K rate coefficient was derived from the studies of Blitz et al.,* Amimoto
et al.,*? Lee and Slanger,*%° Davidson et al.,>¢ Dunlea and Ravishankara,” Streit et al.,** Strekowski et al.,**
and Takahashi et al.*> The temperature dependence was computed by normalizing the results of Strekowski
et al., Dunlea and Ravishankara, and Streit et al. to the 298 K value recommended here. The deactivation of
O(*D) by O leads to the production of O,(*X) with an efficiency of (80 + 20)% (Noxon,* Biedenkapp and
Bair,® Snelling,'? and Lee and Slanger®). O,(*%) is produced in the v =0, 1, and 2 vibrational levels in the
amounts 60%, 40%, and <3%, respectively (Gauthier and Snelling® and Lee and Slanger®). The fractional
deactivation of O(*D) that leads to the excitation of O,(3Z) to O2(*A) is expected to be ~20%. An O('X) yield
of (80 £ 20)% is recommended with the O,(*A) yield accounting for the balance of the reaction.

(Table: 06-2, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Amimoto, S. T.; Force, A. P.; Gulotty, R. G., Jr.; Wiesenfeld, J. R. Collisional deactivation of O(2'D,)
by the atmospheric gases. J. Chem. Phys. 1979, 71, 3640-3647.

(2) Amimoto, S. T.; Force, A. P.; Wiesenfeld, J. R. Ozone photochemistry: Production and deactivation of
0(2'Dy) following photolysis at 248 nm. Chem. Phys. Lett. 1978, 60, 40-43.

(3) Biedenkapp, D.; Bair, E. J. Ozone ultraviolet photolysis. I. The effect of molecular oxygen. J. Chem.
Phys. 1970, 52, 6119-6125.
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A4,

(4) Blitz, M. A;; Dillon, T. J.; Heard, D. E.; Pilling, M. J.; Trought, I. D. Laser induced fluorescence studies
of the reactions of O(*D;) with N2, Oz, N2O, CHs, Hz, CO2, Ar, Kr and n-C4H10. Phys. Chem. Chem.
Phys. 2004, 6, 2162-2171, doi:10.1039/b400283k.

(5) Davidson, J. A.; Schiff, H. I.; Brown, T. J.; Howard, C. J. Temperature dependence of the rate constants
for reactions of O(*D) atoms with a number of halocarbons. J. Chem. Phys. 1978, 69, 4277-4279.

(6) Davidson, J. A.; Schiff, H. I.; Streit, G. E.; McAfee, J. R.; Schmeltekopf, A. L.; Howard, C. J.
Temperature dependence of O(*D) rate constants for reactions with N,O, Hp, CHq, HCI, and NHs. J.
Chem. Phys. 1977, 67, 5021-5025, d0i:10.1063/1.434724.

(7) Dunlea, E. J.; Ravishankara, A. R. Kinetics studies of the reactions of O(*D) with several atmospheric
molecules. Phys. Chem. Chem. Phys. 2004, 6, 2152-2161, doi:10.1039/b400247d.

(8) Gauthier, M. J. E.; Snelling, D. R. Production de O,(b*%4"), v' = 0,1 et 2 par la reaction O(2'D,) +
02(X3Zq). Can. J. Chem. 1974, 52, 4007-4015.

(9) Lee, L. C,; Slanger, T. G. Observations on O(*D—3P) and O,(b'Z*— X324 following O2
photodissociation. J. Chem. Phys. 1978, 69, 4053-4060, doi:10.1063/1.437136.

(10) Lee, L. C.; Slanger, T. G. Atmospheric OH production--The O(*D) + H,O reaction rate. Geophys. Res.
Lett. 1979, 6, 165-166.

(11) Noxon, J. F. Optical emission from O(*D) and Oz(b'Zg) in ultraviolet photolysis of Oz and CO». J.
Chem. Phys. 1970, 52, 1852-1873, d0i:10.1063/1.1673227.

(12) Snelling, D. R. The ultraviolet flash photolysis of ozone and the reactions of O(*D) and Oz(*Z4"). Can.
J. Chem. 1974, 52, 257-270.

(13) Streit, G. E.; Howard, C. J.; Schmeltekopf, A. L.; Davidson, J. A.; Schiff, H. |. Temperature dependence
of O(*D) rate constants for reactions with Oz, N2, CO2, Os, and H20. J. Chem. Phys. 1976, 65, 4761-
4764, doi:10.1063/1.432930.

(14) Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Temperature-dependent Kinetics study of the reactions
of O(*Dy) with Nz and O,. Phys. Chem. Chem. Phys. 2004, 6, 2145-2151, doi:10.1039/b400243a.

(15) Takahashi, K.; Takeuchi, Y.; Matsumi, Y. Rate constants of the O(*D) reactions with N,, O, N2O, and
H0 at 295 K. Chem. Phys. Lett. 2005, 410, 196-200, doi:10.1016/j.cplett.2005.05.062.

O(*D) + Os. The room temperature rate coefficient was derived from the results of Davidson et al.,*® Streit et
al.,® Amimoto et al.,? Wine and Ravishankara,'%*? Talukdar and Ravishankara,® and Dunlea and
Ravishankara.® The reaction of O(*D) with O3 gives O, + Oz or O, + O + O as products. Davenport et al.
and Amimoto et al.? report that, on average, one ground state O atom is produced per O(*D) reacting with Os.
Dunlea et al.” have shown that the yield of O(®P) in this reaction is close to, but not exactly, unity. Dunlea et
al. suggest a small, but significant decrease in the O atom yield with decreasing temperature. A OCP) yield
of unity at all temperatures is recommended until the results from the Dunlea et al. study are confirmed.
(Table: 06-2, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Amimoto, S. T.; Force, A. P.; Gulotty, R. G., Jr.; Wiesenfeld, J. R. Collisional deactivation of O(2'D,)
by the atmospheric gases. J. Chem. Phys. 1979, 71, 3640-3647.

(2) Amimoto, S. T.; Force, A. P.; Wiesenfeld, J. R. Ozone photochemistry: Production and deactivation of
0(2'Dy) following photolysis at 248 nm. Chem. Phys. Lett. 1978, 60, 40-43.

(3) Davenport, J.; Ridley, B.; Schiff, H. I.; Welge, K. H. communication. Faraday Discuss. Chem. Soc.
1972, 53, 230-231.

(4) Davidson, J. A.; Schiff, H. I.; Brown, T. J.; Howard, C. J. Temperature dependence of the rate constants
for reactions of O(*D) atoms with a number of halocarbons. J. Chem. Phys. 1978, 69, 4277-4279.

(5) Davidson, J. A.; Schiff, H. I.; Streit, G. E.; McAfee, J. R.; Schmeltekopf, A. L.; Howard, C. J.
Temperature dependence of O(*D) rate constants for reactions with N2O, Hp, CHq4, HCI, and NHs. J.
Chem. Phys. 1977, 67, 5021-5025, doi:10.1063/1.434724.

(6) Dunlea, E. J.; Ravishankara, A. R. Kinetics studies of the reactions of O(*D) with several atmospheric
molecules. Phys. Chem. Chem. Phys. 2004, 6, 2152-2161, doi:10.1039/b400247d.

(7) Dunlea, E. J.; Ravishankara, A. R.; Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Temperature-
dependent quantum yields for O(®P) and O(*D) production from photolysis of O3 at 248 nm. Phys.
Chem. Chem. Phys. 2004, 6, 5484-5489, doi:10.1039/b414326d.

(8) Streit, G. E.; Howard, C. J.; Schmeltekopf, A. L.; Davidson, J. A.; Schiff, H. I. Temperature dependence
of O(*D) rate constants for reactions with Oz, N2, CO3, O3, and H20. J. Chem. Phys. 1976, 65, 4761-
4764, doi:10.1063/1.432930.

(9) Talukdar, R. K.; Ravishankara, A. R. Rate coefficients for O(*D) + Hy, D2, HD reactions and H atom
yield in O(*D) + HD reaction. Chem. Phys. Lett. 1996, 253, 177-183.

(10) Wine, P. H.; Ravishankara, A. R. Kinetics of O(*D) interactions with the atmospheric gases N, N2O,
H20, Hz, CO;, and O3. Chem. Phys. Lett. 1981, 77, 103-109.
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AB6.

(11) Wine, P. H.; Ravishankara, A. R. O3 photolysis at 248 nm and O(*D2) quenching by H,O, CHa, H,, and
N2O: O(®P;) yields. Chem. Phys. 1982, 69, 365-373.

(12) Wine, P. H.; Ravishankara, A. R. Reactive and non-reactive quenching of O(*D;) by COF,. Chem. Phys.
Lett. 1983, 96, 129-132.

O(*D) + Hz. The recommendation is based on the room temperature rate coefficient data from Davidson et
al.,23 Force and Wiesenfeld,*® Wine and Ravishankara,® Talukdar and Ravishankara,® Blitz et al.,* and
Vranckx et al.® Davidson et al. (200-350 K) and Vranckx et al. (227-453 K) report that k is independent of
temperature. Wine and Ravishankara® and Vranckx et al.® report the yield of O(°P) to be <4.9% and (0.7 +
0.7)%, respectively. Hence, the major products of this reaction are H + OH with a recommended yield of
unity. Koppe et al.® report a 2.7 times larger rate coefficient at a collisional energy of 0.12 eV. This does not
agree with the observations of Davidson et al.® and Vranckx et al. who reported that k is independent of
temperature and Matsumi et al.” who report no change in k when translationally hot O(*D) was moderated
with Ar.

(Table: 10-6, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Blitz, M. A;; Dillon, T. J.; Heard, D. E.; Pilling, M. J.; Trought, I. D. Laser induced fluorescence studies
of the reactions of O(*D5) with N2, Oz, N2O, CHg, Hz, CO2, Ar, Kr and n-C4H10. Phys. Chem. Chem.
Phys. 2004, 6, 2162-2171, doi:10.1039/b400283k.

(2) Davidson, J. A.; Schiff, H. I.; Brown, T. J.; Howard, C. J. Temperature dependence of the rate constants
for reactions of O(*D) atoms with a number of halocarbons. J. Chem. Phys. 1978, 69, 4277-4279.

(3) Davidson, J. A.; Schiff, H. I.; Streit, G. E.; McAfee, J. R.; Schmeltekopf, A. L.; Howard, C. J.
Temperature dependence of O(*D) rate constants for reactions with N2O, Hz, CH4, HCI, and NHs. J.
Chem. Phys. 1977, 67, 5021-5025, doi:10.1063/1.434724.

(4) Force, A. P.; Wiesenfeld, J. R. Collisional deactivation of O(*D,) by the halomethanes. Direct
determination of reaction efficiency. J. Phys. Chem. 1981, 85, 782-785.

(5) Force, A. P.; Wiesenfeld, J. R. Laser photolysis of Os/H, mixtures: The yield of the H + O3 — HO, + O
reaction. J. Chem. Phys. 1981, 74, 1718-1723, doi:10.1063/1.441260.

(6) Koppe, S.; Laurent, T.; Naik, P. D.; Volpp, H.-R.; Wolfrum, J.; Arusi-Parpar, T.; Bar, |.; Rosenwaks, S.
Absolute rate constants and reactive cross sections for the reactions of O(*D) with molecular hydrogen
and deuterium. Chem. Phys. Lett. 1993, 214, 546-552.

(7) Matsumi, Y.; Tonokura, K.; Inagaki, Y.; Kawasaki, M. Isotopic branching ratios and translational
energy release of H and D atoms in reaction of O(*D) atoms with alkanes and akyl chlorides. J. Phys.
Chem. 1993, 97, 6816-6821.

(8) Talukdar, R. K.; Ravishankara, A. R. Rate coefficients for O(*D) + H,, D2, HD reactions and H atom
yield in O(*D) + HD reaction. Chem. Phys. Lett. 1996, 253, 177-183.

(9) Vranckx, S.; Peeters, J.; Carl, S. Kinetics of O(*D) + H,0 and O(*D) + Ha: Absolute rate coefficients
and O(P) yields between 227 and 453 K. Phys. Chem. Chem. Phys. 2010, 12, 9213-9221,
d0i:10.1039/b923959f.

(10) Wine, P. H.; Ravishankara, A. R. O3 photolysis at 248 nm and O(*D2) quenching by H,0, CHa, Ha, and
N20: O(°P;) yields. Chem. Phys. 1982, 69, 365-373.

O(*D) + H20. The recommended k(298 K) is based on the results of Davidson et al.,> Amimoto et al.,* Wine
and Ravishankara,'?*® Gericke and Comes,® Dunlea and Ravishankara,® Carl,? and Takahashi et al.,'* but is
weighted towards the study of Dunlea and Ravishankara because they used several different methods to
quantify the water vapor concentration. The results of Lee and Slanger® and Dillon et al.* are consistent with
the recommended value. The temperature dependence of the rate coefficient was derived from the data of
Streit et al.? and Dunlea and Ravishankara, after normalizing the results from the two studies to the k(298 K)
value recommended here. The O + H; product yield was measured by Zellner et al.** to be (1 +0.5/-1)% and
Glinski and Birks” to be (0.6 +0.7/-0.6)%. The yield of O(°P) from O(*D) + H.0 is reported to be less than
(4.9 £ 3.2)% by Wine and Ravishankara, (2 + 1)% by Takahashi et al.,** and <0.3% by Carl.? The
recommended yield of OH in this reaction is 2.0. To calculate the rates of OH production via O(*D) reactions
in the atmosphere, the quantities of interest are the ratios of the rate coefficients for the reaction of O(*D) with
H,0 to those with N, and O,. Ratio data are given in the original references for this reaction.
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O(*D) + N2. The rate coefficient recommendation for this reaction is taken from Ravishankara et al.,* which
included the results from Strekowski et al.,® Blitz et al.,* and Dunlea and Ravishankara® in their analysis. The
more recent results from Takahashi et al.® and Dillon et al.? are in agreement with the recommendation.
Strekowski et al. reported the rate coefficient for O(*D) removal by air and their results are in excellent
agreement with the value derived using the current recommendation for O(*D) removal by N, and O,. The
reaction leads to 100% quenching of O(*D) to O(®P) with no significant reactive channels (see Table 2).
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(4) Ravishankara, A. R.; Dunlea, E. J.; Blitz, M. A.; Dillon, T. J.; Heard, D. E.; Pilling, M. J.; Strekowski,
R. S.; Nicovich, J. M.; Wine, P. H. Redetemination of the rate coefficient for the reaction of O(*D) with
N2. Geophys. Res. Lett. 2002, 29, 1745, doi:10.1029/2002GL014850.

(5) Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Temperature-dependent kinetics study of the reactions
of O(*D2) with Nz and Oz. Phys. Chem. Chem. Phys. 2004, 6, 2145-2151, doi:10.1039/b400243a.

(6) Takahashi, K.; Takeuchi, Y.; Matsumi, Y. Rate constants of the O(*D) reactions with N2, Oz, N0, and
H,0 at 295 K. Chem. Phys. Lett. 2005, 410, 196-200, doi:10.1016/j.cplett.2005.05.062.

O(*D) + N20O. This reaction has two reactive channels, one producing 2NO and the other producing N2 + O,.
For atmospheric calculations of NOx production, the rate coefficient for the channel that produces NO is
critical, while the overall rate coefficient is important for deriving the loss rate of N,O. The recommendation
for the overall room temperature rate coefficient for the removal of O(*D) by N,O was derived from a
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weighted average of the results from Davidson et al.,® Amimoto et al.,! Wine and Ravishankara,*® Blitz et al.,
Dunlea and Ravishankara,® Carl,® Takahashi et al.,'! Dillon et al.,” and Vranckx et al.*? The temperature
dependence of the rate coefficient was derived from the results of Davidson et al. (204-359 K), Dunlea and
Ravishankara (220-370 K), and Vranckx et al. (227-715 K); only data at <400 K were considered in the
evaluation, after normalization to the k(298 K) value recommended here for the overall rate coefficient. The
recommended rate coefficients for the N, + Oz and 2NO product channels were evaluated for 298 K, the only
temperature at which such data are available. The branching ratio, R, k(NO + NO)/k(Total) is taken from
Cantrell et al.* who reported R = 0.57 as well as an analysis of all measurements from 1957-1994 that led
them to recommend R = 0.61 + 0.06, where the uncertainty is the 95% confidence interval. Their
recommended branching ratio agrees well with earlier measurements of the quantum yield from N,O
photolysis (Calvert and Pitts®). Dependencies of the branching ratio on O(!D) translational energy and
temperature are at present not clearly resolved. The recommended rate coefficients for the two channels as a
function of temperature were derived assuming that the branching ratio for the two channels is invariant with
temperature.

The yield of O(P) from O(*D) + N,O (physical quenching or chemical reaction) has been determined to be
<0.04, 0.04 +0.02, 0.056 + 0.009, and 0.005 + 0.002 by Wine and Ravishankara,*® Nishida et al.,*® Carl,® and
Vranckx et al.'? at 298 K, respectively. Vranckx et al. report a slight increase in the O(°P) yield with
increasing temperature (248-600 K) and their reported yield supersedes the anomalously high value reported
by Carl® from the same laboratory. A recommended O(®P) yield of <0.01 is based on the Vranckx et al.
study. A direct measurement of the NO yield from the O(*D) + N2O reaction in synthetic air by Greenblatt
and Ravishankara® and the re-analysis by Dunlea and Ravishankara® agrees very well with the value predicted
using the recommended O(*D) rate coefficients for N2, O,, and N0 and the O(*D) + N.O product branching
ratio to give NO + NO. Better reactive channel branching ratio measurements at stratospheric temperatures
and/or measurements of the NO yield in this reaction as a function of temperature below 298 K would be
useful.
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O(*D) + NHs. The recommended rate coefficient and temperature dependence is taken from Davidson et al.*
Sanders et al.? have detected the products NH(a'A) and OH formed in the reaction. They report that the yield
of NH(a'A) is in the range 3-15% of the amount of the OH detected. A unit reaction yield is recommended.
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Further studies are needed to quantify the reaction channel branching ratios.
(Table: 82-57, Note: 15-10, Evaluated: 10-6) Back to Table
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Chem. Phys. 1977, 67, 5021-5025, d0i:10.1063/1.434724.

(2) Sanders, N. D.; Butler, J. E.; McDonald, J. R. Product branching ratios in the reaction of O(*D,) with
NHs. J. Chem. Phys. 1980, 73, 5381-5383, d0i:10.1063/1.439927.

O(*D) + HCN. Strekowski et al.> measured the total rate coefficient over the temperature range 211 to 425
K. Their results, the only study available, are recommended. There are several possible exothermic product
channel pathways. Strekowski et al. report a O(°P) yield at 298 K to be ~0.3 and observed the O(°P) yield to
have a negative temperature dependence. A significant H atom product channel, ~0.35, was determined at
298 K. The recommended reactive yield was taken from this work.

(New Entry) Back to Table

(1) Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Kinetic and mechanistic study of the reactions of O(*D5)
with HCN and CHsCN. ChemPhysChem 2010, 11, 3942-3955, doi:10.1002/cphc.201000550.

O(*D) + CHsCN. Strekowski et al.! measured the total rate coefficient over the temperature range 193 to 430
K. Their results, the only study available, are recommended. There are several possible exothermic product
channel pathways. Strekowski et al. report a minor O(®P) collisional quenching yield over the entire
temperature range. A H atom yield of 0.16 + 0.03 at 298 K was reported. The recommended reactive yield
was taken from this work.
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(1) Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Kinetic and mechanistic study of the reactions of O(*D5)
with HCN and CHsCN. ChemPhysChem 2010, 11, 3942-3955, doi:10.1002/cphc.201000550.

O(*D) + CO2. k(298 K) was derived from the studies of Davidson et al.,* Streit et al.,° Amimoto et al.,*
Dunlea and Ravishankara,® Shi and Barker,® and Blitz et al.> Temperature dependence was computed after
normalizing the results of Dunlea and Ravishankara and Streit et al. (only the data in the range of 200 to 354
K) to the value of k(298 K) recommended here. The rate coefficient at 195 K reported by Blitz et al. is
consistent with the recommendation.

This reaction produces O(°P) and CO», and is expected to proceed through the formation of a CO3 complex
(see for example DeMore and Dede*). This complex formation leads to isotopic scrambling (see for example
Perri et al.%). There appears to be a small, but non-negligible, channel for O(*D) quenching. A reactive
channel to give CO and O, has been reported,” but needs better quantification. A quenching yield of unity is
recommended.
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(8)  Shi, J.; Barker, J. R. Kinetic studies of the deactivation of O2(*Z4") and O(*D). Int. J. Chem. Kinet. 1990,
20, 1283-1301.

(9) Streit, G. E.; Howard, C. J.; Schmeltekopf, A. L.; Davidson, J. A.; Schiff, H. |. Temperature dependence
of O(*D) rate constants for reactions with O, N2, CO,, O3, and H20. J. Chem. Phys. 1976, 65, 4761-
4764, doi:10.1063/1.432930.

O(*D) + CHa. The recommended overall rate coefficient for the removal of O(*D) by CH4 at room
temperature is a weighted average of the results from Davidson et al.,* Blitz et al.,* Dillon et al.,> and Vranckx
etal.)! The temperature dependence of the rate coefficient was derived from the results of Davidson et al.
(198-357 K), Dillon et al. (223-297 K), and Vranckx et al. (227-450 K) The recommended rate coefficients
for the product channels (a) CHs + OH, (b) CHsO or CH,OH + H and (c) CH,O + H; were evaluated for 298
K, the only temperature at which such data are available. Lin and DeMore® analyzed the final products of
N2O/CH, photolysis mixtures and concluded that (a) accounted for about 90% and (c) accounted for about
9%. Casavecchia et al.? used a molecular beam experiment to observe H and CHzO (or CH,OH) products.
They reported that the yield of H, was <25% of the yield of H from channel (b). Satyapal et al.® observed the
production of H atoms in a pulsed laser experiment and reported an H atom yield of 25 + 8%. Matsumi et al.®
reported the H atom yield in low pressure gas mixtures to be (15 + 3)%. Chen et al.® used laser infrared
Kinetic spectroscopy to study product formation and report yields of (67 + 5)%, (30 £ 10)%, and 5% for
channels a, b, and c, respectively. The yield of O(®P) via the physical quenching of O(*D) by CH4 has been
reported by several groups. Wine and Ravishankara,'> Matsumi et al.,” and Takahashi et al.1° reported O(°P)
yields of <4.3%, <5%, and <1%, respectively. Vranckx et al.}* reported the most sensitive O(*P) yield
measurement to date and obtained a yield of 0.002 + 0.003. We recommend the following branching ratios
(@) (75 £ 15)%, (b) (20 + 10)%, (c) (5 + 5)%, and no O(*D) collisional quenching . It is assumed that the
branching ratio for the three reactive channels is invariant with temperature.
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O(*D) + HCI. The recommended room temperature rate coefficient is based on the measurements of
Davidson et al.,® Wine et al.,® and Chichinin.! The temperature dependence is based on the measurements of
Davidson et al. Product studies by Wine et al. indicate: O(*P) + HCI (9 + 5)%; H + CIO (24 + 5)%; and OH +
Cl (67 + 10)%. Takahashi et al.* report that the O(°P) yield is (15 + 4)%. Chichinin? report the H + CIO
channel to be (18 + 4)%. The recommended total reactive yield is based on an average of the Wine et al. and
Takahashi et al. results with an estimated uncertainty that encompasses the range of the measurements at the
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2c level. The H + CIO channel branching ratio is the average of the Wine et al. and Chichinin results with
the balance of the reactive channel leading to the formation of Cl + OH.
(Table: 06-2, Note: 15-10, Evaluated: 10-6) Back to Table
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O(*D) + HF. The recommended values of k(298 K) and the reactive yield are those reported by Sorokin et
al.,! the only study available. It is assumed that the rate coefficient and product yields are independent of
temperature. The reactive products of this reaction are F + OH. The channel to give H + FO is endothermic
and, hence, considered to be unimportant.
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O(*D) + NFs. The recommended value for k(298 K) is based on the results of Zhao et al.,* Dillon et al.,? and
the value reported by Baasandorj et al.! at 296 K. The k(298 K) value reported by Sorokin et al.? is a factor of
two lower and not considered in the recommendation. The recommended Arrhenius parameters are derived
from a fit to these data after normalization to k(298 K). Sorokin et al., Zhao et al., and Baasandorj et al.
report reactive yields of 0.70, >0.95, and 0.87 +0.13/-0.15, respectively. The recommended reactive yield is
an average of the values reported by Zhao et al. and Baasandorj et al. The reactive yield is expected to be
independent of temperature. Sorokin et al. observed a high FO radical reaction product yield. Dillon et al.
observed a high F-atom yield and attribute the FO formation in the Sorokin et al. study to secondary
chemistry. No recommendation is given for the reaction products.
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the potent greenhouse gas NF3 by reactions with the atmospheric oxidants O(*D), OH and Os. Phys.
Chem. Chem. Phys. 2011, 13, 18600-18608, doi:101039/c1cp22230a.
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O(*D) + HBr. The recommended rate coefficient at 298 K was taken from Wine et al.> There are no reports
on the temperature dependence of this rate coefficient. Because it is close to a collisional rate coefficient, the
rate coefficient is assumed to be temperature independent. On the basis of O(°P) and H(?S) atom detection,
Wine et al. reported physical quenching, HBr + O(®P), in this reaction to be (20 * 7)%, which is
recommended here assuming that no reactive quenching occurs, and the H + BrO reactive product channel to
be <4.5%. In a crossed molecular beam study of this reaction, Balucani et al. found the BrO vyield to be >(14
+6)%. Using transient UV absorption spectroscopy, Cronkhite et al.? found the BrO yield to be (20 + 4)%,
which is recommended here. The balance of the reaction leads to the formation of Br + OH products.
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reaction of O(*D) with HBr studied by crossed molecular beams and time-resolved Fourier transform
spectroscopy. Can. J. Chem. 1994, 72, 888-902.

(2) Cronkhite, J. M.; Wine, P. H. Branching ratios for BrO production from reactions of O(*D) with HBr,
CF3Br, CH3Br, CF:CIBr, and CFzHBr. Int. J. Chem. Kinet. 1998, 30, 555-563.

(3) Wine, P. H.; Wells, J. R.; Ravishankara, A. R. Channel specific rate constants for reactions of O(:D)
with HCI and HBr. J. Chem. Phys. 1986, 84, 1349-1354, doi:10.1063/1.450526.

O(*D) + Clz2. The recommended k(298 K) is based on the studies of Wine et al.5 and Sorokin et al.* There
are no reports on the temperature dependence of this rate coefficient. The rate coefficient is assumed to be
temperature independent because k(298 K) is close to a collisional rate coefficient. Wine et al. report a O(?P)
yield of 0.25 + 0.10. The CI atom measurements of Chichinin? are consistent with a ClO + Cl yield of 0.7.
These values are in excellent agreement with the directly measured CIO yield of 74 + 15% by Takahashi et
al.5and 77 + 10% by Feierabend et al.> Feierabend et al. also reported no measurable (<10%) change in the
CIO radical yield at 202 K. An indirect study by Freudenstein and Biedenkapp? is in reasonable agreement
with the yield of CIO. Though energetically allowed, the formation of Cl,0 is expected to be negligible
under atmospheric pressure and temperature conditions. On the basis of the Wine et al., Takahashi et al. and
Feierabend et al. studies the recommended total reactive and Cl + CIO channel yield is 0.75 + 0.07,
independent of temperature.
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doi:10.1021/jp10776lt.
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Deactivation and reaction. J. Chem. Phys. 1998, 108, 8995-9003.

(5) Takahashi, K.; Wada, R.; Matsumi, Y.; Kawasaki, M. Product branching ratios for O(°P) atom and CIO
radical formation in the reactions of O(*D) with chlorinated compounds. J. Phys. Chem. 1996, 100,
10145-10149.

(6) Wine, P. H.; Nicovich, J. M.; Ravishankara, A. R. Kinetics of the reactions of O(®P) and O(*D) with
Cl,. J. Phys. Chem. 1985, 89, 3914-3918.

O(*D) + CCI20. The recommended value of k(298 K) is derived from the values reported by Chichinin? and
Strekowski et al.® The relative rate study of Jayanty et al.? is consistent with the recommended value. The
temperature dependence is taken from Strekowski et al. There are three possible reactive channels: CO +
CIO + CI; CO2 + 2 CI; CO; + Cl. In the stratosphere, all these processes will lead to CO- and CIO.
Chichinin reports that the above 3 reactions account for (80 + 15)% of O(*D) loss with 20% leading to O(®P).
Strekowski et al. report a O(°P) yield of 0.20 + 0.04, which is the basis of the recommendation. The rate
coefficient for the loss of CCI,O via reaction with O(*D) may be greater than 80% of the overall rate
coefficient recommended here due to reactive quenching of O(*D) to O(¢P).
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(2) Jayanty, R. K. M.; Simonaitis, R.; Heicklen, J. The reaction of O(*D) with CCI,0, CFCIO and CF,0. J.
Photochem. 1976, 5, 217-224.

(3) Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Quenching of O(*D;) by CI,CO: kinetics and O(®P;)
yield. Chem. Phys. Lett. 2000, 330, 354-360.

O(*D) + CCIFO. The recommended rate coefficient is derived from data of Fletcher and Husain.® For
consistency, the recommended value was derived using a scaling factor (0.5) that corrects for the difference
between rate coefficients from the Husain laboratory and the recommendations for other O(*D) rate
coefficients given in this evaluation. Based on consideration of similar O(*D) reactions, it is assumed that
E/R equals zero and the A-factor has been set equal to k(298 K). The branching ratios are estimated based on
measured values for similar compounds.
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(1) Fletcher, I. S.; Husain, D. The collisional quenching of O(2'D,) by COCI,, COFCI and COF; using
atomic absorption spectroscopy in the vacuum ultraviolet. J. Photochem. 1978, 8, 355-361.

O(*D) + CF20. The recommendation is from the data of Wine and Ravishankara.* Their result is preferred
over the value of Fletcher and Husain? because it appears to follow the pattern of decreased reactivity with
increased fluorine substitution observed for other halocarbons. This reaction has only been studied at 298 K.
Based on consideration of similar O(*D) reactions, it is assumed that E/R equals zero and the A-factor has
been set equal to k(298 K). Wine and Ravishankara report (71 + 7)% quenching of O(*D) to O(°P). Using
relative rate methods, Atkinson et al.* and Jayanty et al.® measured reactive yields of 0.5 + 0.15 and 0.70,
respectively. The recommended reactive yield is an average of these studies.
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Lett. 1983, 96, 129-132.

O(*D) + CHsCI. The k(298 K) recommendation is an average of the values reported by Matsumi et al. and
Force and Wiesenfeld.? There are no reports on the temperature dependence of this rate coefficient and it is
assumed to be temperature independent. There have been several product channels observed for this reaction.
Matsumi et al. observed the formation of H and Cl atoms with a 0.27 ratio. Force and Wiesenfeld reported an
O(3P) yield of 0.09, which is the basis for the total reactive yield recommendation. Takahashi et al.* and
Feierabend et al.! have reported CIO radical yields that are in excellent agreement, (0.47 + 0.10) and (0.46 +
0.06), respectively, which is recommended. The recommended product branching ratios for the H and Cl
atom channels accounts for the remaining product yield in the ratio reported by Matsumi et al.
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O(*D) + CCla. The recommended k(298 K) value is based on the data from Davidson et al.* and Force and
Wiesenfeld.® The temperature independence of the rate coefficient is taken from Davidson et al. Force and
Wiesenfeld reported this reaction to be (14 + 6)% collisional quenching. Takahashi et al.* and Feierabend et
al.? report CIO radical yields of (90 + 19)% and (79 + 4)%, respectively. The recommended value is taken
from the more precise Feierabend et al. study. Additional product channels may also be possible.
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(4) Takahashi, K.; Wada, R.; Matsumi, Y.; Kawasaki, M. Product branching ratios for O(°P) atom and CIO
radical formation in the reactions of O(*D) with chlorinated compounds. J. Phys. Chem. 1996, 100,
10145-10149.

O(*D) + CHsCCls. Nilsson et al.! reported a room temperature reactive rate coefficient of (2.93 £ 1.2) x
102 cm® molecule™ s (1o error limit) that was obtained using a relative rate method with CH, as the
reference compound. The recommended total rate coefficient was calculated assuming a 0.9 reactive yield.
(New Entry) Back to Table

(1) Nilsson, E. J. K.; Andersen, V. F.; Nielsen, O. J.; Johnson, M. S. Rate coefficients for the chemical
reactions of CH,F,, CHCIF,, CH,FCF3 and CH3CCl; with O(*D) at 298 K. Chem. Phys. Lett. 2012, 554,
27-32, doi:10.1016/j.cplett.2012.10.001.

O(*D) + CHsBr. The recommended rate coefficient at 298 K was taken from Thompson and Ravishankara.?
There are no reports on the temperature dependence of this rate coefficient and it is assumed to be
temperature independent. Thompson and Ravishankara report that the yield of O(®P) from physical
quenching is (0 = 7)%. On the basis of this single study, a unit reactive yield is recommended. Using
transient UV absorption spectroscopy, Cronkhite et al.! measured the BrO yield to be (44 + 5)%. The balance
of the reaction is expected to lead to OH radical formation, although no experimental data are currently
available.
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(2) Thompson, J. E.; Ravishankara, A. R. Kinetics of O(*D) reactions with bromocarbons. Int. J. Chem.
Kinet. 1993, 25, 479-487.

O(*D) + CH2Br2. The recommendation for k(298 K) is based on data from Thompson and Ravishankara,*
the only study available. There are no reports on the temperature dependence of this rate coefficient and it is
assumed to be temperature independent. They report that the yield of O(®P) from physical quenching is (5 +
7)%. On the basis of this work, a reactive yield of 0.95 %%%° is recommended. There are no product studies
available, although the major channels are expected to lead to BrO and OH radical formation.
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O(*D) + CHBrs. The recommendation for k(298 K) is based on data from Thompson and Ravishankara,* the
only study available. The rate coefficient is large compared to analogous compounds. There are no reports
on the temperature dependence of this rate coefficient and it is assumed to be temperature independent. They
report that the yield of O(®P) from physical quenching is (32 + 8)%. A reactive yield of 0.70 0.1 is
recommended. There are no product studies available, although the formation of BrO is expected to be a
major product channel.
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O('D) + CHsF (HFC-41). The k(298 K) recommendation is the average of the measurements of Force and
Wiesenfeld? and Schmoltner et al.* There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. The O(®P) product yield was reported to be (25
+ 3)% by Force and Wiesenfeld, (11 + 5)% by Schmoltner et al., and (19 + 5)% by Takahashi et al.> The
recommended branching ratio is an average of these studies, with an uncertainty that encompasses the mean
value from all studies at the 2c level. Burks and Lin? reported observing vibrationally excited HF as a
product. Park and Wiesenfeld® observed the formation of OH (X[, v’ = 0, 1) in this reaction.
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O(*D) and their atmospheric lifetimes. J. Phys. Chem. 1993, 97, 8976-8982.
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10145-10149.

O(*D) + CH2F2 (HFC-32). The k(298 K) recommendation is based on the measurement of Schmoltner et
al.,* the only total rate coefficient study available. Using a relative rate technique, Green and Wayne?
measured the loss of CH,F; relative to the loss of N,O. Their value when combined with the current
recommendation for the O(*D) + N,O reaction yields a rate coefficient for reactive loss of CH,F; that is about
three times the result of Schmoltner et al. Nilsson et al.® reported a 298 K reactive rate coefficient of (4.78 +
1.02) x 107! cm® molecule® s in a relative rate experiment with the O(*D) + CHj reaction as the reference.
This corresponds to a reactive yield of 0.94 using the current total rate coefficient recommendation.
Schmoltner et al. reported an O(®P) yield of (70 + 11)%, which provides the basis of the reaction yield
recommendation, assuming that it is due entirely to physical quenching. Burks and Lin* reported observing
vibrationally excited HF as a product.
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S. A.; Ravishankara, A. R. Rate coefficients for reactions of several hydrofluorocarbons with OH and
O(*D) and their atmospheric lifetimes. J. Phys. Chem. 1993, 97, 8976-8982.

O(*D) + CHF3 (HFC-23). k(298 K) was measured by Force and Wiesenfeld® and Schmoltner et al.,® while
Baasandorj et al.2® measured the rate coefficient at 298 K and over the temperature range 217-373 K. The
results from these studies are in good agreement and the results from the Baasandorj et al. study are
recommended. The O(®P) product yield was reported to be (77 + 15)% by Force and Wiesenfeld and (102 +
3%) by Schmoltner et al. Using a relative rate technique, Baasandorj et al.>® measured the reactive rate
coefficient (relative to the O(*D) + NF3 reaction) at room temperature. They obtained a reactive yield of 0.25
+ 0.05, using the current k(298 K) recommendation for the HFC-23 reaction. This result is in good
agreement with the Force and Wiesenfeld result. The reaction yield recommendation is based on the more
precise Baasandorj et al. studies. There is no apparent explanation for the high quenching yield reported in
the Schmoltner et al. study. Although physical quenching is the dominant process, detectable yields of
vibrationally excited HF have been reported by Burks and Lin* and Aker et al.,* which indicate the formation
of HF + CF,0 products.

(Table: 15-10, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Aker, P. M.; Niefer, B. I.; Sloan, J. J.; Heydtmann, H. The dynamics and microscopic kinetics of the
reactions of O(*D-) atoms with CHCIz and CHFs. J. Chem. Phys. 1987, 87, 203-209.

(2) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

(3) Baasandorj, M.; Hall, B. D.; Burkholder, J. B. Rate coefficients for the reaction of O(*D) with the
atmospherically long-lived greenhouse gases NFs, SFsCFs, CHF3, CaFg, €-CaFs, N-CsF12, and n-CeFia.
Atmos. Chem. Phys. 2012, 12, 11753-11764, doi:10.5194/acp-12-11753-2012.

(4) Burks, T. L.; Lin, M. C. The dynamics of formation of vibrationally excited HF in reactions of O(2'D,)
atoms with partially fluorinated alkanes. Int. J. Chem. Kinet. 1981, 13, 977-999.

(5) Force, A. P.; Wiesenfeld, J. R. Collisional deactivation of O(*D,) by the halomethanes. Direct
determination of reaction efficiency. J. Phys. Chem. 1981, 85, 782-785.

1-26



A31.

A32.

(6) Schmoltner, A. M.; Talukdar, R. K.; Warren, R. F.; Mellouki, A.; Goldfarb, L.; Gierczak, T.; McKeen,
S. A.; Ravishankara, A. R. Rate coefficients for reactions of several hydrofluorocarbons with OH and
O(*D) and their atmospheric lifetimes. J. Phys. Chem. 1993, 97, 8976-8982.

O(*D) + CHCIzF (HCFC-21). The recommendation is based on the total rate coefficient measurements of
Davidson et al.! over the temperature range 188-343 K. Takahashi et al.® and Feierabend et al.2 report the
yield of CIO to be (74 £ 15)% and (73 £ 5)%, respectively. These studies are in excellent agreement and
provide the recommendation for the CIO product channel branching ratio. It is expected that the OH radical,
or other products, may also be formed in this reaction. An OH channel yield based on comparison with other
HCFCs is estimated to be ~0.06.
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O(*D) + CHCIF, (HCFC-22). The rate coefficient recommendation is based on the measurements of
Davidson et al.,* Warren et al.® and Baasandorj et al.® Davidson et al. (173-343 K) and Baasandorj et al.
(217-373 K) determined that the rate coefficient has no temperature dependence between 173 and 343 K.
Warren et al.® report an O(®P) yield of (28 + 6)%, which they interpret to be due to collisional quenching of
O(*D) to O(°P). Using a relative rate technique, Baasandorj et al. measured the reactive rate coefficient
(relative to the O(*D) + NF; reaction) at room temperature. They obtained a reaction yield of 0.75 + 0.05,
using the current k(298 K) recommendation for the NF; and HCFC-22 reactions, which is in good agreement
with the Warren et al. result. A relative rate measurement by Green and Wayne,® with O(*D) + N»O as the
reference reaction, is ~25% higher than the recommended k(298 K) value. A relative rate measurement by
Atkinson et al.? gives a rate coefficient about a factor of two too high. A relative rate measurement by
Nilsson et al.,” with O(*D) + CH, as the reference reaction, reported a reactive rate coefficient of (8.69 +
1.72) x 107** cm® molecule* st corresponding to a reactive yield of 0.85 + 0.17 using the current total rate
coefficient recommendation. The recommended total reactive yield of 0.75 is taken from the more precise
Baasandorj et al. study.

This reaction has been shown to have multiple product channels. Addison et al.! reported the following
product yields: CIO (55 + 10)%, CF (45 + 10)%, O(°P) (28 +10/ —15)%, and OH 5%, where the O(°P) was
interpreted to come from a branch yielding CF, and HCI. Feierabend et al.® reported a CIO radical yield of
0.56 £ 0.03, which agrees very well with the Addison et al. measurement and is the basis of the
recommendation. An OH product channel yield of 0.05 is recommended and the balance of the reactive yield
is assigned to other products.
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doi:10.1021/jp10776lt.
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(7) Nilsson, E. J. K.; Andersen, V. F.; Nielsen, O. J.; Johnson, M. S. Rate coefficients for the chemical
reactions of CHzF2, CHCIF,, CH,FCF3 and CH3CCl; with O(*D) at 298 K. Chem. Phys. Lett. 2012, 554,
27-32, doi:10.1016/j.cplett.2012.10.001.

(8) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-409.

O(*D) + CHF2Br. The recommended rate coefficient at room temperature and its temperature dependence
are based on the study of Strekowski et al.? (211-425 K), which is the only available investigation of this
reaction. They report a branching ratio for O(°P) production of (39 + 6)% independent of temperature and a
branching ratio for H atom production of 271% at 298 K. Cronkhite et al.* report a BrO yield of (39 + 7)% at
room temperature. The recommended reactive yield is 0.60 with a significant yield, ~0.2, of unidentified
reaction products.

(Table: 06-2, Note: 15-10, Evaluated: 10-6) Back to Table

(1)  Cronkhite, J. M.; Wine, P. H. Branching ratios for BrO production from reactions of O(*D) with HBr,
CF3Br, CH3Br, CF,CIBr, and CF,HBr. Int. J. Chem. Kinet. 1998, 30, 555-563.

(2) Strekowski, R. S.; Nicovich, J. M.; Wine, P. H. Kinetic and mechanistic study of the reaction of O(*D)
with CF;HBr. Int. J. Chem. Kinet. 2001, 33, 262-270.

O(*D) + CCIsF (CFC-11). The recommended rate coefficient is based on the data from Davidson et al.?
(173-343 K), Force et al.* (298 K), and Baasandorj et al.! (217-373 K), which are in good agreement and
show the reaction to be independent of temperature between 173 and 373 K. Force and Wiesenfeld* reported
this reaction to be (12 + 4)% quenching of O(*D) to O(°P). Using a relative rate technique, Baasandorj et al.
measured the reactive rate coefficient (relative to the O(*D) + N2O reaction) at room temperature and 240 K
(no temperature dependence was observed). They obtained a reactive yield of 0.90 + 0.07, using the current
k(298 K) recommendation for the N2O and their measured total rate coefficient, which is recommended here.

Takahashi et al.> and Feierabend et al.® report CIO vyields of (88 + 18)% and (79 + 4)%, respectively, in good
agreement with the results from the Force and Wiesenfeld and Baasandorj et al. studies. The more precise
Feierabend et al. yield is recommended. On the basis of these recommendations, a ~10% yield of
unidentified reaction products is possible.

(Table: 15-10, Note: 15-10, Evaluated: 15-10) Back to Table
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(5) Takahashi, K.; Wada, R.; Matsumi, Y.; Kawasaki, M. Product branching ratios for O(*P) atom and CIO
radical formation in the reactions of O(*D) with chlorinated compounds. J. Phys. Chem. 1996, 100,
10145-10149.

O(*D) + CClz2F2 (CFC-12). The recommended rate coefficient is based on the data from Davidson et al.?
(173-343 K), Force et al.* (298 K), and Baasandorj et al. (217-373 K), which are in good agreement and
show the reaction to have a weak negative temperature dependence between 173 and 373 K.

Force and Wiesenfeld* report this reaction to be (14 + 7)% quenching, which is assumed here to be due to
physical quenching and is the basis for the recommendation. Takahashi et al.® report a ClO yield of (87 +
18)% in good agreement with the Force and Wiesenfeld study. Takahashi et al.® and Feierabend et al.® report
a ClO vyields of (87 + 18)% and (76 + 6)%, respectively. The more precise Feierabend et al. yield is
recommended. On the basis of the recommendations, there may be ~10% yield of unidentified reaction
products.

(Table: 15-10, Note: 15-10, Evaluated: 15-10) Back to Table
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radical formation in the reactions of O(*D) with chlorinated compounds. J. Phys. Chem. 1996, 100,
10145-10149.

O(*D) + CCIF3 (CFC-13). The rate coefficient recommendation is based on the room temperature
measurement by Ravishankara et al.> There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. Ravishankara et al. report (31 £ 10)% collisional
quenching of O(*D) to O(°P). Takahashi et al.? report yields of O(°P) (16 + 5)% and CIO (85 + 18)%.
Feierabend et al.! report a ClO radical yield of (82 + 6)%, which is in good agreement with the Takahashi et
al. work. The more precise Feierabend et al. ClO product channel yield is recommended for the reactive
yield with the balance of the reaction yield assigned to physical quenching. The recommended quenching
yield is less than the Ravishankara et al. value, but near to their estimated uncertainty limits.

(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table
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radical formation in the reactions of O(*D) with chlorinated compounds. J. Phys. Chem. 1996, 100,
10145-10149.

O(*D) + 1,2-c-C4Cl2Fs (E,Z). Papdimitriou et al.! measured the total and reactive rate coefficients at 296 K
for a 0.475:0.525 (E,Z) isomeric mixture. It is assumed that the isomers have equivalent reactivity and their
results, the only study available, are recommended. The reactive rate coefficient was measured relative to the
N20 and CCI,F, (CFC-12) reactions and the obtained rate coefficients agreed to within 10% using the current
recommendations for the reference reactions. Consistent with the measured reactive yield and the observed
trend for other CFCs, it is expected that the reaction is ~15% physical quenching. CF,0 and c-C4Fs products
were observed, although not quantified.

(New Entry) Back to Table

(1) Papadimitriou, V. C.; McGillen, M. R.; Smith, S. C.; Jubb, A. M.; Portmann, R. W.; Hall, B. D.;
Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. 1,2-Dichlorohexafluoro-cyclobutane (1,2-c-C4F¢Cla,
R-316c¢) a potent ozone depleting substance and greenhouse gas: Atmospheric loss processes, lifetimes,
and ozone depletion and global warming potentials for the (E) and (Z) stereoisomers. J. Phys. Chem. A
2013, 117, 11049-11065, doi:10.1021/jp407823k.

O(*D) + CCIBrF; (Halon-1211). The recommended rate coefficient at room temperature, k(298 K), is based
on the data from Thompson and Ravishankara,? the only study available. There are no reports on the
temperature dependence of this rate coefficient and it is assumed to be temperature independent. Thompson
and Ravishankara report a O(®P) yield of 0.36 + 0.04. On the basis of this work a total reactive yield of 0.65
is recommended. Cronkhite et al. report a BrO yield of 0.31 + 0.06 at room temperature. On the basis of
these studies, a ~0.34 yield of yet unidentified reaction products is possible.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table
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O(*D) + CBr2F2 (Halon-1202). The k(298 K) recommendation is based on data from Thompson and
Ravishankara,' the only study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. Thompson and Ravishankara report a O(°P)
yield of 0.54 + 0.06. Assuming this to be physical quenching, a reactive yield of 0.45 is recommended.
(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Thompson, J. E.; Ravishankara, A. R. Kinetics of O(*D) reactions with bromocarbons. Int. J. Chem.
Kinet. 1993, 25, 479-487.

O(*D) + CBrFz (Halon-1301). The recommended rate coefficient at room temperature is based on data from
Thompson and Ravishankara,® the only study available. There are no reports on the temperature dependence
of this rate coefficient and it is assumed to be temperature independent. Thompson and Ravishankara report a
O(3P) yield of 0.59 + 0.08. Lorenzen-Schmidt et al.? measured the CBrF; removal rate relative to N>O and
report that the rate coefficient for CBrFs loss in this reaction is (4.0 = 0.4) x 107! cm® molecule s%, which is
in excellent agreement with the results of Thompson and Ravishankara. Cronkhite et al.! report a BrO yield
of 0.49 £ 0.07 at room temperature, which is greater than the inferred reactive yield from Thompson and
Ravishankara. A reactive yield and BrO yield of 0.45 + 0.08 is recommended, where the uncertainty limits
encompass the results from the Cronkhite et al. and Thompson and Ravishankara studies.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table
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Chem. 1994, 98, 1622-1629.

(3) Thompson, J. E.; Ravishankara, A. R. Kinetics of O(*D) reactions with bromocarbons. Int. J. Chem.
Kinet. 1993, 25, 479-487.

O(*D) + CF4 (CFC-14). The recommended rate coefficient upper limit is based on the work of Ravishankara
et al.,2 who report a (92 + 8)% O(®P) yield. Force and Wiesenfeld! measured a quenching rate coefficient
about 10 times larger. Shi and Barker? report an upper limit that is consistent with the recommendation. The
small rate coefficient for this reaction makes it vulnerable to interference from reactant impurities. For this
reason only an upper limit for the total rate coefficient is recommended with no reactive yield
recommendation.

(Table: 92-20, Note: 10-6, Evaluated: 10-6) Back to Table

(1) Force, A. P.; Wiesenfeld, J. R. Collisional deactivation of O(*D,) by the halomethanes. Direct
determination of reaction efficiency. J. Phys. Chem. 1981, 85, 782-785.
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(3)  Shi, J.; Barker, J. R. Kinetic studies of the deactivation of O,(*Z4*) and O(*D). Int. J. Chem. Kinet. 1990,
20, 1283-1301.

O(*D) + CHsCH:F (HFC-161). The k(298 K) recommendation is based on the data from Schmoltner et al.,*
the only study available. There are no reports on the temperature dependence of this rate coefficient and it is
assumed to be temperature independent. They report that the yield of O(°P) to be 0.18 + 0.05. A reactive
yield of 0.82 is recommended. Although no product studies are available, the OH radical is expected to be a
major reaction product.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Schmoltner, A. M.; Talukdar, R. K.; Warren, R. F.; Mellouki, A.; Goldfarb, L.; Gierczak, T.; McKeen,
S. A.; Ravishankara, A. R. Rate coefficients for reactions of several hydrofluorocarbons with OH and
O(*D) and their atmospheric lifetimes. J. Phys. Chem. 1993, 97, 8976-8982.

O(*D) + CHsCHF2 (HFC-152a). The recommended rate coefficient at room temperature is an average of the
data from Warren et al.? and Kono and Matsumi,* which agree to within 25%. There are no reports on the
temperature dependence of this rate coefficient and it is assumed to be temperature independent. Warren et
al. report an O(®P) yield of 0.54 + 0.07. Kono and Matsumi report an O(®P) yield of 0.34 + 0.06, an OH yield
of 0.15 + 0.02, and that a large fraction of the reaction, ~0.50, leads to unidentified products. There isa
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significant discrepancy in the reactive yield between these two studies. The recommended physical
quenching yield is an average of the Warren et al. and Kono and Matsumi results, 0.45 + 0.15, where the
uncertainty limit encompasses the results from both studies. The OH yield from the Kono and Matsumi study
is recommended with the balance of the reactive yield assigned to unidentified products.

(Table: 10-6, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Kono, M.; Matsumi, Y. Reaction processes of O(*D) with fluoroethane compounds. J. Phys. Chem. A
2001, 105, 65-69, doi: 10.1021/jp001786q S1089-5639(00)01786-2.

(2) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-409.

O(*D) + CHsCCI2F (HCFC-141b). The k(298 K) recommendation is based upon the measurement of
Warren et al.,! the only study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. Warren et al. report an O(°P) yield of 0.31 +
0.05, which assuming physical quenching is the basis for the recommendation. CIO and OH radical reaction
product channels are expected to be significant, although no product studies are currently available.

(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-4009.

O(*D) + CHsCCIF2 (HCFC-142b). Warren et al.® (298 K) and Baasandorj et al.! (217-373 K) measured the
total rate coefficient for this reaction. The room temperature results from these studies are in reasonable
agreement, to within 15%, and the average value from these studies is recommended. Baasandorj et al.
reported the reaction to be temperature independent over the 217 to 373 K range.

Warren et al. report an O(P) yield of 0.26 + 0.05. Green and Wayne,? who measured the loss of CHzCF.Cl
relative to the loss of N,O, obtained a reactive yield of 0.75 + 0.2 when the current recommendation for
O(*D) + N,O is used. Using a relative rate technique, Baasandorj et al. measured the reactive rate coefficient
(relative to the O(*D) + HCFC-22 and CFC-115 reactions) at room temperature to be (1.11 + 0.03) x 107!
cm® molecule s*. This corresponds to a reactive yield of 0.55 + 0.05 using the current total rate coefficient
recommendations. This is significantly less than reported by Warren et al. The recommended reactive yield
is an average of the Warren et al. and Baasandorj et al. results, where the uncertainty limit encompasses the
results from both studies.

(Table: 15-10, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

(2) Green, R. G.; Wayne, R. P. Relative rate constants for the reactions of O(*D) atoms with
fluorochlorocarbons and with N2O. J. Photochem. 1976/77, 6, 371-374.

(3) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(!D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-409.

O(*D) + CHsCF3 (HFC-143a). Kono and Matsumi® (298 K) and Baasandorj et al.! (217-373 K) have
measured the total rate coefficient for this reaction. The room temperature results from these studies are in
poor agreement with a ~50% difference. Baasandorj et al. reported the reaction to have a weak negative
temperature dependence, E/R =20 K, over the 217 to 373 K temperature range. The recommended k(298
K) is from the average of these two studies and the recommended temperature dependence is taken from
Baasandorj et al.

Kono and Matsumi report an O(P) yield of 0.18 + 0.04, an OH yield of 0.38 + 0.06, and that ~0.40 of the
reaction occurs through unidentified product channels. That is ~0.80 of the reaction leads to loss of CH3CFs.
The relative rate coefficient measurement by Green and Wayne,? who measured the loss of CH3CF; relative
to N2O, is in poor agreement with the results from Kono and Matsumi. Using the current recommendation
for the O(*D) + N,O rate coefficient, the Green and Wayne reaction yield would be 1.05 + 0.20. Using a
relative rate technique, Baasandorj et al. measured the reactive rate coefficient (relative to the O(*D) + NFs;,
HCFC-22, and CFC-115 reactions) at room temperature to be (3.91 + 0.11) x 107** cm® molecule s*. This
corresponds to a reactive yield of 0.65 + 0.05 using the current total rate coefficient recommendations. This
is less than obtained from the Kono and Matsumi O(®P) yield measurement. The recommended total reactive
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yield is taken from Baasandorj et al. due, in part, to the consistency of results obtained with multiple
reference compounds, along with the OH yield from the Kono and Matsumi study.
(Table: 15-10, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

(2) Green, R. G.; Wayne, R. P. Relative rate constants for the reactions of O(*D) atoms with
fluorochlorocarbons and with N2O. J. Photochem. 1976/77, 6, 371-374.

(3) Kono, M.; Matsumi, Y. Reaction processes of O(*D) with fluoroethane compounds. J. Phys. Chem. A
2001, 105, 65-69, doi: 10.1021/jp001786q S1089-5639(00)01786-2.

O(*D) + CH2CICCIF; (HCFC-132b). The recommendation is based on the room temperature relative rate
measurement of Green and Wayne,* the only study available. There are no reports on the temperature
dependence of this rate coefficient and it is assumed to be temperature independent. Green and Wayne
measured the loss of CH,CICF,ClI relative to the loss of N2O. The recommendation for N»O is used to obtain
the recommended value. There are no product studies available for this reaction. On the basis of results
obtained for other halocarbons, a reactive yield of 0.9 is estimated.

(Table: 90-1, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Green, R. G.; Wayne, R. P. Relative rate constants for the reactions of O(*D) atoms with
fluorochlorocarbons and with N2O. J. Photochem. 1976/77, 6, 371-374.

O(*D) + CH2CICF3 (HCFC-133a). The k(298 K) recommendation is based on the room temperature
measurement of Warren et al.,? the only study available. There are no reports on the temperature dependence
of this rate coefficient and it is assumed to be temperature independent. Warren et al. report an O(®P) yield of
0.20 £+ 0.05. Assuming that all O(®P) production is via physical quenching, a reactive yield of 0.80 + 0.05 is
recommended. No product studies are currently available. The results from the Green and Wayne! study,
who measured the loss of CH,CICF; relative to the loss of N,O, agree with the recommendation when the
current recommendation for N»O is used.

(Table: 92-20, Note; 15-10, Evaluated: 10-6) Back to Table

(1) Green, R. G.; Wayne, R. P. Relative rate constants for the reactions of O(*D) atoms with
fluorochlorocarbons and with N2O. J. Photochem. 1976/77, 6, 371-374.

(2) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-409.

O(*D) + CH2FCF3 (HFC-134a). The recommended total rate coefficient at room temperature is based on
data from Warren et al.® and Kono and Matsumi,* which are in excellent agreement. There are no reports on
the temperature dependence of this rate coefficient and it is assumed to be temperature independent. Warren
et al.® reported an O(®P) yield of 0.94 +0.06/-0.01. Kono and Matsumi reported an O(®P) yield of 0.65 +
0.06, an OH yield of 0.24 £ 0.04, and that a small fraction of the reaction, ~0.11, leads to other products.
Nilsson et al.,? using a relative rate method with O(*D) + CH, as the reference reaction, report a 298 K
reactive rate coefficient of (6.10 + 1.43) x 107! cm® molecule® s, which is greater than the recommended
total rate coefficient. The product yields reported in the Kono and Matsumi study are recommended.
(Table: 92-20, Note: 10-6, Evaluated: 10-6) Back to Table
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(2) Nilsson, E. J. K.; Andersen, V. F.; Nielsen, O. J.; Johnson, M. S. Rate coefficients for the chemical
reactions of CH,F,, CHCIF,, CH,FCF3 and CH3CCl; with O(*D) at 298 K. Chem. Phys. Lett. 2012, 554,
27-32, doi:10.1016/j.cplett.2012.10.001.

(3) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-4009.

O(*D) + CHCI2CFs (HCFC-123). The k(298 K) recommendation is based on the room temperature
measurement by Warren et al.,? the only study available. There are no reports on the temperature dependence
of this rate coefficient and it is assumed to be temperature independent. The relative rate measurement of
Green and Wayne,' who measured the loss of CHCI,CF; relative to the loss of N2O, agrees well with the
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recommendation when the current recommendation for N,O is used. Warren et al. reported an O(®P) yield of
0.21 + 0.08, which assuming it is due to physical quenching is the basis of the reactive yield recommendation.
(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Green, R. G.; Wayne, R. P. Relative rate constants for the reactions of O(*D) atoms with
fluorochlorocarbons and with N2O. J. Photochem. 1976/77, 6, 371-374.

(2) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-409.

O(*D) + CHCIFCF3 (HCFC-124). The k(298 K) recommendation is based on the room temperature
measurement of Warren et al., the only study available. There are no reports on the temperature dependence
of this rate coefficient and it is assumed to be temperature independent. Warren et al. reported an O(®P) yield
of 0.31 = 0.10, which assuming it is due to physical quenching is the basis of the reactive yield
recommendation.

(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-409.

O(*D) + CHF2CFz (HFC-125). The total rate coefficient has been measured by Warren et al.* (298 K), Kono
and Matsumi® (298 K), and Baasandorj et al.! (217-373 K). The k(298 K) results from Kono and Matsumi
and Baasandorj et al. are in excellent agreement, while the results from Warren et al. are nearly a factor of 10
greater. Baasandorj et al. report a weak negative temperature dependence, E/R = -25 K, for the reaction. The
results from the Baasandorj et al. study are recommended.

Warren et al. reported an O(®P) yield of 0.85 + 0.15/-22. Kono and Matsumi reported an O(®P) yield of 0.24
+ 0.04, an OH yield of 0.60 £ 0.10, and that a fraction of the reaction, ~0.15, leads to other products. Green
and Wayne? measured the loss of CHF,CF; relative to the loss of N2O and report a reactive rate coefficient
that is significantly greater than the present k(298 K) recommendation. Using a relative rate technique,
Baasandorj et al. measured the reactive rate coefficient (relative to the O(*D) + NF; and HFC-23 reactions) at
room temperature to be (7.33 + 0.9) x 102 cm® molecule s. This corresponds to a reactive yield of 0.73 +
0.09 using the current total rate coefficient recommendation. This is in good agreement with that obtained
from the Kono and Matsumi O(®P) yield measurement. The recommended total reactive yield of 0.75 + 0.05
is taken from the Kono and Matsumi and Baasandorj et al. studies with an OH vyield of 0.60 + 0.10 from the
Kono and Matsumi study.

(Table: 92-20, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

(2) Green, R. G.; Wayne, R. P. Relative rate constants for the reactions of O(*D) atoms with
fluorochlorocarbons and with N2O. J. Photochem. 1976/77, 6, 371-374.

(3) Kono, M.; Matsumi, Y. Reaction processes of O(*D) with fluoroethane compounds. J. Phys. Chem. A
2001, 105, 65-69, doi: 10.1021/jp001786q S1089-5639(00)01786-2.

(4) Warren, R.; Gierczak, T.; Ravishankara, A. R. A study of O(*D) reactions with CFC substitutes. Chem.
Phys. Lett. 1991, 183, 403-4009.

O(*D) + CCIsCF3 (CFC-113a). The k(298 K) recommendation is taken from the measurement by
Baasandorj et al.,* the only study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. Baasandorj et al. reported a ClO radical yield of
0.79 £ 0.10 (20), which represents a lower-limit for the total reactive yield. A total reactive yield of 0.9 is
estimated for this reaction with the balance assigned to physical quenching.

(Table: 92-20, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Baasandorj, M.; Feierabend, K. J.; Burkholder, J. B. Rate coefficients and CIO radical yields in the
reaction of O(*D) with CCIF,CCI,F, CCI3CF3, CCIF,CCIF;, and CCI,FCFs. Int. J. Chem. Kinet. 2011,
43, 393-401, doi:10.1002/kin.20561.

O(*D) + CCI2FCCIF2 (CFC-113). The k(298 K) recommendation is taken from the studies of Baasandorj et
al. (298 K) and Baasandorj et al.? (217-373 K). Baasandorj et al.? found no temperature dependence to the
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reaction over the 217-373 K range. Baasandorj et al.* reported a CIO radical yield of 0.80 + 0.10 (25), which
may represent a lower-limit for the reactive yield. A reactive yield of 0.9 is estimated for this reaction.
(Table: 92-20, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Baasandorj, M.; Feierabend, K. J.; Burkholder, J. B. Rate coefficients and CIO radical yields in the
reaction of O(*D) with CCIF,CCI,F, CCIsCF3, CCIF,CCIF,, and CCI,FCFs. Int. J. Chem. Kinet. 2011,
43, 393-401, doi:10.1002/kin.20561.

(2) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

O(*D) + CCI:FCF3 (CFC-114a). The k(298 K) recommendation is taken from the measurement by
Baasandorj et al.,! the only study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. Baasandorj et al.! reported a ClO radical yield of
0.79 = 0.10 (20), which may represent a lower-limit for the reactive yield. A total reactive yield of 0.9 is
estimated for this reaction.

(Table: 92-20, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Baasandorj, M.; Feierabend, K. J.; Burkholder, J. B. Rate coefficients and CIO radical yields in the
reaction of O(*D) with CCIF,CCI;F, CCI3CF3, CCIF,CCIF;, and CCI,FCFs. Int. J. Chem. Kinet. 2011,
43, 393-401, doi:10.1002/kin.20561.

O(*D) + CCIF.CCIF; (CFC-114). The total rate coefficient has been measured by Ravishankara et al.® (298
K), Baasandorj et al.* (298 K), and Baasandorj et al.? (217-373 K). The k(298 K) results from these studies
are in very good agreement. Baasandorj et al.? report a weak negative temperature dependence, E/R = -25 K,
for the reaction over the 217-373 K range. The recommended rate coefficient is taken from this study.
Ravishankara et al. reported the reaction to be (25 + 9)% quenching of O(*D) to O(®P). Baasandorj et al.*
reported a ClO radical yield of 0.85 + 0.12 (2c), which may represent a lower-limit for the reaction yield.
The reaction yields from the Ravishankara et al. and Baasandorj et al. studies overlap, within the combined
uncertainties, and a total reactive yield of 0.9 is recommended.

(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Baasandorj, M.; Feierabend, K. J.; Burkholder, J. B. Rate coefficients and CIO radical yields in the
reaction of O(*D) with CCIF,CCI,F, CCI;CF3, CCIF,CCIF;, and CCI,FCFs. Int. J. Chem. Kinet. 2011,
43, 393-401, d0i:10.1002/kin.20561.

(2) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

(3) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + CCIF.CF3 (CFC-115). The rate coefficient has been measured by Ravishankara et al.? (298 K) and
Baasandorj et al.! (217-373 K). The k(298 K) values from these studies are in reasonable agreement and the
average value is recommended. Baasandorj et al. measured a weak negative temperature dependence, E/R =
-30 K, for the reaction, which is recommended.

Ravishankara et al. reported an O(°P) yield of 0.70 + 0.07. Using a relative rate technique, Baasandorj et al.
measured the reactive rate coefficient (relative to the O(*D) + NFs, HFC-22, and HFC-125 reactions) at room
temperature to be (5.16 + 0.9) x 10-** cm® molecule s, This corresponds to a reactive yield of 0.86 + 0.06
using the current total rate coefficient recommendations. This is in poor agreement with the Ravishankara et
al. value. The recommended reactive yield is taken from Baasandorj et al. due, in part, to the consistency of
results obtained with multiple reference compounds. There are no product studies available for this reaction.
(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

(2) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.
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O(*D) + CBrF2CBrF2 (Halon-2402). The k(298 K) recommendation is based on data from Thompson and
Ravishankara,? the only study available. They reported an O(°P) yield of 0.25 + 0.07. Lorenzen-Schmidt et
al.r measured the Halon removal rate relative to the N2O removal rate and report a reactive rate coefficient of
(8.8 £ 1.2) x 10! (a reactive yield of 0.55), which is significantly less than inferred by Thompson and
Ravishankara. The Thompson and Ravishankara product yield is recommended with an uncertainty that
encompasses the Lorenzen-Schmidt et al. result at the 2c level. There are no product studies available for
this reaction.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Lorenzen-Schmidt, H.; Weller, R.; Schrems, O. Kinetics and mechanisms of the reactions of O(*D)
atoms with CF3sBr and CFsBrCF.Br in the gas phase and in solid argon matrices. Ber. Bunsenges. Phys.
Chem. 1994, 98, 1622-1629.

(2) Thompson, J. E.; Ravishankara, A. R. Kinetics of O(*D) reactions with bromocarbons. Int. J. Chem.
Kinet. 1993, 25, 479-487.

O(*D) + CF3CFs (PFC-116). The k(298 K) recommendation is based on the work of Ravishankara et al.2
The small rate coefficient for this reaction makes it vulnerable to interference from reactant impurities. For
this reason, k(298 K) may be an upper limit. Ravishankara et al. report a O(°P) yield of 0.85 + 0.15. Using a
relative rate technique, Baasandorj et al.> measured the reactive rate coefficient for this reaction, relative to
the O(*D) + CHF; reaction, to be <3 x 10 ¢cm® molecule s*. On the basis of this study, an upper limit of
0.2 for the reactive yield is recommended.

(Table: 94-26, Note: 15-10, Evaluated: 15-10) Back to Table

(1) Baasandorj, M.; Hall, B. D.; Burkholder, J. B. Rate coefficients for the reaction of O(*D) with the
atmospherically long-lived greenhouse gases NFs, SFsCF3, CHF3, CaFg, c-CaFs, N-CsFi2, and n-CeFia.
Atmos. Chem. Phys. 2012, 12, 11753-11764, doi:10.5194/acp-12-11753-2012.

(2) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + CFsCHFCFs (HFC-227ea). Baasandorj et al.! measured the total rate coefficient over the
temperature range 217 to 373 K. Their results, the only study available, are recommended. Using a relative
rate technigue, Baasandorj et al. measured the reactive rate coefficient for this reaction relative to the O(*D) +
NFs, HFC-23, and HFC-125 reactions to be (6.99 + 0.5) x 1022 cm® molecule s. On the basis of this study,
a reactive yield of 0.72 £ 0.07 is recommended.

(New Entry) Back to Table

(1) Baasandorj, M.; Fleming, E. L.; Jackman, C. H.; Burkholder, J. B. O(*D) kinetic study of key ozone
depleting substances and greenhouse gases. J. Phys. Chem. A 2013, 117, 2434-2445,
doi:10.1021/jp312781c.

O(*D) + CHF2CH.CFs (HFC-245fa). There are no experimental studies of the rate coefficient for this
reaction. The rate coefficient and product yield are estimated based on trends observed for other HFCs.
(New Entry) Back to Table

O(*D) + CHF2CF2CF2CHF2 (HFC-338pcc). The k(298 K) recommendation is based on data from
Schmoltner et al.,* the only study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. They reported an O(°P) yield of 0.97 +0.09. On
the basis of this study, a reactive yield of 0.05%035 is recommended.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Schmoltner, A. M.; Talukdar, R. K.; Warren, R. F.; Mellouki, A.; Goldfarb, L.; Gierczak, T.; McKeen,
S. A.; Ravishankara, A. R. Rate coefficients for reactions of several hydrofluorocarbons with OH and
O(*D) and their atmospheric lifetimes. J. Phys. Chem. 1993, 97, 8976-8982.

O(*D) + c-C4Fs. The k(298 K) recommendation for perfluorocyclobutane is based on the work of
Ravishankara et al.,? the only study available. The small rate coefficient for this reaction makes it vulnerable
to interference from reactant impurities. For this reason, k(298 K) may be an upper limit. Ravishankara et al.
reported an O(®P) yield of 1.00 +0/-0.15. Using a relative rate technique, Baasandorj et al.! measured the
reactive rate coefficient for this reaction relative to the O(*D) + CHF; reaction to be <3.5 x 10 c¢m?
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molecule s1. On the basis of the Baasandorj et al. study, an upper limit of 0.04 for the reaction yield is
recommended.

(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Baasandorj, M.; Hall, B. D.; Burkholder, J. B. Rate coefficients for the reaction of O(*D) with the
atmospherically long-lived greenhouse gases NFs, SFsCF3, CHF3, CaFg, c-C4Fs, N-CsF12, and n-CgFia.
Atmos. Chem. Phys. 2012, 12, 11753-11764, doi:10.5194/acp-12-11753-2012.

(2) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + CFsCHFCHFCF2CF3 (HFC-43-10mee). The k(298 K) recommendation is based on data from
Schmoltner et al.,! the only study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. Schmoltner et al. report a OCP) yield of 0.91 +
0.04. The recommended branching ratio is taken from the Schmoltner et al. study with a larger uncertainty
assigned because there is only a single study for this reaction.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Schmoltner, A. M.; Talukdar, R. K.; Warren, R. F.; Mellouki, A.; Goldfarb, L.; Gierczak, T.; McKeen,
S. A.; Ravishankara, A. R. Rate coefficients for reactions of several hydrofluorocarbons with OH and
O(*D) and their atmospheric lifetimes. J. Phys. Chem. 1993, 97, 8976-8982.

O(*D) + CsF12 (CFC-41-12). The k(298 K) recommendation is based on data from Ravishankara et al.,? the
only total rate coefficient study available. There are no reports on the temperature dependence of this rate
coefficient and it is assumed to be temperature independent. The small rate coefficient for this reaction
makes it vulnerable to interference from reactant impurities. For this reason, k(298 K) may be an upper limit.
Ravishankara et al. reported an O(®P) yield of 0.79 + 0.12. Using a relative rate technique, Baasandorj et al.*
measured the reactive rate coefficient for this reaction relative to the O(*D) + CHF; reaction to be <5 x 10714
cm® molecule sX. On the basis of the Baasandorj et al. study, an upper limit of 0.12 for the reactive yield is
recommended.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Baasandorj, M.; Hall, B. D.; Burkholder, J. B. Rate coefficients for the reaction of O(*D) with the
atmospherically long-lived greenhouse gases NFs, SFsCFs, CHF3, C2Fs, ¢-CaFg, N-CsF12, and n-CsF1a.
Atmos. Chem. Phys. 2012, 12, 11753-11764, d0i:10.5194/acp-12-11753-2012.

(2) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + CsF14 (PFC-51-14). The k(298 K) recommendation is based on data from Ravishankara et al.,2 the
only total rate coefficient study available. The small rate coefficient for this reaction makes it vulnerable to
interference from reactant impurities. For this reason, k(298 K) may be an upper limit. Ravishankara et al.
reported an O(®P) yield of 0.75 + 0.09. Using a relative rate technique, Baasandorj et al.! measured the
reactive rate coefficient for this reaction relative to the O(*D) + CHF;3 reaction to be <1.6 x 10" ¢m®
molecule™ s™X. On the basis of the Baasandorj et al. study, an upper limit of 0.16 for the reaction yield is
recommended.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Baasandorj, M.; Hall, B. D.; Burkholder, J. B. Rate coefficients for the reaction of O(*D) with the
atmospherically long-lived greenhouse gases NFs, SFsCF3, CHF3, CaFg, c-C4Fs, N-CsFi2, and n-CeFia.
Atmos. Chem. Phys. 2012, 12, 11753-11764, doi:10.5194/acp-12-11753-2012.

(2) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + 1,2-(CF3)2c-CsFs. The k(298 K) recommendation is based on data from Ravishankara et al.,* the
only total rate coefficient study available. They reported an O(P) yield of 0.84 + 0.16. The small rate
coefficient for this reaction makes it vulnerable to interference from reactant impurities. For this reason only
an upper limit for the total rate coefficient and no reactive yield is recommended.

(Table: 94-26, Note: 15-10, Evaluated: 10-6) Back to Table
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(1) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + C4F10. The k(298 K) recommendation is taken from the estimated upper limit for reactive loss given
by Ravishankara et al.,* the only study available. The small rate coefficient for this reaction makes it
vulnerable to interference from reactant impurities. For this reason an upper limit for the rate coefficient and
no reactive yield is recommended.

(Table: 10-6, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + SFe. The k(298 K) recommendation is based on the work of Ravishankara et al.,* the only study
available. They reported an O(°P) yield of 0.32 + 10. The small rate coefficient for this reaction makes it
vulnerable to interference from reactant impurities. For this reason, k(298 K) may be an upper limit and a
reactive yield upper limit of 0.7 is recommended.

(Table: 92-20, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Ravishankara, A. R.; Solomon, S.; Turnipseed, A. A.; Warren, R. F. Atmospheric lifetimes of long-
lived halogenated species. Science 1993, 259, 194-199.

O(*D) + SO2. The room temperature rate coefficient is taken from the work of Zhao et al.,* which is the only
study for this reaction. Although no studies are available, the reaction rate coefficient is expected to have
negligible temperature dependence. Zhao et al. reported the branching ratio for reactive loss to be 0.76 + 0.12
(20), which is the basis of the recommendation.

(Table: 10-6, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Zhao, Z.; Laine, P. L.; Nicovich, J. M.; Wine, P. H. Reactive and non-reactive quenching of O(*D) by
the potent greenhouse gases SO2F2, NF3, and SFsCFs. Proc. Nat. Acad. Sci. 2010, 107, 6610-6615,
d0i:10.1073/pnas.0911228107.

O(*D) + SOzF2. The recommendation is based on the measurements of Dillon et al. and Zhao et al.,> which
are in good agreement. Although Dillon et al. report a temperature independent rate coefficient over the
temperature range 220-300 K, a weak negative temperature dependence is apparent in their data. Zhao et al.
(199-351 K) report a negative temperature dependence, E/R =-98 K, that reproduces both data sets very well
and is recommended. Dillon et al. reported a collisional quenching yield of 0.55 £ 0.04, independent of
temperature. The results from Zhao et al. are in agreement with this result, but are less precise. The
recommended reactive yield is taken from Dillon et al. Dillon et al. provide qualitative evidence that F atoms
may be formed as a reaction product.

(Table: 10-6, Note: 15-10, Evaluated: 10-6) Back to Table

(1) Dillon, T. J.; Horowitz, A.; Crowley, J. N. The atmospheric chemistry of sulphuryl fluoride, SO2F..
Atmos. Chem. Phys. 2008, 8, 1547-1557.

(2) Zhao, Z; Laine, P. L.; Nicovich, J. M.; Wine, P. H. Reactive and non-reactive quenching of O(‘D) by
the potent greenhouse gases SO2F2, NF3, and SFsCFs. Proc. Nat. Acad. Sci. 2010, 107, 6610-6615,
d0i:10.1073/pnas.0911228107.

O(*D) + SFsCFs. Zhao et al.? and Baasandorj et al.! have reported upper limits for the room temperature rate
coefficient. There are no reports on the temperature dependence of this rate coefficient and it is assumed to
be temperature independent. The determination of the small rate coefficient for this reaction makes it
vulnerable to interference from reactant impurities. Baasandorj et al. reported a k(298 K) value that is greater
than reported by Zhao et al., which is most likely due to the presence of sample impurities. For this reason
only an upper limit for the rate coefficient is recommended. Using a relative rate technique, Baasandorj et al.
measured the reactive rate coefficient for this reaction relative to the O(*D) + CHF3 reaction to be <5.8 x 1014
cm® molecule sX. On the basis of this study and the Zhao et al. k(298 K) value, an upper limit of 0.3 for the
reaction yield is recommended.

(Table: 10-6, Note: 15-10, Evaluated: 10-6) Back to Table
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Atmos. Chem. Phys. 2012, 12, 11753-11764, doi:10.5194/acp-12-11753-2012.

(2) Zhao, Z.; Laine, P. L.; Nicovich, J. M.; Wine, P. H. Reactive and non-reactive quenching of O(*D) by
the potent greenhouse gases SO2F2, NF3, and SFsCFs. Proc. Nat. Acad. Sci. 2010, 107, 6610-6615,
d0i:10.1073/pnas.0911228107.
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1.6 Singlet Oz Reactions
1.6.1 Table 1A: Singlet O2 Reactions

Temperature
Reaction Range of Exp. A-Factor ER k(298 K)b f(298 K)e g Notes
Data (K) 2
02('A) + O — products 298 <2x10-16 A73
02('A) + O2 — products 100-450 3.6x10-18 220 1.7x10-18 1.2 100 A74
02('A) + 03 > 0+ 20; 283-360 5.2x10-"1 2840 3.8x10-1 1.2 500 A75
02('A) + H20 — products 298 4.8x10-18 15 A76
02('A)+N—>NO+0 195-300 <9x10-17 A77
02('A) + N2 — products 298 <102 A78
02('A) + CO2 — products 298 <2x10-20 A79
02('X) + O — products 300 8x10-1 5.0 A80
02('2) + O2 — products 298 3.9x10-17 1.5 A81
02('Z) + O3 — products 210-370 3.5x10-11 135 2.2x10-1 115 50 A82
02('X) + H2 — products 173-393 6.4%10-12 600 8.5x10-13 1.15 100
02('%) +H2 — 2 OH <4x10-17 A83
(See Note)
02('%) + H20 — 02+ H20 250-370 3.9x10-12 -125 5.9x10-12 1.3 100 A84
02("%) + N — products 300 <10-13 A85
02('X) + N2 — products 203-370 1.8x10-15 -45 2.1x10-1 1.1 100 A86
02('%) + N20 — products 210-370 7.0x10-1 -75 9.0x10-14 1.3 50
02('Z) + N20 — NO + NO2 <2x10-17 A87
(See Note)

02('%) + CO2 — products 245-362 4.2x10-13 0 4.2x10-13 1.2 200 A88

Shaded areas indicate changes or additions since JPL10-6.

& Temperature range of available experimental data. This is not necessarily the range of temperature
over which the recommended Arrhenius parameters are applicable. See the corresponding note for
each reaction for such information.

b Units are cm® molecule? s

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

the expression:
1 1
f(T) = f(298 K)eXp g (T - ﬁ)|

Note that the exponent is an absolute value.
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1.6.2 Notes: Singlet O2 Reactions

AT3.

AT4.

AT5.

O2(*A) + O. The recommendation is based on the upper limit reported by Clark and Wayne.!
(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Clark, I. D.; Wayne, R. P. The reaction of O»(*Ag) with atomic nitrogen and with atomic oxygen. Chem.
Phys. Lett. 1969, 3, 405-407.

O2(*A) + O2. The recommendation is the average of eight room temperature measurements: Steer et al.,®
Findlay and Snelling,® Borrell et al.,? Leiss et al.,® Tachibana and Phelps,*° Billington and Borrell,* Raja et
al..B and Wildt et al.}* The temperature dependence is derived from the data of Findlay and Snelling and
Billington and Borrell. Several other less direct measurements of the rate coefficient agree with the
recommendation, including Clark and Wayne,® Findlay et al.,* and McLaren et al.” Wildt et al.*? report
observations of weak emission in the near IR due to collision-induced radiation. Wildt et al.*® give rate
coefficients for this process.

(Table: 92-20, Note: 94-26, Evaluation: 10-6) Back to Table

(1) Billington, A. P.; Borrell, P. The low-temperature quenching of singlet molecular oxygen [O2(a *Ag)]. J.
Chem. Soc. Faraday Trans. 2 1986, 82, 963-970.

(2) Borrell, P.; Borrell, P. M.; Pedley, M. D. Deactivation of singlet molecular oxygen, O2(*Ag), by oxygen.
Chem. Phys. Lett. 1977, 51, 300-302.

(3) Clark, I. D.; Wayne, R. P. Collisional quenching of Oz(*Ag). Proc. Roy. Soc. Lond. A. 1969, 314, 111-
127.

(4) Findlay, F. D.; Fortin, C. J.; Snelling, D. R. Deactivation of O»(*Ag). Chem. Phys. Lett. 1969, 3, 204-
206.

(5) Findlay, F. D.; Snelling, D. R. Collisional deactivation of O2(*Ag). J. Chem. Phys. 1971, 55, 545-551.

(6) Leiss, A.; Schurath, U.; Becker, K. H.; Fink, E. H. Revised quenching rate constants for metastable
oxygen molecules Ox(a'Ag). J. Photochem. 1978, 8, 211-214.

(7) McLaren, I. A.; Morris, N. W.; Wayne, R. P. Is CO; a good quencher of O,(*Ag)? A kinetic reappraisal.
J. Photochem. 1981, 16, 311-319.

(8) Raja, N.; Arora, P. K.; Chatha, J. P. S. Rate constants of O(*Ag). Int. J. Chem. Kinet. 1986, 18, 505-
512.

(9) Steer, R. P.; Ackerman, R. A.; Pitts, J. N., Jr. Singlet oxygen in the environmental sciences. V. Rates of
deactivation of O2(*Ag) by oxygen and nitrogen. J. Chem. Phys. 1969, 51, 843-844.

(10) Tachibana, K.; Phelps, A. V. Excitation of the Oz(a 'Ag) state by low energy electrons. J. Chem. Phys.
1981, 75, 3315-3320.

(11) Wildt, J.; Bednarek, G.; Fink, E. H.; Wayne, R. P. Laser excitation of O,(b'Z4*, v' = 0,1,2)- Rates and
channels of energy transfer and quenching. Chem. Phys. 1988, 122, 463-470.

(12) Wildt, J.; Fink, E. H.; Biggs, P.; Wayne, R. P. The collision-induced radiation of O,(a'Ag). Chem. Phys.
1989, 139, 401-407.

(13) Wildt, J.; Fink, E. H.; Biggs, P.; Wayne, R. P.; Vilesov, A. F. Collision-induced emission of Oz(a'Aq —
X 3Zq) in the gas phase. Chem. Phys. 1992, 159, 127-140.

O2(*A) + Os. The recommendation is the average of the room temperature measurements of Clark et al.,*
Findlay and Snelling,® Becker et al.,® and Collins et al.> Several less direct measurements agree well with the
recommendation (McNeal and Cook,® Wayne and Pitts,'? and Arnold and Comes?). The temperature
dependence is from the studies of Findlay and Snelling and Becker et al., which agree very well, although
both covered a relatively small temperature range. An earlier study by Clark et al. covered a much larger
range and found a much smaller temperature coefficient. The reason for this discrepancy is not clear. The
yield of O + 20, products appears to be close to unity, based on many studies of the quantum yield of O3
destruction near the peak of the Hartley band, e.g. measurements of the number of Oz molecules destroyed
per photon absorbed (von Ellenrieder et al.,'! Ravishankara et al.,'° Lissi and Heicklen,® and references cited
therein) and measurements of O3 loss and O atom temporal profiles in pulsed experiments (Klais et al.” and
Arnold and Comes?). Anderson et al. report that the rate coefficient for atom exchange between O,(*A) and
O3 is <5 x 10716 at 300 K.

(Table: 92-20, Note: 94-26, Evaluation: 10-6) Back to Table

(1)  Anderson, S. M.; Morton, J.; Mauersberger, K.; Yung, Y. L.; DeMore, W. B. A study of atom exchange
between O(*D) and ozone. Chem. Phys. Lett. 1992, 189, 581-585.

(2) Arnold, I.; Comes, F. J. Photolysis of ozone in the ultraviolet region. Reactions of O(*D), O2(*Ag) and
O,*. Chem. Phys. 1980, 47, 125-130.
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ATT.

AT8.

(3) Becker, K. H.; Groth, W.; Schurath, U. Reactions of O,(*Ag) with ozone. Chem. Phys. Lett. 1972, 14,
489-492,

(4) Clark, 1. D.; Jones, I. T. N.; Wayne, R. P. The kinetics of the reaction between O2(*Ag) and ozone. Proc.
Roy. Soc. Lond. A. 1970, 317, 407-416.

(5) Caollins, R. J.; Husain, D.; Donovan, R. J. Kinetic and spectroscopic studies of O2(a*Ag) by time-
resolved absorption spectroscopy in the vacuum ultra-violet. J. Chem. Soc. Faraday Trans. 2 1973, 69,
145-157.

(6) Findlay, F. D.; Snelling, D. R. Temperature dependence of the rate constant for the reaction O,(*Ag) +
03 — 20, + O. J. Chem. Phys. 1971, 54, 2750-2755.

(7) Kilais, O.; Laufer, A. H.; Kurylo, M. J. Atmospheric quenching of vibrationally excited O2(*A). J. Chem.
Phys. 1980, 73, 2696-2699.

(8) Lissi, E.; Heicklen, J. The photolysis of ozone. J. Photochem. 1972, 1, 39-68.

(9) McNeal, R. J.; Cook, G. R. Photoionization of electronically excited oxygen: Rate of the reaction. J.
Chem. Phys. 1967, 47, 5385-5389.

(10) Ravishankara, A. R.; Wine, P. H.; Nicovich, J. M. Pulsed laser photolysis study of the reaction between
O(®P) and HO,. J. Chem. Phys. 1983, 78, 6629-6639.

(11) von Ellenrieder, G.; Castellano, E.; Schumacher, H. J. The kinetics and the mechanism of the
photochemical decomposition of ozone with light of 2537 A wavelength. Chem. Phys. Lett. 1971, 9,
152-156.

(12) Wayne, R. P.; Pitts, J. N., Jr. Rate constant for the reaction O,(*Ag) + O3 — 20, + O. J. Chem. Phys.
1969, 50, 3644-3645.

0O2(*A) + H20. The recommendation is the average of the measurements reported by Becker et al.* and
Findlay and Snelling.® An earlier study by Clark and Wayne? reported a value about three times larger.
(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Becker, K. H.; Groth, W.; Schurath, U. The quenching of metastable O(*Ag) and O2(*Z4") molecules.
Chem. Phys. Lett. 1971, 8, 259-262.

(2) Clark, I. D.; Wayne, R. P. Collisional quenching of Oz(*Ag). Proc. Roy. Soc. Lond. A. 1969, 314, 111-
127.

(3) Findlay, F. D.; Snelling, D. R. Collisional deactivation of Oz(*Ag). J. Chem. Phys. 1971, 55, 545-551.

O2(*A) + N. The recommendation is an upper limit based upon the measurement reported by Westenberg et
al.,* who used ESR to detect O2(X3% and a'A), O(°P) and N(“S) with a discharge flow reactor. They used an
excess of O(*A) and measured the decay of N and the appearance of O at 195 and 300 K. They observed that
the reaction of N with O,(*A) is somewhat slower than its reaction with O,(®Z). The recommended rate
constant value for the latter provides the basis for the recommendation. Clark and Wayne? and Schmidt and
Schiff® reported observations of an O,(*A) reaction with N that is about 30 times faster than the recommended
limit. Schmidt and Schiff attribute the observed loss of O2(*A) in excess N to a rapid energy exchange with
some constituent in discharged nitrogen, other than N.

(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Clark, I. D.; Wayne, R. P. The reaction of O,(*Ag) with atomic nitrogen and with atomic oxygen. Chem.
Phys. Lett. 1969, 3, 405-407.

(2) Clark, I. D.; Wayne, R. P. Kinetics of the reaction between atomic nitrogen and molecular oxygen in the
ground (3Zy) and first excited (*Aq) states. Proc. Roy. Soc. Lond. A. 1970, 316, 539-550.

(3)  Schmidt, C.; Schiff, H. I. Reactions of O,(*Ag) with atomic nitrogen and hydrogen. Chem. Phys. Lett.
1973, 23, 339-342.

(4) Westenberg, A. A.; Roscoe, J. M.; deHaas, N. Rate measurements on N + Oz(*Ag) — NO + O and H +
02(*Ag) — OH + O. Chem. Phys. Lett. 1970, 7, 597-599.

O2(*A) + N2. The recommendation is based upon the measurements by Findlay et al.® and Becker et al.*
Other studies obtained higher values for an upper limit: Clark and Wayne? and Steer et al.*
(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Becker, K. H.; Groth, W.; Schurath, U. The quenching of metastable O,(*Ag) and O2(*Z¢") molecules.
Chem. Phys. Lett. 1971, 8, 259-262.

(2) Clark, I. D.; Wayne, R. P. Collisional quenching of O,(*Ag). Proc. Roy. Soc. Lond. A. 1969, 314, 111-
127.
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(3) Findlay, F. D.; Fortin, C. J.; Snelling, D. R. Deactivation of O»(*Ag). Chem. Phys. Lett. 1969, 3, 204-
206.

(4) Steer,R. P.; Ackerman, R. A.; Pitts, J. N., Jr. Singlet oxygen in the environmental sciences. V. Rates of
deactivation of O2(*Ag) by oxygen and nitrogen. J. Chem. Phys. 1969, 51, 843-844.

O2(*A) + CO2. The recommendation is based on the measurements reported by Findlay and Snelling? and
Leiss et al.> Upper limit rate coefficients reported by Becker et al.,! McLaren et al.,* and Singh et al.®are
consistent with the recommendation.

(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Becker, K. H.; Groth, W.; Schurath, U. The quenching of metastable O,(*Ag) and O2(*Z4") molecules.
Chem. Phys. Lett. 1971, 8, 259-262.

(2) Findlay, F. D.; Snelling, D. R. Collisional deactivation of O2(*Ag). J. Chem. Phys. 1971, 55, 545-551.

(3) Leiss, A.; Schurath, U.; Becker, K. H.; Fink, E. H. Revised quenching rate constants for metastable
oxygen molecules Oz(aAg). J. Photochem. 1978, 8, 211-214.

(4) McLaren, I. A.; Morris, N. W.; Wayne, R. P. Is CO, a good quencher of Oz(*Ag)? A kinetic reappraisal.
J. Photochem. 1981, 16, 311-319.

(5) Singh, J. P.; Setser, D. W. Electronic-to-vibrational energy-transfer studies of singlet molecular oxygen.
2. 0z(b*=4"). J. Phys. Chem. 1985, 89, 5353-5358, doi:10.1021/j100271a009.

02(*2) + O. The recommendation is based on the measurement reported by Slanger and Black.*
(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Slanger, T. G.; Black, G. Interactions of O (b*Z4*) with O(®P) and Os. J. Chem. Phys. 1979, 70, 3434-
3438.

0O2(*2) + O2. The recommendation is the average of the room temperature values reported by Martin et al.,®
Lawton et al.,® and Lawton and Phelps,* which are in excellent agreement. Measurements by Thomas and
Thrush,® Chatha et al.,* and Knickelbein et al.? are in reasonable agreement with the recommendation.
Knickelbein et al. report the yield of O>(*A) product to be approximately unity.

(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Chatha, J. P. S.; Arora, P. K.; Raja, N.; Kulkarni, P. B.; Vohra, K. G. Collisional deactivation of
02(*Z¢"). Int. J. Chem. Kinet. 1979, 11, 175-185.

(2) Kbnickelbein, M. B.; Marsh, K. L.; Ulrich, O. E.; Busch, G. E. Energy transfer kinetics of singlet
molecular oxygen: The deactivation channel for Oz(b Z4%). J. Chem. Phys. 1987, 87, 2392-2393.

(3) Lawton, S. A.; Novick, S. E.; Broida, H. P.; Phelps, A. V. Quenching of optically pumped Oa(b'Z,") by
ground state O, molecules. J. Chem. Phys. 1977, 66, 1381-1382.

(4) Lawton, S. A.; Phelps, A. V. Excitation of the b 124" state of O, by low energy electrons. J. Chem. Phys.
1978, 69, 1055-1068.

(5) Martin, L. R.; Cohen, R. B.; Schatz, J. F. Quenching of laser induced fluorescence of O, (b'Z4*) by O,
and N.. Chem. Phys. Lett. 1976, 41, 394-396.

(6) Thomas, R. G. O.; Thrush, B. A. Quenching of O2(*Z4*) by ground state O. J. Chem. Soc. Faraday
Trans. 2 1975, 71, 664-667.

O2(*Z) + Os. The recommendation is based on the room temperature measurements of Gilpin et al.,® Gauthier
and Snelling,® Slanger and Black,® Choo and Leu,® Shi and Barker,® Turnipseed et al.,** and Dunlea et al.*
Measurements by Snelling,'® Amimoto and Wiesenfeld,* and Ogren et al.” are in agreement with the
recommendation. The value from the study of Biedenkapp and Bair? is lower than the recommended value.
The temperature dependence is taken from the results of Dunlea et al., who measured the rate coefficient
between 210 and 370 K. The results of Choo and Leu, which encompassed 295-362 K, are consistent with
the recommended value. This reaction has multiple product channels. The yield of O + 20, products is
reported to be (70 + 20)% by Slanger and Black and Amimoto and Wiesenfeld. The remaining ~30% of the
reaction is expected to lead to quenching to O2(*A or %) while leaving ozone intact; the electronic state of O
that is produced in all these channels is not known.

(Table: 06-2, Note: 06-2, Evaluation: 10-6) Back to Table

(1) Amimoto, S. T.; Wiesenfeld, J. R. O2(b'Z4") production and deactivation following quenching of O(*D)
in O3/0O; mixtures. J. Chem. Phys. 1980, 72, 3899-3903.

1-46



AB83.

(2) Biedenkapp, D.; Bair, E. J. Ozone ultraviolet photolysis. I. The effect of molecular oxygen. J. Chem.
Phys. 1970, 52, 6119-6125.

(3) Choo, K. Y.; Leu, M.-T. Rate constants for the quenching of metastable O2(*24*) molecules. Int. J.
Chem. Kinet. 1985, 17, 1155-1167.

(4) Dunlea, E. J.; Talukdar, R. K.; Ravishankara, A. R. Kinetic studies of Oz(b'Z,*) with several
atmospheric molecules. J. Phys. Chem. A 2005, 109, 3912-3920, d0i:10.1021/jp044129x.

(5) Gauthier, M. J. E.; Snelling, D. R. La photolyse de l'0zone a 253.7 nm: Desactivation de O(*D) et de
0O2(*Z) par les gaz de l'atmosphere. J. Photochem. 1975, 4, 27-50.

(6) Gilpin, R.; Schiff, H. I.; Welge, K. H. Photodissociation of Os in the Hartley band. Reactions of O(*D)
and O2(*Z¢") with O3 and O,. J. Chem. Phys. 1971, 55, 1087-1093.

(7) Ogren, P. J.; Sworski, T. J.; Hochanadel, C. J.; Cassel, J. M. Flash photolysis of O3 in O and O; + H;
mixtures. Kinetics of O,(*£¢") + Oz and O(*D) + H reactions. J. Phys. Chem. 1982, 86, 238-242,
doi:10.1021/j100391a021.

(8)  Shi, J.; Barker, J. R. Kinetic studies of the deactivation of O2(*Z4*) and O(*D). Int. J. Chem. Kinet. 1990,
20, 1283-1301.

(9) Slanger, T. G.; Black, G. Interactions of O (b'Z4*) with O(®P) and Os. J. Chem. Phys. 1979, 70, 3434-
3438.

(10) Snelling, D. R. The ultraviolet flash photolysis of ozone and the reactions of O(*D) and O,(*Z4*). Can.
J. Chem. 1974, 52, 257-270.

(11) Turnipseed, A. A.; Vaghjiani, G. L.; Gierczak, T.; Thompson, J. E.; Ravishankara, A. R. The
photochemistry of ozone at 193 and 222 nm. J. Chem. Phys. 1991, 95, 3244-3251.

02(*) + Ha. The rate coefficient for this reaction, at or around 298 K, has been measured by Kohse-
Hoinghaus and Stuhl,® Braithwaite et al.,> Choo and Leu,® Singh and Setser,® Wildt et al.,*® Michelangeli et
al.,” Borrell and Richards,* Hohmann et al.,> and Talukdar et al.® k(298 K) was derived from the results of all
of the above studies except for the results of Singh and Setser and Borrell and Richards, which are clearly
outside of the range of values obtained by others.

The temperature dependence of the rate coefficient was computed using the results of Braithwaite et al.,
Hohmann et al., and Talukdar et al. The results of Kohse-Héinghaus and Stuhl were not included, because
they are assumed to be superseded by those of Hohmann et al. from the same group. It is suspected that the
Kohse-Hdéinghaus and Stuhl study was hampered by impurities in their system, as discussed in Talukdar et al.

The rate coefficient for the reaction to produce 2 OH radicals is listed separately as an upper limit at 298 K
and is based on the results of Talukdar et al. The same upper limit was shown to be valid even at 209 K.
Therefore, this upper limit is recommended for all atmospheric calculations.

This reaction could also produce O(°P) + H,O. However, there is no evidence for the formation of O(°P)
(Dunlea et al.%). Therefore, it is assumed that O,(*Z) is removed exclusively via quenching. The electronic
state of O that is produced is not known.

(Table: 06-2, Note: 06-2, Evaluation: 10-6) Back to Table

(1) Borrell, P.; Richards, D. S. Quenching of singlet molecular oxygen O2(alAg) and O2(b'Z4") by Ha, Do,
HCI, and HBr. J. Chem. Soc. Faraday Trans. 2 1989, 85, 1401-1411.

(2) Braithwaite, M.; Ogryzlo, E. A.; Davidson, J. A.; Schiff, H. 1. O2(*Z4") relaxation in collisions Part 2.—
Temperature dependence of the relaxation by hydrogen J. Chem. Soc. Faraday Trans. Il 1976, 72,
2075-2081.

(3) Choo, K. Y.; Leu, M.-T. Rate constants for the quenching of metastable O2(*Z4*) molecules. Int. J.
Chem. Kinet. 1985, 17, 1155-1167.

(4) Dunlea, E. J. Atmospheric reactions of electronically excited atomic and molecular oxygen. Ph.D.
Thesis, University of Colorado, Boulder, 2002.

(5) Hohmann, J.; Miller, G.; Schénnenbeck, G.; Stuhl, F. Temperature-dependent queching of Ox(b!Z4") by
Hz, D2, CO2, HN3, DN3, HNCO, and DNCO. Chem. Phys. Lett. 1994, 217, 577-581.

(6) Kohse-Hoinghaus, K.; Stuhl, F. Hp-laser photochemical study of the temperature dependent quenching
of Oz(b 1Z4*). J. Chem. Phys. 1980, 72, 3720-3726.

(7)  Michelangeli, D. V.; Choo, K.-Y.; Leu, M.-T. Yields of O2(*Z¢") and O,(*Ag) in the H + O, reaction
system, and the quenching of O,(*Z4") by atomic hydrogen. Int. J. Chem. Kinet. 1988, 20, 915-938.

(8) Singh, J. P.; Setser, D. W. Electronic-to-vibrational energy-transfer studies of singlet molecular oxygen.
2. Oz(b*Zg*). J. Phys. Chem. 1985, 89, 5353-5358, doi:10.1021/j100271a009.
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(9) Talukdar, R. K.; Dunlea, E. J.; Brown, S. S.; Daniel, J. S.; Ravishankara, A. R. Kinetics of O2(!Z4")
reaction with H, and an upper limit for OH production. J. Phys. Chem. A 2002, 106, 8461-8470,
doi:10.1021/jp020589j.

(10) Wildt, J.; Bednarek, G.; Fink, E. H.; Wayne, R. P. Laser excitation of O,(b'Z4*, v' = 0,1,2)- Rates and
channels of energy transfer and quenching. Chem. Phys. 1988, 122, 463-470.

O2(*Z) + H20. The recommendation is the average of room temperature measurements reported by Stuhl and
Niki,® Avilés et al.,* Shi and Barker,” and Dunlea et al.® Measurements reported by O'Brien and Myers® are
lower, most likely due to an interference from O,(*Z) regeneration. The results of Derwent and Thrush? and
Thomas and Thrush® are in agreement with the recommendation. The value reported by Gauthier and
Snelling® has a very large uncertainty and hence overlaps with the recommendation. It is not clear why the
results of Filseth et al.* are lower than all the other reported values; perhaps, they had an error in measuring
water vapor concentration. The temperature dependence of the reaction is taken from the only reported value
of Dunlea et al. Wildt et al.’® report that the yield of O,(*A) is greater than 90%. There are no
thermodynamically allowed reactive channels for this reaction. Therefore, the reaction products are written
as O, + H20.3

(Table: 06-2, Note: 06-2, Evaluation: 10-6) Back to Table

(1) Avilés, R. G.; Muller, D. F.; Houston, P. L. Quenching of laser-excited O,(b'Z4*) by CO2, H,0, and ..
Appl. Phys. Lett. 1980, 37, 358-360.

(2) Derwent, R. G.; Thrush, B. A. Measurements on Oz 44 and Oz 124 in discharge flow systems. Trans.
Faraday Soc. 1971, 67, 2036-2043.

(3) Dunlea, E. J.; Talukdar, R. K.; Ravishankara, A. R. Kinetic studies of Oz(b'Z4*) with several
atmospheric molecules. J. Phys. Chem. A 2005, 109, 3912-3920, doi:10.1021/jp044129x.

(4) Filseth, S. V.; Zia, A.; Welge, K. H. Flash photolytic production, reactive lifetime, and collisional
quenching of O,(b'Z4*, v' = 0). J. Chem. Phys. 1970, 52, 5502-5510.

(5) Gauthier, M. J. E.; Snelling, D. R. La photolyse de I'ozone a 253.7 nm: Desactivation de O(*D) et de
O2(*%) par les gaz de I'atmosphere. J. Photochem. 1975, 4, 27-50.

(6) O'Brien, R.J., Jr.; Myers, G. H. Direct flow measurement of O»(b'Z4") quenching rates. J. Chem. Phys.
1970, 53, 3832-3835.

(7)  Shi, J.; Barker, J. R. Kinetic studies of the deactivation of O,(*Z4*) and O(*D). Int. J. Chem. Kinet. 1990,
20, 1283-1301.

(8)  Stuhl, F.; Niki, H. Kinetic isotope effects in the quenching of O,(b'Zy) by some deuterated compounds.
Chem. Phys. Lett. 1970, 7, 473-474.

(9) Thomas, R. G. O.; Thrush, B. A. Quenching of O,(*Z4*) by ground state O,. J. Chem. Soc. Faraday
Trans. 2 1975, 71, 664-667.

(10) Wildt, J.; Bednarek, G.; Fink, E. H.; Wayne, R. P. Laser excitation of O2(b'Z4", v' = 0,1,2)- Rates and
channels of energy transfer and quenching. Chem. Phys. 1988, 122, 463-470.

0O2(*Z) + N. The recommendation is based on the upper limit reported by Slanger and Black.?
(Table: 92-20, Note: 92-20, Evaluation: 10-6) Back to Table

(1) Slanger, T. G.; Black, G. Interactions of O (b*Z4*) with O(®P) and Os. J. Chem. Phys. 1979, 70, 3434-
3438.

02(*) + N2. The recommendation for room temperature is the average of measurements reported by Izod
and Wayne,® Stuhl and Welge,** Filseth et al.,* Martin et al.,” Kohse-Hoinghaus and Stuhl,® Choo and Leu,?
Wildt et al.,*? Shi and Barker,'° and Dunlea et al.® Less direct measurements reported by Noxon,? Myers and
O'Brien,® and Chatha et al.* are consistent with the recommendation. The temperature dependence of the rate
coefficient is derived from the results of Kohse-Hdéinghaus and Stuhl between 203 and 349 K and of Dunlea
et al. between 210 and 370 K.

There are no exothermic reaction channels. The channel to produce 2 NO molecules is endothermic by 5.6
kcal mol at 298 K.
(Table: 06-2, Note: 06-2, Evaluation: 10-6) Back to Table

(1) Chatha, J. P. S.; Arora, P. K.; Raja, N.; Kulkarni, P. B.; Vohra, K. G. Collisional deactivation of
02(*Zg"). Int. J. Chem. Kinet. 1979, 11, 175-185.

(2) Choo, K. Y.; Leu, M.-T. Rate constants for the quenching of metastable O2(*24*) molecules. Int. J.
Chem. Kinet. 1985, 17, 1155-1167.
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(3) Dunlea, E. J.; Talukdar, R. K.; Ravishankara, A. R. Kinetic studies of O2(b!Z4") with several
atmospheric molecules. J. Phys. Chem. A 2005, 109, 3912-3920, d0i:10.1021/jp044129x.

(4) Filseth, S. V.; Zia, A.; Welge, K. H. Flash photolytic production, reactive lifetime, and collisional
quenching of O(b'Zg*, v' = 0). J. Chem. Phys. 1970, 52, 5502-5510.

(5) Izod, T.P.J.; Wayne, R. P. The formation, reaction and deactivation of O2(*Z4*). Proc. Roy. Soc. A
1968, 308, 81-94.

(6) Kohse-Hdéinghaus, K.; Stuhl, F. Hz-laser photochemical study of the temperature dependent quenching
of Oz(b 1Z¢*). J. Chem. Phys. 1980, 72, 3720-3726.

(7) Martin, L. R.; Cohen, R. B.; Schatz, J. F. Quenching of laser induced fluorescence of O (b*Z4*) by O,
and N,. Chem. Phys. Lett. 1976, 41, 394-396.

(8) Myers, G. H.; O'Brien, R. J., Jr. Quenching of O,(b'Zg*). Ann. N.Y. Acad. Sci. 1970, 171, 224-225.

(9) Noxon, J. F. Optical emission from O(*D) and O,(b'Zg) in ultraviolet photolysis of O, and CO». J.
Chem. Phys. 1970, 52, 1852-1873, doi:10.1063/1.1673227.

(10) Shi, J.; Barker, J. R. Kinetic studies of the deactivation of O2(*Z4*) and O(*D). Int. J. Chem. Kinet. 1990,
20, 1283-1301.

(11) Stuhl, F.; Welge, K. H. Deactivation of O(*S) and O,(b'Z4*). Can. J. Chem. 1969, 47, 1870-1871.

(12) Wildt, J.; Bednarek, G.; Fink, E. H.; Wayne, R. P. Laser excitation of O,(b'Z4*, v' = 0,1,2)- Rates and
channels of energy transfer and quenching. Chem. Phys. 1988, 122, 463-470.

02(*Z) + N20. The rate coefficient for the removal of O,(*Z) by N2O at 298 K is derived from the studies of
Filseth et al.,® Borrell et al.,* and Dunlea et al.? The results of Gauthier and Snelling* have a large
uncertainty, which overlaps the recommended value within their quoted error bars. The temperature
dependence of this rate coefficient is taken from Dunlea et al., the only temperature dependent study.

There are many possible reactive channels for this reaction:

0:(*Zg") + N0 — NO + NO, AnnHa29s = —27.6 kcal/mol @
— N2 + O3 ArxnH298 = —23.0 kcal/mol (b)
—M ., N,0; ArxnHags = -37.3 kcal/mol (c)
— 0,(°Zg) + N0 ArxnH2es = ~37.5 kcal/mol (d)
— Oy(*Ag) + N2O AnnHa29s = —15.0 kcal/mol (e)

Dunlea et al. have placed upper limits of <2 x 104, <1 x 103, and <3 x 10~ for channel (a + c), channel (b),
and overall N2O loss, respectively, from this reaction at 298 K. Based on these results, we recommend an
upper limit for NOy production of <2 x 10717 cm® molecule™ s*. The upper limit for NOx production from
this reaction is assumed to be valid for all atmospheric temperatures.

(Table: 06-2, Note: 06-2, Evaluation: 10-6) Back to Table

(1) Borrell, P.; Borrell, P.; Grant, K. R. Inverse temperature dependences in the quenching of singlet
oxygen O,(*Z4") by CO; and NO studied with a discharge flow/shock tube. J. Chem. Phys. 1983, 78,
748-756.
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Z. Phys. Chem. 2010, 224, 989-1007, d0i:10.1524/zpch.2010.6137.
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(4) Gauthier, M. J. E.; Snelling, D. R. La photolyse de l'0zone a 253.7 nm: Desactivation de O(1D) et de
O2(*X) par les gaz de 1'atmosphere. J. Photochem. 1975, 4, 27-50.

0O2(*%) + CO2. The recommendation is the average of measurements reported by Filseth et al.,® Davidson et
al.,® Avilés et al.,* Muller and Houston,” Choo and Leu,? Wildt et al.,’® Hohmann et al.,® Dunlea et al.,* and
Shi and Barker® at room temperature. The temperature dependence is from the work of Choo and Leu.
Muller and Houston and Singh and Setser® give evidence that O,(*A) is a product. Wildt et al. report a Oz(*A)
yield of >290%.

(Table: 92-20, Note: 06-2) Back to Table
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(3) Davidson, J. A.; Kear, K. E.; Abrahamson, E. W. The photosensitized production and physical
quenching of O,(*Z¢*). J. Photochem. 1972/1973, 1, 307-316.
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1.7 HOx Reactions

1.7.1 Table 1B: HOx Reactions

Temperature
Reaction Range of Exp. A-Factor ER k(298 K)P f(298 K)e g Note
Data (K)a
0+0H—> 02+H 136-515 1.8x10-" -180 3.3x10-" 1.15 50 B1
0+HO2—> OH+ 0z 229-391 3.0x10-" -200 5.9x10-" 1.05 50 B2
0 + H202 - OH + HO2 283-386 1.4x10-12 2000 1.7x10-15 1.2 100 B3
M (See Table 2-1)
H+0, =™ Ho,
H+ 03— OH + 02 196-424 1.4x10-10 470 2.9x10-" 1.1 40 B4
H+HO2 — 2 0OH 245-300 7.2x10-1 0 7.2x10-M 1.2 100 B5
— 0 +H0 1.6x10-12 0 1.6x10-12 15 100
—>H2+ 0 6.9x10-12 0 6.9x10-12 14 100
OH + 03— HO2 + 02 190-357 1.7x10-12 940 7.3%x10-1 1.15 50 B6
OH + Ha— H0+ H 200-1050 2.8x10-12 1800 6.7x10-1 1.05 100 B7
OH + HD — products 248-418 5.0x10-12 2130 4.0x10-15 115 50 B8
OH+OH—>H0+0 233-580 1.8x10-12 0 1.8x10-12 1.25 50 B9
M
— 1.0, (See Table 2-1)
OH + HO2 — H20 + Oz 252-420 4.8x10-1 -250 1.1x10-10 1.15 50 B10
OH + H202 — H20+ HO2 (See Note) B11
HO2+ O3 — OH + 20 197-413 1.0x10-14 490 1.9x10-15 115 80 B12
HO2 + HO2 — H202 + Oz 222-1120 3.0x10-13 -460 1.4x10-12 1.15 100 B13
M > Hy0s + O 2.1%x10-33[M] -920 4.6x10-32 [M] 1.2 200
HO2 + HO2 -H20 — products 298-350 5.4x10-" 410 1.4x10-1" 2 100 B14

Shaded areas indicate changes or additions since JPL10-6.
& Temperature range of available experimental data. This is not necessarily the range of temperature
over which the recommended Arrhenius parameters are applicable. See the corresponding note for

each reaction for such information.

b Units are cm® molecule ! s1,

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

the expression:

f(T) = f(298 K)exp
Note that the exponent is an absolute value.
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1.7.2 Notes: HOx Reactions

Bl.

B2.

O + OH. The recommended rate coefficient was obtained from the studies of Westenberg et al.? (228-340
K), Lewis and Watson* (221-499 K), Howard and Smith? (250-515 K), Smith and Stewart” (158-294 K), and
Robertson and Smith® (136-377 K). The recommendation is consistent with earlier work near room
temperature as reviewed by Lewis and Watson,* and with the measurements of Brune et al.* (300 K), and
Robertson and Smith® (295 K). The ratio k(O + HO)/k(O + OH) measured by Keyser?® agrees with the
recommended values.

(Table: 10-6, Note: 10-6, Evaluated: 10-6) Back to Table

(1) Brune, W. H.; Schwab, J. J.; Anderson, J. G. Laser magnetic resonance, resonance fluorescence, and
resonance absorption studies of the reaction kinetics of O + OH - H+ O, O + HO; - OH + Oz, N +
OH — H + NO, and N + HO, — products at 300 K between 1 and 5 torr. J. Phys. Chem. 1983, 87,
4503-4514.

(2) Howard, M. J.; Smith, I. W. M. Direct rate measurements on the reactions N + OH — NO + Hand O +
OH — 0O, + H from 250 to 515 K. J. Chem. Soc. Faraday Trans. 2 1981, 77, 997-1008.

(3) Keyser, L. F. Relative rate constants for the reactions of atomic oxygen with HO, and OH radicals. J.
Phys. Chem. 1983, 87, 837-841.

(4) Lewis, R. S.; Watson, R. T. Temperature dependence of the reaction O(°P) + OH(AII) — O, + H. J.
Phys. Chem. 1980, 84, 3495-3503, doi:10.1021/j100463a002.

(5) Robertson, R.; Smith, G. P. Temperature dependence of O + OH at 136—377 K using ozone photolysis.
J. Phys. Chem. A 2006, 110, 6673-6679, doi:10.1021/jp055863z.

(6) Robertson, R. G.; Smith, G. P. Photolytic measurement of the O + OH rate constant at 295 K. Chem.
Phys. Lett. 2002, 358, 157-162.

(7)  Smith, I. W. M.; Stewart, D. W. A. Low-temperature kinetics of reactions between neutral free radicals
Rate constants for the reactions of OH radicals with N atoms (103 < T/K < 294) and with O atoms (158
<T/K £294). J. Chem. Soc. Faraday Trans. 1994, 90, 3221-3227.

(8) Westenberg, A. A.; deHaas, N.; Roscoe, J. M. Radical reactions in an electron spin resonance cavity
homogeneous reactor. J. Phys. Chem. 1970, 74, 3431-3438, doi:10.1021/j100713a001.

O + HO2. The recommended values are based on the results of studies over a range of temperatures by
Keyser® (229-372 K) and Nicovich and Wine® (266-391 K) and the room temperature studies of Sridharan et
al.,'? Ravishankara et al.,'° and Brune et al.! Earlier studies by Hack et al.* and Burrows et al.?® are not
considered because the OH + H,0O; reaction was important in these studies and the value used for its rate
constant in their analyses has been shown to be in error. A study by Lii et al.? is also not considered because
of the insensitivity of the observed decays to O + HO,. Data from Ravishankara et al.'° at 298 K show no
dependence on pressure between 10 and 500 Torr N2. The ratio k(O + HO,)/k(O + OH) measured by Keyser®
agrees with the rate constants recommended here. Sridharan et al.'* showed that the reaction products
correspond to abstraction of an oxygen atom from HO; by the O reactant. Keyser et al.” reported <1% O,(*A)
yield.

(Table: 06-2, Note: 06-2, Evaluated: 10-6) Back to Table

(1) Brune, W. H.; Schwab, J. J.; Anderson, J. G. Laser magnetic resonance, resonance fluorescence, and
resonance absorption studies of the reaction kinetics of O + OH - H+ Oz, O + HO; - OH + Oz, N +
OH — H + NO, and N + HO, — products at 300 K between 1 and 5 torr. J. Phys. Chem. 1983, 87,
4503-4514.

(2) Burrows, J. P.; CIliff, D. I.; Harris, G. W.; Thrush, B. A.; Wilkinson, J. P. T. Atmospheric reactions of
the HO;, radical studied by laser magnetic-resonance spectroscopy. Proc. Roy. Soc. Lond. A. 1979, 368,
463-481.

(3) Burrows, J. P.; Harris, G. W.; Thrush, B. A. Rates of reaction of HO, with HO and O studied by laser
magnetic resonance. Nature 1977, 267, 233-234.

(4) Hack, W.; Preuss, A. W.; Temps, F.; Wagner, H. G. Reaction of O + HO, — OH + O studied with a
LMR-ESR spectrometer. Ber. Bunsenges. Phys. Chem. 1979, 83, 1275-1279.

(5) Keyser, L. F. Kinetics of the reaction O + HO; — OH + O, from 229 to 372 K. J. Phys. Chem. 1982,
86, 3439-3446.

(6) Keyser, L. F. Relative rate constants for the reactions of atomic oxygen with HO, and OH radicals. J.
Phys. Chem. 1983, 87, 837-841.

(7) Keyser, L. F.; Choo, K. Y.; Leu, M. T. Yields of Ox(b'Z4*) from reactions of HO,. Int. J. Chem. Kinet.
1985, 17, 1169-1185.

(8) Lii, R.-R.; Sauer, M. C., Jr.; Gordon, S. Rate constant of the reaction of O(*P) with HO,. J. Phys. Chem.
1980, 84, 817-819, doi:10.1021/j100445a002.
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B3.

B4.

(9) Nicovich, J. M.; Wine, P. H. Temperature dependence of the O + HO, rate coefficient. J. Phys. Chem.
1987, 91, 5118-5123, doi:10.1021/j100303a049.

(10) Ravishankara, A. R.; Wine, P. H.; Nicovich, J. M. Pulsed laser photolysis study of the reaction between
O(®P) and HO.. J. Chem. Phys. 1983, 78, 6629-6639.

(11) Sridharan, U. C.; Klein, F. S.; Kaufman, F. Detailed course of the O + HO; reaction. J. Chem. Phys.
1985, 82, 592-593, d0i:10.1063/1.448973.

(12) Sridharan, U. C.; Qiu, L. X.; Kaufman, F. Kinetics and product channels of the reactions of HO, with O
and H atoms at 296 K. J. Phys. Chem. 1982, 86, 4569-4574, d0i:10.1021/j100220a023.

O + H20.. There are two direct studies of the O + H,0O; reaction: Davis et al.? (283-368 K) and Wine et al.*
(298-386 K). The recommended value is a fit to the combined data. An indirect measurement of the E/R
value by Roscoe? is consistent with the recommendation. The A factor for both data sets is quite low
compared to similar atom-molecule reactions. A somewhat higher activation barrier reported by Albers et al.*
over the temperature range 370-800 K is suggestive of a non-linear temperature dependence.

(Table: 06-2, Note: 06-2, Evaluated: 10-6) Back to Table

(1) Albers, E. A.; Hoyermann, K.; Wagner, H. G.; Wolfrum, J. Absolute measurements of rate coefficients
for the reactions of H and O atoms with H,O, and H,O. Proc. Combust. Inst. 1971, 13, 81-88.

(2) Davis, D. D.; Wong, W.; Schiff, R. A dye laser flash photolysis kinetics study of the reaction of ground-
state atomic oxygen with hydrogen peroxide. J. Phys. Chem. 1974, 78, 463-464,
d0i:10.1021/j100597a033.

(3) Roscoe, J. M. The reaction of O(®P) with H,O5. Int. J. Chem. Kinet. 1982, 14, 471-478.

(4) Wine, P. H.; Nicovich, J. M.; Thompson, R. J.; Ravishankara, A. R. Kinetics of O(®P;) reactions with
H,0; and Os. J. Phys. Chem. 1983, 87, 3948-3954.

H + Os. The recommendation is an average of the results of Lee et al.? (219-360 K) and Keyser” (196-424
K), which are in agreement over the 220-360 K range. Results by Seeley et al.® and Finlayson-Pitts and
Kleindienst® agree well with the present recommendation. An earlier study by Clyne and Monkhouse? is in
very good agreement on the temperature dependence in the range 300-560 K, but lies about 60% below the
recommended values. Although we have no reason not to believe the Clyne and Monkhouse values, we
prefer the two studies that are in agreement, especially since they were carried out over the temperature range
of interest. Reports of a channel forming HO, + O (Finlayson-Pitts and Kleindienst®: ~25%, and Force and
Wiesenfeld®: ~40%) have been contradicted by other studies (Howard and Finlayson-Pitts®: <3%; Washida et
al.*:: <6%; Finlayson-Pitts et al.*: <2%; and Dodonov et al.%: <0.3%). Secondary chemistry is believed to be
responsible for the observed O-atoms in this system. Washida et al.'® measured an upper limit (<0.1%) for
the production of singlet molecular oxygen for the reaction.

(Table: 06-2, Note: 06-2, Evaluated: 10-6) Back to Table

(1) Clyne, M. A. A.; Monkhouse, P. Atomic resonance fluorescence for rate constants of rapid bimolecular
reactions Part 5-Hydrogen atom reactions; H + NO; and H + Os. J. Chem. Soc. Faraday Trans. 2 1977,
73, 298-309.

(2) Dodonov, A. F.; Zelenov, V. V.; Kukui, A. S.; Ponomarev, E. A.; Tal'Roze, V. L. Mass spectrometric
investigation of elementary gas phase reactions passing in the H + O3 + O system-Channels of H + O3
— OH(v) + Oz, H + O, — HO- + O reactions. Khim. Fiz. 1985, 4, 1335-1343.

(3) Finlayson-Pitts, B. J.; Kleindienst, T. E. The reaction of hydrogen atoms with ozone: Evidence for a
second reaction path producing HO, and O(®P). J. Chem. Phys. 1979, 70, 4804-4806,
doi:10.1063/1.437271.

(4) Finlayson-Pitts, B. J.; Kleindienst, T. E.; Ezell, J. J.; Toohey, D. W. The production of O(°P) and
ground state OH in the reaction of hydrogen atoms with ozone. J. Chem. Phys. 1981, 74, 4533-4543,
doi:10.1063/1.441642.

(5) Force, A. P.; Wiesenfeld, J. R. Laser photolysis of Os/H, mixtures: The yield of the H + O3 — HO, + O
reaction. J. Chem. Phys. 1981, 74, 1718-1723, d0i:10.1063/1.441260.

(6) Howard, C. J.; Finlayson-Pitts, B. J. Yields of HO, in the reaction of hydrogen atoms with ozone. J.
Chem. Phys. 1980, 72, 3842-3843, d0i:10.1063/1.439601.

(7) Keyser, L. F. Absolute rate constant and temperature dependence of the reaction between hydrogen (2S)
atoms and ozone. J. Phys. Chem. 1979, 83, 645-648, doi:10.1021/j100469a001.

(8) Lee, J. H.; Michael, J. V.; Payne, W. A; Stief, L. J. Absolute rate of the reaction of hydrogen atoms
with ozone from 219-360 K. J. Chem. Phys. 1978, 69, 350-353, doi:10.1063/1.436360.

(9) Seeley, J. V.; Jayne, J. T.; Molina, M. J. High pressure fast-flow technique for gas phase kinetics
studies. Int. J. Chem. Kinet. 1993, 25, 571-594.
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BS.

B6.

(10) Washida, N.; Akimoto, H.; Okuda, M. Is O,*(a'Ag) formed in the O + Oz, H + Oy, and NO + O,
reactions? Bull. Chem. Soc. Jpn. 1980, 53, 3496-3503.

(11) Washida, N.; Akimoto, H.; Okuda, M. O;" (alAg) in the reaction of H + Os. J. Chem. Phys. 1980, 72,
5781-5783.

H + HO2. There are five studies of this reaction: Hack et al.? (293 K), Hack et al.* (293 K), Thrush and
Wilkinson® (298 K), Sridharan et al.” (296 K), and Keyser* (245-300 K). Related early work and combustion
studies are referenced in Sridharan et al. All five studies used discharge flow systems. It is difficult to obtain
a direct measurement of the rate constant for this reaction because both reactants are radicals and the products
OH and O are reactive toward the HO; reactant. The recommendation is based on the kinetics and product
data of Sridharan et al. and Keyser, because those measurements were the most direct and required the fewest
corrections. Keyser found the rate coefficient and product yields to be independent of temperature for 245< T
<300 K. The total rate constant measurements of, (5.0 + 1.3) x 10-** cm® molecule* s by Thrush and
Wilkinson® and (4.65 + 1) x 107! by Hack et al.! are are significantly less than the recommended total rate
constant, 8.05 x 10 cm® molecule s. Hislop and Wayne,® Keyser et al.,’ and Michelangeli et al.®
reported on the yield of Ox(b'X) formed in the Hz + Oz channel as (2.8 + 1.3) x 104, <8 x 1073, and <2.1 x
102, respectively as a fraction of the overall reaction.

(Table: 06-2, Note: 06-2, Evaluated: 10-6) Back to Table
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(4) Keyser, L. F. Absolute rate constant and branching fractions for the H + HO; reaction from 245 to 300
K. J. Phys. Chem. 1986, 90, 2994-3003.

(5) Keyser, L. F.; Choo, K. Y.; Leu, M. T. Yields of Oz(b'Z4*) from reactions of HO.. Int. J. Chem. Kinet.
1985, 17, 1169-1185.
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(8) Thrush, B. A.; Wilkinson, J. P. T. The rate of the reaction between H and HO,. Chem. Phys. Lett. 1981,
84, 17-19.

OH + Oz. The recommended values are based on the results of studies over a range of temperatures by
Anderson and Kaufman! (220-450 K), Ravishankara et al.® (238-357 K), Smith et al.® (240-295 K) and
Nizkorodov et al.* (190-315 K) and the room temperature measurements of Kurylo,® Zahniser and Howard,’
and Kulcke et al.> The recommended E/R and k(298 K) values are based on averages of the individual E/R
and k(298 K) values obtained in the above mentioned studies. The value reported by Kulcke et al. has been
corrected for a minor contribution from k(HO- + Os).
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2000, 104, 3964-3973, doi:10.1021/jp9934984.
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doi:10.1063/1.437488.
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(7)  Zahniser, M. S.; Howard, C. J. Kinetics of the reaction of HO, with ozone. J. Chem. Phys. 1980, 73,
1620-1626, doi:10.1063/1.440343.

OH + H2. The OH + H; reaction has been the subject of numerous studies. The recommendation is fixed to
the average of eleven studies at 298 K: Greiner,? Stuhl and Niki,” Westenberg and deHaas,*® Smith and
Zellner,® Atkinson et al.,* Overend et al.,* Tully and Ravishankara,® Zellner and Steinert,'* Ravishankara et
al.,> Talukdar et al.,? and Orkin et al.® The temperature dependent studies of Orkin et al. (200-480 K),
Talukdar et al. (230-420 K), and Ravishankara et al. (2501050 K) find that the reaction does not follow a
simple Arrhenius expression over a large range of temperature. The recommended temperature dependence
is based on the average of E/R values determined in the above-mentioned studies for temperatures below 300
K. Accordingly, the recommended Arrhenius expression is only valid between 200-300 K. Even over this
range the simple Arrhenius expression likely overestimates, near 250 K, and underestimates, near 200 K, the
data by approximately 10%.
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doi:10.1021/jp057035b.
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with H, and D, from 250 to 1050 K. J. Phys. Chem. 1981, 85, 2498-2503, d0i:10.1021/j150617a018.

(6) Smith, I. W. M.; Zellner, R. Rate measurements of reactions of OH by resonance absorption. J. Chem.
Soc. Faraday Trans. 2 1974, 70, 1045-1056.

(7)  Stuhl, F.; Niki, H. Pulsed vacuum-UV photochemical study of reactions of OH with Hy, D,, and CO
using a resonance-fluorescent detection method. J. Chem. Phys. 1972, 57, 3671-3677,
d0i:10.1063/1.1678825.

(8) Talukdar, R. K.; Gierczak, T.; Goldfarb, L.; Rudich, Y.; Madhava Rao, B. S.; Ravishankara, A. R.
Kinetics of hydroxyl radical reactions with isotopically labeled hydrogen. J. Phys. Chem. 1996, 100,
3037-3043.

(9) Tully, F. P.; Ravishankara, A. R. Flash photolysis-resonance fluorescence kinetic study of the reactions
OH + H; —» H,0 + Hand OH + CHs — H,0 + CHs from 298 to 1020 K. J. Phys. Chem. 1980, 84,
3126-3130, doi:10.1021/j100460a031.

(10) Westenberg, A. A.; deHaas, N. Rates of CO + OH and H; + OH over an extended temperature range. J.
Chem. Phys. 1973, 58, 4061-4065, doi:10.1063/1.1678961.

(11) Zellner, R.; Steinert, W. Vibrational rate enhancement in the reaction OH + Hz(v =1 ) — H,O + H.
Chem. Phys. Lett. 1981, 81, 568-572.

OH + HD. The recommendation is based on direct measurements made by Talukdar et al.2 using pulsed
photolysis-laser induced fluorescence over the temperature range 248-418 K. The recommendation is in
excellent agreement with the ratio k(OH + H,)/k(OH + HD) = 1.65 + 0.05 at 298 K reported by Ehhalt et al.*
when combined with the recommended k(OH + Hy).

(Table: 06-2, Note: 06-2, Evaluated: 10-6) Back to Table

(1) Ehhalt, D. H.; Davidson, J. A.; Cantrell, C. A.; Friedman, I.; Tyler, S. The kinetic isotope effect in the
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Kinetics of hydroxyl radical reactions with isotopically labeled hydrogen. J. Phys. Chem. 1996, 100,
3037-3043.

OH + OH. The recommendation for the OH + OH reaction is the average of eight measurements performed
near 298 K at low bath gas pressures: Westenberg and deHaas,® McKenzie et al.,® Clyne and Down,® Trainor
and von Rosenberg,” Farquharson and Smith,* Wagner and Zellner,® Bedjanian et al.,? and Bahng and
MacDonald.> The rate coefficients reported in these studies fall in the range (1.4-2.7) x 102 cm® molecule*
s 1. Wagner and Zellner (250-580 K) reported a slight positive temperature dependence of the rate
coefficient in contrast with that reported by Bedjanian et al. (233-360 K), who report a small negative
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temperature dependence. The earlier work of Wagner and Zellner may have been complicated by an
increased contribution of the OH + H reaction due to an underestimate of its reaction rate. Theoretical
calculations by Harding and Wagner® suggest that tunneling substantially influences the reaction rate
coefficient. In taking account of the tunneling contribution, the rate coefficient is found to have a minimum
value near room temperature. In view of the predicted behavior and given that the experimental data are
consistent with each other, within the stated uncertainties, the recommendation is a temperature independent
value for the rate coefficient over the temperature range 200-300 K.
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(1) Bahng, M.-K.; Macdonald, R. G. Determination of the rate constant for the OH(X?IT) + OH(XI1) —
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doi:10.1021/jp066359c.

(2) Bedjanian, Y.; Le Bras, G.; Poulet, G. Kinetic study of OH + OH and OD + OD reactions. J. Phys.
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(3) Clyne, M. A. A.; Down, S. Kinetic behaviour of OH X?IT and A2Z* using molecular resonance
fluorescence spectrometry. J. Chem. Soc. Faraday Trans. 2 1974, 70, 253-266.

(4) Farquharson, G. K.; Smith, R. H. Rate constants for the gaseous reactions OH + C,H4 and OH + OH.
Aust. J. Chem. 1980, 33, 1425-1435.

(5) Harding, L. B.; Wagner, A. F. Theoretical study of the reaction rates of OH + OH < H,0 + O. Proc.
Combust. Inst. 1988, 22, 983-989.

(6) McKenzie, A.; Mulcahy, M. F. R.; Steven, J. R. Kinetics of decay of hydroxyl radicals at low pressure.
J. Chem. Phys. 1973, 59, 3244-3254, doi:10.1063/1.1680466.

(7)  Trainor, D. W.; von Rosenberg, C. W., Jr. Flash photolysis study of the gas phase recombination of
hydroxyl radicals. J. Chem. Phys. 1974, 61, 1010-1015, doi:10.1063/1.1681968.

(8) Wagner, G.; Zellner, R. Temperature dependence of the reaction OH + OH — H,0 + O. Ber.
Bunsenges. Phys. Chem. 1981, 85, 1122-1128.

(9) Westenberg, A. A.; deHaas, N. Rate of the reaction OH + OH — H,0 + O. J. Chem. Phys. 1973, 58,
4066-4071, doi:10.1063/1.1678962.

OH + HO.. A study by Keyser® appears to resolve a discrepancy among low-pressure discharge flow
experiments that all gave rate coefficients near 7 x 10! cm® molecule s*: Keyser,” Thrush and
Wilkinson,6 Sridharan et al.,*3* Temps and Wagner,'®> Rozenshtein et al.,'* and atmospheric pressure studies
that gave rate coefficients near 11 x 101* cm® molecule™* s~%: Lii et al.,'° Hochanadel et al.,® DeMore,® Cox et
al., Burrows et al.,* and Kurylo et al.® Laboratory measurements using a discharge flow experiment and a
chemical model analysis of the results by Keyser® demonstrate that the previous discharge flow
measurements were probably subject to interference from small amounts of O and H. In the presence of
excess HO,, these atoms generate OH and result in a rate coefficient measurement that falls below the true
value. The temperature dependence is from Keyser,® who covered the range 254 to 382 K. A flow tube study
by Schwab et al.*? reported k = (8.0 +3/-4) x 10-** cm® molecule* s. These workers measured the
concentrations of HO,, OH, O, and H and used a computer model of the relevant reactions to test for
interference. A flow tube study by Dransfeld and Wagner* employing an isotope labeled 80OH reactant
obtained k = (11 + 2) x 10** cm® molecule* s in good agreement with the recommendation. They
attributed about half of the reactive events to isotope scrambling because control experiments with 0OH gave
k=6 x 10t cm® molecule s*. It should be noted that their control experiments were subject to the errors
described by Keyser® due to the presence of small amounts of H and O, whereas their *OH measurements
were not. Kurylo et al.® found no evidence of significant scrambling in isotope studies of the OH and HO;
reaction. An additional careful study of the reaction temperature dependence would be useful. Hippler and
Troe® have analyzed data for this reaction at temperatures up to 1250 K. In summary, this has historically
been a difficult reaction to study. Earlier problems appear to have been resolved, as discussed above, and
results now tend to converge on a central value, but the recommended value is still subject to a large
uncertainty.
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(16) Thrush, B. A.; Wilkinson, J. P. T. The rate of reaction of HO; radicals with HO and with NO. Chem.
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OH + H20.. The rate coefficient for this reaction shows non-Arrhenius behavior between 96 and 1250 K
with a minimum value near room temperature. Data from a number of studies are in relatively good
agreement between 300 and 500 K after normalization to account for the H,O, UV absorption cross section
recommendation in this evaluation. Hippler and Troe® analyzed data for this reaction at temperatures up to
1250 K. The studies of Keyser? (245-423 K), Sridharan et al.” (250-459 K), Wine et al.** (273-410 K),
Kurylo et al.® (250-370 K), Lamb et al.# (241-413 K), and Vaghjiani et al.® (273-410 K) show that the
reaction displays a small positive temperature dependence (E/R = ~160 K) over the 300-500 K range.
Measurements at room temperature by Marinelli and Johnston,® Riffault et al.,® Turnipseed et al.,® and
Vakhtin et al.’® agree with the other studies. A value of 1.8 x 1022 cm® molecule™ s is obtained by
averaging the room temperature data. Lamb et al. and Vaghjiani report that k increases slightly with
decreasing temperature for temperatures below 300 K while other studies show a slight positive temperature
dependence. Vakhtin et al. used a pulsed Laval nozzle technique to study the reaction at very low
temperatures (96-165 K) and report a significant increase in k with decreasing temperature. They suggest
that the reaction mechanism includes the formation of a hydrogen-bonded complex. The recommendation is
a temperature independent value of 1.8 x 1012 cm® molecule™* st with f(298 K) = 1.15 and g = 45 over the
temperature range of 200-300 K.

(Table: 06-2, Note: 10-6, Evaluated: 10-6) Back to Table

(1) Hippler, H.; Troe, J. Rate constants of the reaction HO + H,O, — HO, + H,O at T > 1000 K. Chem.
Phys. Lett. 1992, 192, 333-337.

(2) Keyser, L. F. Absolute rate constant of the reaction OH + H,O, — HO; + H,0 from 245 to 423 K. J.
Phys. Chem. 1980, 84, 1659-1663.

(3) Kurylo, M. J.; Murphy, J. L.; Haller, G. S.; Cornett, K. D. A flash photolysis resonance fluorescence
investigation of the reaction OH + H,0, — HO + H,0. Int. J. Chem. Kinet. 1982, 14, 1149-1161.

(4) Lamb, J. J.; Molina, L. T.; Smith, C. A.; Molina, M. J. Rate constant of the OH + H,0, — HO; + H,O
reaction. J. Phys. Chem. 1983, 87, 4467-4470, d0i:10.1021/j100245a028.

(5) Marinelli, W. J.; Johnston, H. S. Reaction rates of hydroxyl radical with nitric acid and with hydrogen
peroxide. J. Chem. Phys. 1982, 77, 1225-1234.

(6) Riffault, V.; Gierczak, T.; Burkholder, J. B.; Ravishankara, A. R. Quantum yields for OH production in
the photodissociation of HNOj3 at 248 and 308 nm and H»O, at 308 and 320 nm. Phys. Chem. Chem.
Phys. 2006, 8, 1079-1085, doi:10.1039/b513760h.

(7) Sridharan, U. C.; Reimann, B.; Kaufman, F. Kinetics of the reaction OH + H,O; — HO; + H,0. J.
Chem. Phys. 1980, 73 1286-1293, doi:10.1063/1.440240.

1-60



B12.

B13.

(8) Turnipseed, A. A.; Vaghjiani, G. L.; Gierczak, T.; Thompson, J. E.; Ravishankara, A. R. The
photochemistry of ozone at 193 and 222 nm. J. Chem. Phys. 1991, 95, 3244-3251.

(9) Vaghjiani, G. L.; Ravishankara, A. R.; Cohen, N. Reactions of OH and OD with H,0, and D,0. J.
Phys. Chem. 1989, 93, 7833-7837.

(10) Vakhtin, A. B.; McCabe, D. C.; Ravishankara, A. R.; Leone, S. R. Low-temperature Kinetics of the
reaction of the OH radical with hydrogen peroxide. J. Phys. Chem. A 2003, 17, 10642-10647,
d0i:10.1021/jp030424q.

(11) Wine, P. H.; Semmes, D. H.; Ravishankara, A. R. A laser flash photolysis kinetics study of the reaction
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HO:2 + Oz. The recommended values are based on results of studies over a range of temperatures by
DeMore! at 231 to 334 K, Zahniser and Howard® at 245 to 365 K, Manzanares et al.* at 298 K, Sinha et al.” at
243 to 413 K, Wang et al.8 at 233 to 400 K, and Herndon et al.2 at 200 to 298 K. The data of Simonaitis and
Heicklen® and DeMore and Tschuikow-Roux? were not considered. The temperature dependence studies
show varying degrees of curvature in the Arrhenius plots, with the E/R decreasing at lower temperature. This
is especially evident in the low temperature data of Herndon et al. where a number of measures were taken to
control potential kinetic complications. The recommended E/R and k(298 K) values are based on averages of
the individual E/R and k(298 K) values. Furthermore, only data at temperatures less than 298 K were used
for the E/R determination. Accordingly, the recommendation is not valid for T>298 K. Additional
temperature dependence data are needed for this reaction over a larger range to more fully characterize the
non-linear behavior of the rate constant. The mechanism of the reaction has been studied using 80O labeled
HO; by Sinha et al., who reported that the reaction occurs (75 £ 10)% via H atom transfer at 297 K and by
Nelson and Zahniser,®> who reported branching ratios for H transfer vs O transfer over the range 226355 K.
They report that the H atom transfer decreases from (94 £ 5)% at (226 + 11) K to (88 + 5)% at (355 * 8) K.
(Table: 00-3, Note: 00-3, Evaluated: 10-6) Back to Table
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HO:2 + HO2. The overall rate coefficient for this reaction is the sum of a pressure-independent bimolecular
component and a pressure-dependent termolecular component. Two separate expressions are given for these
rate coefficients. Both components contribute to the overall loss of HO, under atmospheric conditions and
have negative temperature dependencies. This reaction also has a dependence on H,O that needs to be
included in atmospheric model calculations. Christensen et al.?® found that kinetic studies that used CH3OH
as an HO, radical precursor were possibly complicated by the formation of a weakly bound reactive HO»-
CH3OH adduct, particularly important at low temperatures. The magnitude of the CH3;OH effect on the
measured rate coefficients is dependent on the CH3OH concentration and temperature in the particular study.

The recommended bimolecular and termolecular expressions for the HO, + HO; reaction were obtained from
a global fit of the rate coefficient data that had negligible complications due to the presence of CH30OH. The
analysis included data obtained at low pressure (<30 Torr) from Thrush and Tyndall?"8 (7-20 Torr, 298-358
K), Simonaitis and Heicklen? (5-770 Torr, 296 K), Sander®® (1 Torr, 298 K), Takacs and Howard?25 (1-7
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Torr, 252-391 K), Kurylo et al.™® (25-600 Torr, 298 K), and Tang et al.?® (30 Torr, 253-323 K) and data
obtained at higher pressure (>30 Torr) from Sander et al.?° (100-700 Torr, 298 K), Simonaitis and Heicklen,?!
Kurylo et al.,*® Christensen® (100 Torr, 222-295 K), Kircher and Sander? (100-700 Torr, 230-420 K) (only
data above 298 K were used in the analysis), and Maricq and Szente® (200 Torr, 210-365 K). The rate
coefficient data obtained using transient UV absorption detection of HO,'?1316:20.2L were scaled to the
currently recommended HO; absorption cross sections. Rate coefficient studies of Kurylo et al., Sander et
al.,® and Kircher and Sander found little difference in the measured rate coefficient when N, or O, was used
as the bath gas. The recommended termolecular expression applies to M = air. The experimental data is
reproduced to within £20% using the recommended parameters. The rate coefficient data reported by Maricq
and Szente are systematically 20% higher than the current recommendation. Systematic discrepancies also
exist in the low-temperature rate coefficient data where the results from Christensen et al. are ~25% lower
than the current recommendation at 222 K. Hamilton and Lii® and Sander et al.?° have reported the
dependence of the rate coefficient on isotopic (H/D) substitution. Lightfoot et al.* reported rate coefficients
at atmospheric pressure over the temperature range 298—777 K that are in agreement with the recommended
value at 298 K. This study indicates an upward curvature in the rate coefficient at temperatures above 500 K.
A high temperature (750-1120 K) study by Hippler et al.1° confirms the strong curvature. The current
recommendation does not account for the non-Arrhenius behavior and is valid only for temperatures below
500 K.

Stone and Rowley? reported rate coefficient data at 760 Torr over the temperature range 236—309 K that
were later shown by Christensen et al.? to be systematically overestimated due to the use of very high
concentrations of CHsOH. The Stone and Rowley?? data were not included in the present evaluation. The
rate coefficient data and temperature dependence reported by Cox and Burrows# is in general agreement with
this recommendation. Data from Rozenshtein et al.® are consistent with the low-pressure recommendation
but they report no change in the rate coefficient with pressure up to 1 atm. Results reported by Thrush and
Wilkinson?® and Dobis and Benson® are inconsistent with the recommendation.

The HO; + HO, reaction exhibits a dependence on H.O concentration due to the formation of a weakly bound
reactive HO,+H,O complex. English et al.” report a bond energy of 6.9 kcal mol* for the complex (also see
Table 3). There are numerous studies of the rate coefficient H,O dependence (Hamilton,2 Hochanadel et al.,**
Hamilton and Lii,® Cox and Burrows,* DeMore,® Lii et al.,'® Sander et al.,?® Andersson et al.,* Stone and
Rowley,? English et al.,” and Tang et al.?6) that are in good agreement. The effective rate coefficient in the
presence of H,O can be obtained by multiplying the recommended rate coefficient by the factor given by Lii
et al.’® and Kircher and Sander:*2 [1 + 1.4 x 10! [H,0] exp(2200/T)].

The major reaction products at 300 K have been identified as H,O, + O, by Su et al.,?® Niki et al.,X” Sander et
al.,? and Simonaitis and Heicklen.?
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HO:2 + HO2-H20. The enhancement of the HO, + HO; reaction in the presence of H,O vapor has been
ascribed to the formation of a HO.-H>O complex and the higher reactivity of the complex over that of HO..
The recommendation is based upon the studies of Kanno et al.2 who analyzed the enhancement of HO,
decays in the presence of H,O. Enhancement factors were obtained at 298, 325, and 350 K and a total
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1.8 NOx Reactions

1.8.1 Table 1C: NOx Reactions

Temperature
Reaction Range of Exp. A-Factor ER k(298 K)P f(298 K)e g Note
Data (K) 2
M -
0+NO > NO, (See Table 2-1)
0+NO2— NO + 02 199-2300 5.1x10-"2 210 1.04x10-" 1.1 20 Cc1
M -
0 +NO, > NOs (See Table 2-1)
0+ NO3— 02+ NO; 298-329 1.0x10-"1 0 1.0x10-"1 1.5 150 Cc2
0O + N20s5 — products 223-300 <3.0x10-16 C3
O +HNO3 — OH + NOs 298 <3.0x10-17 Cc4
O + HO2NOz2 — products 228-297 7.8x10-1" 3400 8.6x10-16 30 750 C5h
H+NO2— OH + NO 195-2000 4,0x10-10 340 1.3x10-10 1.3 300 C6
M -
OH +NO > HONO (See Table 2-1)
M -
OH + NO > HNOs (See Table 2-1)
OH + NO3 — products 298 2.2x10-1 15 Ccr
OH + HONO —> H:0 + NO; 278-1400 1.8x10-1 300 | 45x102 15 | 20 | cs
OH + HNO3 — H20 + NOs 218-1100 (See Note) 1.2 Cc9
OH + HO2NO2 — products 218-335 1.3x10-12 -380 4.6x10-12 1.3 iggg Cc10
OH + NH3 — H20 + NH: 228-2360 1.7x10-12 710 1.6x10-13 1.2 200 c11
HO2 + NO — NO2 + OH 183-1270 3.3x10-12 =270 8.0x10-12 1.15 20 Cc12
NO2* + H20 — OH + HONO (See Note) C13
M -
HO, + NO; —> HO.NO, (See Table 2-1)
HO2 + NO2— HONO + Oz 220-358 (See Note) C14
HO2 + NO3 — products 263-338 3.5x10-12 1.5 C15
HO2+ NH2 — products 298 3.4x10-1 2.0 C16
N+02—>NO+0 280-1220 1.5%10-11 3600 8.5x10-17 1.25 400 c17
N+03;—> NO+0; 298 <2.0x10-16 c18
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Temperature

Reaction Range of Exp. A-Factor ER k(298 K)P f(298 K)e g Note
Data (K) @

N+NO—> N2+ 0O 196-3660 2.1x10-"" -100 3.0x10-" 1.3 100 Cc19
N+NO2—> N0+ 0 223-700 5.8%10-12 -220 1.2x10-1 1.5 100 C20
NO + 03— NO2+ O2 195443 3.0x10-12 1500 1.9x10-14 1.1 200 Cc21
NO + NO3 — 2NO> 209-703 1.5x10-1" -170 2.6x10-" 1.3 100 Cc22
NOz2 + 03— NO3 + Oz 259-362 1.2x10-13 2450 3.2x10-17 1.15 150 Cc23
NOz2+ NO3 — NO + NO2+02 236-538 (See Note) C24
NOz+ NOs —M—> N20s (See Table 2-1)
NOs + NO3 — 2NO2 + Oz 298-1100 8.5%x10-13 2450 2.3x10-16 1.5 500 C25
NH2 + O2 — products 295-2300 <6.0x10-2" C26
NHz + O3 — products 248-380 4.3x10-12 930 1.9x10-13 30 500 c27
NH2 + NO — products 200-2500 4.0x10-12 -450 1.8x10- 1.3 150 C28
NH2 + NO2 — products 250-910 2.1x10-12 -650 1.9x10-1 30 250 C29
NH + NO — products 269-3350 4.9x10-" 0 4.9x10-" 1.5 300 C30
NH + NO2 — products 300 3.5%10-13 -1140 1.6x10-1" 20 500 C31
O3+ HNO2 — Oz2+ HNO3 226-300 <5.0x10-19 C32
N205+ H20 — 2HNO; 290-298 <2.0x10-2" C33
N2(A,v) + O2 — products 80-560 2.5x10-12, v=0 15 C34
N2(A,v) + O3 — products 298 4.1x10-1,v=0 2.0 C35

Shaded areas indicate changes or additions since JPL10-6.
& Temperature range of available experimental data. This is not necessarily the range of temperature
over which the recommended Arrhenius parameters are applicable. See the corresponding note for

each reaction for such information.
b Units are cm® molecule t s1.

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

the expression:

£(T) = £ (298 K)exp
Note that the exponent is an absolute value.
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1.8.2 Notes: NOx Reactions

C1.

C2.

Cs.

C4.

C5.

Co.

O + NO2. The recommended values are based on the results of studies over a range of temperatures by
Estupifian et al.,® Gierczak et al.,> Ongstad and Birks,® Slanger et al.,2 and Geers-Muller and Stuhl* and the
room temperature study of Paulson et al.” In the most recent studies of Estupifian et al.® and Gierczak et al.,’
special emphasis was placed on accurate measurement of the NO, concentration and on measurements at low
temperatures. The results of earlier studies by Davis et al.2 and Bemand et al.! were not used in deriving the
recommended values either because of possible complications from decomposition of NO; at higher
temperatures or lack of direct NO; detection.

(Table: 06-2, Note: 06-2, Evaluated: 06-2) Back to Table

(1) Bemand, P. P.; Clyne, M. A. A,; Watson, R. T. Atomic resonance fluorescence and mass spectrometry
for measurements of the rate constants for elementrary reactions: O 3P; + NO, — NO + Oz and NO +
03 — NO2 + Oz. J. Chem. Soc. Faraday Trans. 2 1974, 70, 564-576.

(2) Davis, D. D.; Herron, J. T.; Huie, R. E. Absolute rate constants for the reaction O(°P) + NO, — NO +
O, over the temperature range 230-339°K. J. Chem. Phys. 1973, 58, 530-535.

(3) Estupifian, E. G., J. M. Nicovich and P.H. Wine A temperature-dependent kintetics study of the
important stratospheric reaction O(°P) + NO, — O, + NO. J. Phys. Chem. A 2001, 105, 9697-9703,
doi:10.1021/jp0119400.

(4) Geers-Muller, R.; Stuhl, F. On the kinetics of the reactions of oxygen atoms with NO2, N2O4, and N»O3
at low temperatures. Chem. Phys. Lett. 1987, 135, 263-268.

(5) Gierczak, T.; Burkholder, J. B.; Ravishankara, A. R. Temperature dependent rate coefficient for the
reaction O(®P) + NO, — NO + O,. J. Phys. Chem. A 1999, 103, 877-883.

(6) Ongstad, A. P.; Birks, J. W. Studies of reactions of importance in the stratosphere. VI. Temperature
dependence of the reactions O + NO; — NO + Oz and O + CIO — CI + O,. J. Chem. Phys. 1986, 85,
3359-3368, doi:10.1063/1.450957.

(7) Paulson, S. E.; Orlando, J. J.; Tyndall, G. S.; Calvert, J. G. Rate coefficients for the reactions of O(°P)
with selected biogenic hydrocarbons. Int. J. Chem. Kinet. 1995, 27, 997-1008.

(8) Slanger, T. G.; Wood, B. J.; Black, G. Investigation of the rate coefficient for O(°P) + NO, — O, + NO.
Int. J. Chem. Kinet. 1973, 5, 615-620.

O + NOs. The recommendation is based on the study of Graham and Johnston? at 298 and 329 K. While
limited in temperature range, the data indicate no temperature dependence. Furthermore, by analogy with the
reaction of O with NOy, it is assumed that this rate constant is independent of temperature. Clearly,
temperature-dependence studies are needed.

(Table: 82-57, Note: 82-57, Evaluated: 82-57) Back to Table

(1) Graham, R. A.; Johnston, H. S. The photochemistry of NO3 and the kinetics of the N2Os-O3 system. J.
Phys. Chem. 1978, 82, 254-268, doi:10.1021/j100492a002.

O + N20s. The recommendation is based on the study by Kaiser and Japar.!
(Table: 82-57, Note: 82-57, Evaluated: 82-57) Back to Table

(1) Kaiser, E. W.; Japar, S. M. The kinetics of the gas phase reaction of O(®P) with N,Os. Chem. Phys. Lett.
1978, 54, 265-268.

O + HNOa. The upper limit reported by Chapman and Wayne! is accepted.
(Table: 82-57, Note: 82-57, Evaluated: 82-57) Back to Table

(1) Chapman, C. J.; Wayne, R. P. The reaction of atomic oxygen and hydrogen with nitric acid. Int. J.
Chem. Kinet. 1974, 6, 617-630.

O + HO2NOz. The recommended value is based on the study of Chang et al.> The large uncertainty in E/R
and k at 298 K are due to the fact that the recommendation is based on a single study.
(Table: 82-57, Note: 82-57, Evaluated: 82-57) Back to Table

(1) Chang, J. S.; Trevor, P. L.; Barker, J. R. O(°P) + HOONO; — Products: Temperature-dependent rate
constant. Int. J. Chem. Kinet. 1981, 13, 1151-1161.

H + NOz. The recommended value of k(298 K) is derived from the studies of Wagner et al.,® Bemand and
Clyne,? Clyne and Monkhouse,® Michael et al.,® and Ko and Fontijn.* The temperature dependence is from
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C7.

C8.

Co.

the studies of Wagner et al. and Ko and Fontijn. The data from Wategaonkar and Setser’” and Agrawalla et
al. were not considered.
(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Agrawalla, B. S.; Manocha, A. S.; Setser, D. W. Studies of H and O atom reactions by OH infrared
chemiluminescence. J. Phys. Chem. 1981, 85, 2873-2877.

(2) Bemand, P. P.; Clyne, M. A. A. Atomic resonance fluorescence for rate constants of rapid bimolecular
reactions Part 6.-Hydrogen atom reactions: H + Cl, from 300 to 730 K and H + NO; at 298 K. J. Chem.
Soc. Faraday Trans. 2 1977, 73, 394-405.

(3) Clyne, M. A. A.; Monkhouse, P. Atomic resonance fluorescence for rate constants of rapid bimolecular
reactions Part 5-Hydrogen atom reactions; H + NO; and H + Os. J. Chem. Soc. Faraday Trans. 2 1977,
73, 298-309.

(4) Ko, T.; Fontijn, A. High temperature photochemistry kinetics study of the reaction H + NO; — OH +
NO from 286 to 760 K. J. Phys. Chem. 1991, 95, 3984-3987.

(5) Michael, J. V.; Nava, D. F.; Payne, W. A.; Lee, J. H.; Stief, L. J. Rate constant for the reaction H + NO;
from 195 to 400 K with FP-RF and DF-RF techniques. J. Phys. Chem. 1979, 83, 2818-2823,
d0i:10.1021/j100485a003.

(6) Wagner, H. G.; Welzbacher, U.; Zellner, R. Rate measurements for reactions H + NO, — OH + NO and
H + NOCI — HCI + NO by Lyman-a fluorescence. Ber. Bunsenges. Phys. Chem. 1976, 80, 1023-1027.

(7) Wategaonkar, S. J.; Setser, D. W. Infrared chemiluminescence studies of H atom reactions with CI,0,
CINO, F;0, CF3;0F, CIO,, NO2, and CIO. J. Chem. Phys. 1989, 90, 251-264.

OH + NOs. The recommendation is derived from an average of the results of Boodaghians et al.,> Mellouki
et al.,® Becker et al., and Mellouki et al.* There are no temperature dependence data. The reaction products
are probably HO; + NOa.

(Table: 94-26, Note: 94-26, Evaluated: 94-26) Back to Table

(1) Becker, E.; Rahman, M. M.; Schindler, R. N. Determination of the rate constants for the gas phase
reactions of NO3 with H, OH and HO; radicals at 298 K. Ber. Bunsenges. Phys. Chem. 1992, 96, 776-
783.

(2) Boodaghians, R. B.; Canosa-Mas, C. E.; Carpenter, P. J.; Wayne, R. P. The reactions of NO3 with OH
and H. J. Chem. Soc. Faraday Trans. 2 1988, 84, 931-948.

(3) Mellouki, A.; Le Bras, G.; Poulet, G. Kinetics of the reactions of NO3 with OH and HO. J. Phys.
Chem. 1988, 92, 2229-2234, doi:10.1021/j100319a029.

(4) Mellouki, A.; Talukdar, R. K.; Bopegedera, A. M. R. P.; Howard, C. J. Study of the kinetics of the
reactions of NOs with HO, and OH. Int. J. Chem. Kinet. 1993, 25, 25-39.

OH + HONO. The recommended rate expression is derived from the work of Jenkin and Cox,® which
supersedes the earlier room temperature study of Cox et al.2 Results from the Burkholder et al. suggest that
the reaction may have a small negative temperature dependence.

(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Burkholder, J. B.; Mellouki, A.; Talukdar, R.; Ravishankara, A. R. Rate coefficients for the reaction of
OH with HONO between 298 and 373 K. Int. J. Chem. Kinet. 1992, 24, 711-725.

(2) Cox, R. A; Derwent, R. G.; Holt, P. M. Relative rate constants for the reactions of OH radicals with H,
CHg4, CO, NO and HONO at atmospheric pressure and 296 K. J. Chem. Soc. Faraday Trans. 1 1976, 72,
2031-2043.

(3) Jenkin, M. E.; Cox, R. A. Kinetics of the gas-phase reaction of OH with nitrous acid. Chem. Phys. Lett.
1987, 137, 548-552.

OH + HNOs. The recent study of Brown et al.2 furnishes the most comprehensive set of rate measurements for
N as the bath gas over a significant range of temperature (200-350 K) and pressure (20-500 Torr). They
analyzed their results in terms of the mechanism proposed by Smith et al.,® involving the formation of a bound,
relatively long-lived HO*HNOz complex, as well as the direct reaction channel. Studies of the effects of isotopic
substitution on the reactions OD + DNOs, OH + DNOs, OD + HNO3, and *OH + HNO; by Brown et al.! support
this mechanism and suggest that the structure of the intermediate consists of a H-bonded six-membered ring.
Thus, the P dependence can be represented by combining a low-pressure (bimolecular) limit, ko, with a
Lindemann-Hinshelwood expression for the p-dependence:
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k(IMLLT) = ko + —~%5ng

k2

ky = 2.7 x 10717 exp(e)

jko =24 x 1071 exp(“Tﬂ)l
T
lkg =6.5 X 1073 exp(—>)

1335
T

The coefficients ks and k; are the termolecular and high pressure limits for the “association” channel. The
value of k at high pressures is the sum ko + ko.

This expression for k([M],T) and the values of the Arrhenius parameters for ko, ko, and ks derived by Brown et
al.2 for N, as the bath gas constitute the recommended values for this rate coefficient. These recommended
values are derived from a fit to the data of Brown et al.,2 Stachnik et al.,® Devolder et al.,® and Margitan and
Watson.*

The reaction yield of NO3 (per OH removed) is assumed to be unity at all temperatures for either reaction
channel. These assumptions are supported by the isotopic studies of Brown et al.* and the theoretical
calculations of Xia and Lin.”

(Table: 00-3, Note: 02-25, Evaluated: 02-25) Back to Table

(1) Brown, S. S.; Burkholder, J. B.; Talukdar, R. K.; Ravishankara, A. R. Reaction of hydroxyl radical with
nitric acid: Insights into its mechanism. J. Phys. Chem. A 2001, 105, 1605-1614,
d0i:10.1021/jp002394m.

(2) Brown, S. S.; Talukdar, R. K.; Ravishankara, A. R. Reconsideration of the rate constant for the reaction
of hydroxyl radicals with nitric acid. J. Phys. Chem. A 1999, 103, 3031-3037.

(3) Devolder, P.; Carlier, M.; Pauwels, J. F.; Sochet, L. R. Rate constant for the reaction of OH with nitric
acid: A new investigation by discharge flow resonance fluorescence. Chem. Phys. Lett. 1984, 111, 94-
99.

(4) Margitan, J. J.; Watson, R. T. Kinetics of the reaction of hydroxyl radicals with nitric acid. J. Phys.
Chem. 1982, 86, 3819-3824, doi:10.1021/j100216a022.

(5) Smith, C. A.; Molina, L. T.; Lamb, J. J.; Molina, M. J. Kinetics of the reaction of OH with pernitric and
nitric acids. Int. J. Chem. Kinet. 1984, 16, 41-55.

(6) Stachnik, R. A.; Molina, M. J.; Molina, L. T. Pressure and temperature dependences of the reaction of
OH with nitric acid. J. Phys. Chem. 1986, 90, 2777-2780, d0i:10.1021/j100403a044.

(7) Xia, W. S.; Lin, M. C. A multifacet mechanism for the OH + HNOs reaction: An ab initio molecular
orbital/statistical theory study. J. Chem. Phys. 2001, 114, 4522-4532, do0i:10.1063/1.1337061.

OH + HO2NOz. The recommendation for both k at 298 K and the Arrhenius expression is based upon the
data of Trevor et al.,® Barnes et al.,! C. A. Smith et al.,* and Barnes et al.> Trevor et al. studied this reaction
over the temperature range 246-324 K and reported a temperature invariant value of 4.0 x 102 cm?®
molecule™ s, although a weighted least squares fit to their data yields an Arrhenius expression with an E/R
value of (193 + 193) K. In contrast, Smith et al. studied the reaction over the temperature range 240-300 K
and observed a negative temperature dependence with an E/R value of —(650 + 30) K. The early Barnes et
al.! study was carried out only at room temperature and 1 Torr total pressure while their later study was
performed in the pressure range 1-300 Torr N2 and temperature range 268—295 K with no rate constant
variation being observed. In addition, k(298 K) derived in Barnes et al.* was revised upward in the later study
from 4.1 x 10*? t0 5.0 x 1012 cm® molecule* s~* due to a change in the rate constant for the reference
reaction. The values of k at 298 K from the four studies are in excellent agreement. An unweighted least
squares fit to the data from the above-mentioned studies yields the recommended Arrhenius expression. The
less precise value for k at 298 K reported by Littlejohn and Johnston?® is in fair agreement with the
recommended value. The error limits on the recommended E/R are sufficient to encompass the results of
both Trevor et al. and Smith et al. It should be noted that the values of k at 220 K deduced from the two
studies differ by a factor of 2. Clearly, additional studies of k as a function of temperature and the
identification of the reaction products are needed.

(Table 02-25, Note: 02-25, Evaluated: 02-25) Back to Table

(1) Barnes, |.; Bastian, V.; Becker, K. H.; Fink, E. H.; Zabel, F. Rate constant of the reaction of OH with
HO2;NO,. Chem. Phys. Lett. 1981, 83, 459-464.

(2) Barnes, |.; Bastian, V.; Becker, K. H.; Fink, E. H.; Zabel, F. Pressure dependence of the reaction of OH
with HO2NO,. Chem. Phys. Lett. 1986, 123, 28-32.

(3) Littlejohn, D.; Johnston, H. S. Rate constant for the reaction of hydroxyl radicals and peroxynitric acid.
EOS 1980, 61, 966.
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(4) Smith, C. A;; Molina, L. T.; Lamb, J. J.; Molina, M. J. Kinetics of the reaction of OH with pernitric and
nitric acids. Int. J. Chem. Kinet. 1984, 16, 41-55.

(5) Trevor, P. L.; Black, G.; Barker, J. R. Reaction rate constant for OH + HOONO, — products over the
temperature range 246 to 324 K. J. Phys. Chem. 1982, 86, 1661-1669, doi:10.1021/j100206a035.

OH + NHas. The recommended value at 298 K is the average of the values reported by Stuhl, Smith and
Zellner ® Perry et al.,® Silver and Kolb,” Stephens,® and Diau et al.? The values reported by Pagsberg et al.®
and Cox et al.! were not considered because these studies involved the analysis of a complex mechanism and
the results are well outside the error limits implied by the above six direct studies. The results of Kurylo* and
Hack et al.® were not considered because of their large discrepancies with the other direct studies (factors of
3.9 and 1.6 at room temperature, respectively). Because the Arrhenius plot displays considerable curvature,
the temperature dependence is based only on the data below 300 K, i.e., the studies of Smith and Zellner® and
Diau et al.,2 and the A-factor has been selected to fit the recommended room temperature value.

(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Cox, R. A.; Derwent, R. G.; Holt, P. M. The photo-oxidation of ammonia in the presence of NO and
NO,. Chemosphere 1975, 4, 201-205.

(2) Diau, E. W.-G,; Tso, T.-L.; Lee, Y.-P. Kinetics of the reaction OH + NHjs in the range 273-433 K. J.
Phys. Chem. 1990, 94, 5261-5265.

(3) Hack, W.; Hoyermann, K.; Wagner, H. G. Gas phase reactions of hydroxyl radical with ammonia and
hydrazine. Ber. Bunsenges. Phys. Chem. 1974, 78, 386-391.

(4) Kurylo, M. J. Kinetics of the reactions OH(v=0) + NH3 — H,0 + NH and OH(v=0) + O3 — HO; + O,
at 298°K. Chem. Phys. Lett. 1973, 23, 467-471.

(5) Pagsberg, P. B.; Erikson, J.; Christensen, H. C. Pulse radiolysis of gaseous ammonia-oxygen mixtures.
J. Phys. Chem. 1979, 83, 582-590, d0i:10.1021/j100468a006.

(6) Perry, R. A.; Atkinson, R.; Pitts, J. N., Jr. Rate constants for the reactions OH + H,S — H,O + SH and
OH + NH3 — H»0 + NH; over the temperature range 297-427 °K. J. Chem. Phys. 1976, 64, 3237-3239.

(7) Silver, J. A.; Kolb, C. E. Rate constant for the reaction NH; + OH — NH, + H,0 over a wide
temperature range. Chem. Phys. Lett. 1980, 75, 191-195.

(8) Smith, I. W. M.; Zellner, R. Rate measurements of OH by resonance absorption. IV. Reactions of OH
with NHz and HNOs. Int. J. Chem. Kinet. Symp. No. 1 1975, 341-351.

(9) Stephens, R. D. Absolute rate constants for the reaction of hydroxyl radicals with ammonia from 297 to
364 K. J. Phys. Chem. 1984, 88, 3308-3313, d0i:10.1021/j150659a034.

(10) Stuhl, F. Absolute rate constant for the reaction OH + NH; — NH. + H.0. J. Chem. Phys. 1973, 59,
635-637.

HO2 +NO. The recommendation for HO, + NO is based on the average of eight measurements of the rate
constant at room temperature and below: Howard and Evenson,” Leu,'° Howard,® Hack et al.,> Jemi-Alade and
Thrush,® Seeley et al.,? Bohn and Zetsch,? and Bardwell et al.! All of these are in quite good agreement. The
results of Imamura and Washida® were not considered due to the relatively large uncertainty limits reported in
this study. An earlier study, Burrows et al.® has been disregarded because of an error in the reference rate
constant, k(OH + H,0). The room temperature study of Rozenshtein et al.'! has also been disregarded due to
an inadequate treatment of possible secondary reactions. The data of Glaschick-Schimpf et al.* were not
considered because of complications associated with the HO- detection method. The data of Thrush and
Wilkinson!® were not considered because it is a relative rate study. The recommended Arrhenius parameters
are obtained from a fit to all the data. The recommended value of k(298 K) is obtained from the Arrhenius
line.

(Table: 10-6, Note: 10-6, Evaluated: 10-6) Back to Table

(1) Bardwell, M. W.; Bacak, A.; Raventos, M. T.; Percival, C. J.; Sanchez-Reyna, G.; Shallcross, D. E.
Kinetics of the HO, + NO reaction: A temperature and pressure dependence study using chemical
ionisation mass spectrometry. Phys. Chem. Chem. Phys. 2003, 5, 2381-2385, 10.1039/b300842h.

(2) Bohn, B.; Zetzsch, C. Rate constants of HO, + NO covering atmospheric conditions .1. HO, formed by
OH + H;05. J. Phys. Chem. A 1997, 101, 1488-1493.

(3) Burrows, J. P.; Cliff, D. I.; Harris, G. W.; Thrush, B. A.; Wilkinson, J. P. T. Atmospheric reactions of
the HO; radical studied by laser magnetic-resonance spectroscopy. Proc. Roy. Soc. Lond. A. 1979, 368,
463-481.

(4) Glaschick-Schimpf, I.; Leiss, A.; Monkhouse, P. B.; Schurath, U.; Becker, K. H.; Fink, E. H. A kinetic
study of the reactions of HO,/DO, radicals with niric oxide using near-infrared chemiluminescence
detection. Chem. Phys. Lett. 1979, 67, 318-323.
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(5) Hack, W.; Preuss, A. W.; Temps, F.; Wagner, H. G.; Hoyermann, K. Direct determination of the rate
constant of the reaction NO + HO; — NO; + OH with the LMR. Int. J. Chem. Kinet. 1980, 12, 851-860.

(6) Howard, C. J. Temperature dependence of the reaction HO, + NO — OH + NO,. J. Chem. Phys. 1979,
71, 2352-2359.

(7) Howard, C. J.; Evenson, K. M. Kinetics of the reaction of HO, with NO. Geophys. Res. Lett. 1977, 4,
437-440.

(8) Imamura, T.; Washida, N. Measurements of rate constants for HO, + NO and NH; + NO reactions by
time-resolved photoizonization mass spectrometry. Laser Chem. 1995, 16, 43-51.

(9) Jemi-Alade, A. A.; Thrush, B. A. Reactions of HO, with NO and NO; studied by mid-infrared laser
magnetic resonance. J. Chem. Soc. Faraday Trans. 1990, 86, 3355-3363.

(10) Leu, M. T. Rate constant for the reaction HO, + NO — OH + NO,. J. Chem. Phys. 1979, 70, 1662-
1666.

(11) Rozenshtein, V. B.; Gershenzon, Y. M.; Il'in, S. D.; Kishkovitch, O. P. Reactions of HO, with NO, OH
and HO; studied by EPR/LMR spectroscopy. Chem. Phys. Lett. 1984, 112, 473-478.

(12) Seeley, J. V.; Meads, R. F.; Elrod, M. J.; Molina, M. J. Temperature and pressure dependence of the
rate constant for the HO2 + NO reaction. J. Phys. Chem. 1996, 100, 4026-4031.

(13) Thrush, B. A.; Wilkinson, J. P. T. The rate of reaction of HO; radicals with HO and with NO. Chem.
Phys. Lett. 1981, 81, 1-3.

NO2* + H20. The reaction of NO, with H,O to produce OH and HONO is endothermic by about 40 kcal
mole (ground state reactants and products). However, absorption of light by NO, at wavelengths less than
718 nm can exceed the thermodynamic threshold if all the NO; internal energy is available for reaction.
Crowley and Carl? photolyzed NO2/H,O mixtures in the 430—450 nm spectral region and observed an OH
action spectrum that mimicked the absorption features of NO,. Because the dependence of the OH signal on
photolysis laser energy was second order, they suggested that two-photon absorption of NO. produced O(*D)
in their experiment which reacted with water vapor to produce OH. The energetic threshold for O(*D)
production is 488 nm. When they performed the same experiment with 532 nm photolysis, no OH production
was observed giving an upper limit for the OH branching fraction (reactive vs. unreactive quenching) of 7 x
10, Li et al.® carried out laser pump/probe experiments at photolysis wavelengths between 560 and 640 nm
in NO2/H,0 mixtures. In contrast to Crowley and Carl, they found significant OH production in this
wavelength range. Their experiments showed a unity slope dependence of OH production on laser energy,
suggesting a one-photon process. Overtone pumping was used to check for the presence of HONO and
HNO3, which might be the source of the observed OH radicals. The rate constant for the NO2* + H,O
reaction was determined to be 1.7 x 1072 cm® molecule™ s for NO; excitation at 565, 590 and 612.5 nm
with an overall uncertainty of £50%. This is large enough to have a significant impact on HOy production in
the troposphere. Carr et al.! performed a laser pump/probe experiment at 567.5 and 563.5 nm in NO2/H,0
mixtures. These experiments failed to detect OH formation, resulting in an upper limit of 6 x 105 for the
reactive branching fraction.

Although this reaction is potentially important, in view of the disagreement in the published results, the Panel
makes no recommendation on this reaction until additional credible studies are carried out.
(Table: 10-6, Note: 10-6, Evaluated: 10-6) Back to Table

(1) Carr, S.; Heard, D. E.; Blitz, M. A. Comment on "Atmospheric hydroxyl radical production from
electronically excited NO, and H2O". Science 2009, 324, 336b, doi:10.1126/science.11666609.

(2) Crowley, J. N.; Carl, S. A. OH formation in the photoexcitation of NO beyond the dissociation
threshold in the presence of water vapor. J. Phys. Chem. A 1997, 101, 4178-4184.

(3) Li, S. P.; Matthews, J.; Sinha, A. Atmospheric hydroxyl radical production from electronically excited
NO; and H,0. Science 2008, 319, 1657-1660, doi:10.1126/science.1151443.

HO2 + NO2. Tyndall et al.* obtained an upper limit to the rate coefficient of 5 x 1026 cm® molecule* st
based on static photolysis experiments with FTIR analysis at 296 K and 760 Torr of N..
(Table: 97-4, Note: 97-4, Evaluated: 97-4) Back to Table

(1) Tyndall, G. S.; Orlando, J. J.; Calvert, J. G. Upper limit for the rate coefficient for the reaction HO, +
NO, — HONO + O,. Environ. Sci. Technol. 1995, 29, 202-206, doi:10.1021/es00001a026.

HO: + NOs. The recommendation for k(298 K) is based on a weighted average of the data of Hall et al.,2
Mellouki et al.,® Becker et al.,* and Mellouki et al.* There are insufficient data on which to base the
temperature dependence of the rate coefficient. The measured branching ratios for the OH + NO, + O,
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channel range from 0.57 to 1.0. The most direct measurement is derived from the study of Mellouki et al.,*
which obtained a value of 1.0 +0.0/-0.3 at 298 K.
(Table: 94-26, Note: 94-26, Evaluated: 94-26) Back to Table

(1) Becker, E.; Rahman, M. M.; Schindler, R. N. Determination of the rate constants for the gas phase
reactions of NO3; with H, OH and HO; radicals at 298 K. Ber. Bunsenges. Phys. Chem. 1992, 96, 776-
783.

(2) Hall, I. W.; Wayne, R. P.; Cox, R. A.; Jenkin, M. E.; Hayman, G. D. Kinetics of the reaction of NO3
with HO,. J. Phys. Chem. 1988, 92, 5049-5054, d0i:10.1021/j100328a043.

(3) Mellouki, A.; Le Bras, G.; Poulet, G. Kinetics of the reactions of NO3 with OH and HO.. J. Phys.
Chem. 1988, 92, 2229-2234, doi:10.1021/j100319a029.

(4)  Mellouki, A.; Talukdar, R. K.; Bopegedera, A. M. R. P.; Howard, C. J. Study of the kinetics of the
reactions of NOs with HO, and OH. Int. J. Chem. Kinet. 1993, 25, 25-39.

HO:2 + NHa. There is a fairly good agreement on the value of k at 298 K between the direct study of
Kurasawa and Lesclaux? and the relative studies of Cheskis and Sarkisov* and Pagsberg et al.> The
recommended value is the average of the values reported in these three studies. The identity of the products
is not known; however, Kurasawa and Lesclaux suggest that the most probable reaction channels give either
NH;s + Oz or HNO + H,0 as products.

(Table: 83-62, Note: 83-62, Evaluated: 83-62) Back to Table

(1) Cheskis, S. G.; Sarkisov, O. M. Flash photolysis of ammonia in the presence of oxygen. Chem. Phys.
Lett. 1979, 62, 72-76.

(2) Kurasawa, H.; Lesclaux, R. 14th Informal Photochemistry Conference, 1980, Newport Beach, CA.

(3) Pagsberg, P. B.; Erikson, J.; Christensen, H. C. Pulse radiolysis of gaseous ammonia-oxygen mixtures.
J. Phys. Chem. 1979, 83, 582-590, d0i:10.1021/j100468a006.

N + O2. The recommended expression is derived from a least squares fit to the data of Kistiakowsky and
Volpi,* Wilson,® Becker et al.,2 Westenberg et al.,® Clark and Wayne,® Winkler et al.,” and Barnett et al.*
k(298 K) is derived from the Arrhenius expression and is in excellent agreement with the average of all of the
room temperature determinations.

(Table: 90-1, Note: 90-1, Evaluated: 90-1) Back to Table

(1) Barnett, A. J.; Marston, G.; Wayne, R. P. Kinetics and chemiluminescence in the reaction of N atoms
with Oz and Os. J. Chem. Soc. Faraday Trans. 2 1987, 83, 1453-1463.

(2) Becker, K. H.; Groth, W.; Kley, D. The rate constant of the aeronomic reaction N + O,. Z. Naturforsch
1969, A24, 1280-1281.

(3) Clark, I. D.; Wayne, R. P. Kinetics of the reaction between atomic nitrogen and molecular oxygen in the
ground (3Zq) and first excited (*Ag) states. Proc. Roy. Soc. Lond. A. 1970, 316, 539-550.

(4) Kistiakowsky, G. B.; Volpi, G. G. Reactions of nitrogen atoms. I. Oxygen and oxides of nitrogen. J.
Chem. Phys. 1957, 27, 1141-1149.

(5) Westenberg, A. A.; Roscoe, J. M.; deHaas, N. Rate measurements on N + O,(*Ag) —» NO + O and H +
02(*Ag) — OH + O. Chem. Phys. Lett. 1970, 7, 597-599.

(6) Wilson, W. E. Rate constant for the reaction N + O, — NO + O. J. Chem. Phys. 1967, 46, 2017-2018.

(7)  Winkler, I. C.; Stachnik, R. A.; Steinfeld, J. I.; Miller, S. M. Determination of NO (v = 0-7) product
distribution from the N(“S) + O reaction using two-photon ionization. J. Chem. Phys. 1986, 85, 890-
899.

N + Os. The recommendation is based on the results of Barnett et al.! The value of (1.0 £0.2) x 106 cm?
molecule™ s reported by Barnett et al. should probably be considered an upper limit rather than a
determination. The low values reported by Barnett et al., Stief et al.,> and Garvin and Broida® cast doubt on
the much faster rates reported by Phillips and Schiff* and Chen and Taylor.?

(Table: 90-1, Note: 90-1, Evaluated: 90-1) Back to Table

(1) Barnett, A. J.; Marston, G.; Wayne, R. P. Kinetics and chemiluminescence in the reaction of N atoms
with O, and Os. J. Chem. Soc. Faraday Trans. 2 1987, 83, 1453-1463.

(2) Chen, M. C.; Taylor, H. A. Reactions of nitrogen atoms with ozone. J. Chem. Phys. 1961, 34, 1344-
1347.

(3) Garvin, D.; Broida, H. P. 9th Symposium on Combustion, 1963.

(4) Phillips, L. F.; Schiff, H. I. Mass spectrometer studies of atoms reactions. I. Reactions in the atomic
nitrogen-ozone system. J. Chem. Phys. 1962, 36, 1509-1517.
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(5) Stief, L. J.; Payne, W. A.; Lee, J. H.; Michael, J. V. The reaction N(*S) + Os: An upper limit for the rate
constant at 298 K. J. Chem. Phys. 1979, 70, 5241-5243.

N + NO. The recommended temperature dependence is based on the discharge flow-resonance fluorescence
studies of Wennberg and Anderson,'* and the discharge flow-resonance fluorescence and flash photolysis-
resonance fluorescence studies of Lee et al.*® There is relatively poor agreement between these studies and
the results of Clyne and McDermid,? Kistiakowsky and Volpi,® Herron,® Phillips and Schiff,'? Lin et al.,!
Ishikawa et al.,” Sugawara et al.,'* Cheah and Clyne,? Husain and Slater,® Clyne and Ono,* Brunning and
Clyne,! and Jeoung et al.8

(Table: 94-26, Note: 94-26, Evaluated: 94-26) Back to Table

(1) Brunning, J.; Clyne, M. A. A. Elementary reactions of the SF radical Part 1.-Rate constants for the
reactions F + OCS — SF + CO and SF + SF — SF;, + S. J. Chem. Soc. Faraday Trans 2 1984, 80,
1001-1014.

(2) Cheah, C. T.; Clyne, M. A. A. Reactions forming electronically-excited free radicals Part 2.-Formation
of N*S, N 2D and N 2P atoms in the H + NF; reaction, and N atom reactions. J. Chem. Soc. Faraday
Trans. 11 1980, 76, 1543-1560.

(3) Clyne, M. A. A.; McDermid, 1. S. Mass spectrometric determinations of the rates of elementary
reactions of NO and of NO, with ground state N 4S atoms. J. Chem. Soc. Faraday Trans. 1 1975, 71,
2189-2202.

(4) Clyne, M. A. A;; Ono, Y. Determination of the rate constant of reaction of N(“Sz) with NO; using
resonance fluorescence in a discharge flow system. Chem. Phys. 1982, 69, 381-388.

(5) Herron, J. T. Rate of the reaction NO + N. J. Chem. Phys. 1961, 35, 1138-1139.

(6) Husain, D.; Slater, N. K. H. Kinetic study of ground state atomic nitrogen, N(24Ss/2), by time-resolved
atomic resonance fluorescence. J. Chem. Soc. Faraday Trans. Il 1980, 76, 606-619.

(7) Ishikawa, Y.; Sugawara, K.; Sato, S. Abstracts of Papers; ACS/CSJ Chemical Congress, 1979; Vol. 1.

(8) Jeoung, S. C.; Choo, K. Y.; Benson, S. W. Very low pressure reactor chemiluminescence studies on N
atom reactions with CHClI; and CDCls. J. Phys. Chem. 1991, 95, 7282-7290.

(9) Kistiakowsky, G. B.; Volpi, G. G. Reactions of nitrogen atoms. Il. Hz, CO, NHs, NO, and NO. J.
Chem. Phys. 1958, 28, 665-668.

(10) Lee, J. H.; Michael, J. V.; Payne, W. A., Jr.; Stief, L. J. Absolute rate of the reaction of N(*S) with NO
from 196-400 K with DF-RF and FP-RF techniques. J. Chem. Phys. 1978, 69, 3069-3076.

(11) Lin, C.-L.; Parkes, D. A.; Kaufman, F. Oscillator strength of the resonance transitions of ground-state N
and O. J. Chem. Phys. 1970, 53, 3896-3900.

(12) Phillips, L. F.; Schiff, H. I. Mass spectrometer studies of atoms reactions. I. Reactions in the atomic
nitrogen-ozone system. J. Chem. Phys. 1962, 36, 1509-1517.

(13) Sugawara, K.; Ishikawa, Y.; Sato, S. The rate constants of the reactions of the metastable nitrogen
atoms, 2D and 2P, and the reactions of N(*S) + NO — Nz + O(®P) and O(°P) + NO + M — NO, + M.
Bull. Chem. Soc. Jpn. 1980, 53, 3159-3164.

(14) Wennberg, P. O.; Anderson, J. G.; Weisenstein, D. K. Kinetics of reactions of ground state nitrogen
atoms (“Sar2) with NO and NO2. J. Geophys. Res. 1994, 99, 18839-18846.

N + NO2. The recommendation for k(298 K) is from the discharge flow-resonance fluorescence study of
Wennberg and Anderson.® The latter study had significantly better sensitivity for N(*S) than the discharge
flow-resonance fluorescence study of Clyne and Ono,? which obtained a value about four times smaller. The
results of Husain and Slater® and Clyne and McDermid* are not considered. The temperature dependence is
obtained from the study of Wennberg and Anderson. In the latter study, atomic oxygen was shown to be the
principal reaction product, in agreement with Clyne and McDermid. A recent study by Iwata et al.* suggested
an upper limit of 3.3 x 1073 cm® molecule™ s for the corresponding reaction involving N(?D) and N(?P)
atoms (sum of all reaction channels).
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2189-2202.

(2) Clyne, M. A. A.; Ono, Y. Determination of the rate constant of reaction of N(*Ss2) with NO; using
resonance fluorescence in a discharge flow system. Chem. Phys. 1982, 69, 381-388.

(3) Husain, D.; Slater, N. K. H. Kinetic study of ground state atomic nitrogen, N(24Ss/,), by time-resolved
atomic resonance fluorescence. J. Chem. Soc. Faraday Trans. 11 1980, 76, 606-619.
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(4) Iwata, R.; Ferrieri, R. A.; Wolf, A. P. Rate constant determination of the reaction of metastable
N(2D,?P) with NO2 using moderated nuclear recoil atoms. J. Phys. Chem. 1986, 90, 6722-6726,
doi:10.1021/j100283a027.

(5) Wennberg, P. O.; Anderson, J. G.; Weisenstein, D. K. Kinetics of reactions of ground state nitrogen
atoms (“Szr2) with NO and NO,. J. Geophys. Res. 1994, 99, 18839-18846.

NO + Os. The recommended values are based on the results of studies over a range of temperatures by Birks
etal.,? Lippmann et al.,> Ray and Watson,® Michael et al.,® Borders and Birks,® and Moonen et al.” and the
room temperature studies of Stedman and Niki'® and Bemand et al.! The six temperature-dependent studies
were given equal weighting in the recommendation by averaging over the E/R’s from each individual data
set. Following the Moonen et al. recommendation, the 200 K data point from their study has been excluded
from the fit. All of the temperature dependence studies show some curvature in the Arrhenius plot at
temperatures below 298 K. Increasing scatter between the data sets is evident at the lower temperatures.
Clough and Thrush,* Birks et al., Schurath et al.,° and Michael et al. have reported individual Arrhenius
parameters for the two primary reaction channels producing ground and excited molecular oxygen.

(Table: 00-3, Note: 00-3, Evaluated: 00-3) Back to Table

(1) Bemand, P. P.; Clyne, M. A. A.; Watson, R. T. Atomic resonance fluorescence and mass spectrometry
for measurements of the rate constants for elementrary reactions: O 3P; + NO2 — NO + Oz and NO +
03 — NO2 + O,. J. Chem. Soc. Faraday Trans. 2 1974, 70, 564-576.

(2) Birks, J. W.; Shoemaker, B.; Leck, T. J.; Hinton, D. M. Studies of reactions of importance in the
stratosphere. 1. Reaction of nitric oxide with ozone. J. Chem. Phys. 1976, 65, 5181-5185.

(3) Borders, R. A.; Birks, J. W. High-precision measurements of activation energies over small temperature
intervals: Curvature in the Arrhenius plot for the reaction NO + O3 — NO; + O.. J. Phys. Chem. 1982,
86, 3295-3302.

(4) Clough, P. N.; Thrush, B. A. Mechanism of chemiluminescent reaction between nitric oxide and ozone.
Trans. Faraday Soc. 1967, 63, 915-925.

(5) Lippmann, H. H.; Jesser, B.; Schurath, U. The rate constant of NO + O3 — NO; + O; in the temperature
range of 283-443 K. Int. J. Chem. Kinet. 1980, 12, 547-554.

(6) Michael, J. V.; Allen, J. E., Jr.; Brobst, W. D. Temperature dependence of the NO + Og reaction rate
from 195 to 369 K. J. Phys. Chem. 1981, 85, 4109-4117, d0i:10.1021/j150626a032.

(7)  Moonen, P. C.; Cape, J. N.; Storeton-West, R. L.; McColm, R. Measurement of the NO + O3 reaction
rate at atmospheric pressure using realistic mixing ratios. J. Atmos. Chem. 1998, 29, 299-314.

(8) Ray, G. W.; Watson, R. T. Kinetics of the reaction NO + O3 — NO + O, from 212 to 422 K. J. Phys.
Chem. 1981, 85 1673-1676, d0i:10.1021/j150612a015.

(9) Schurath, U.; Lippmann, H. H.; Jesser, B. Temperature dependence of the chemiluminescent reaction
(1), NO + O3 — NO2(?A1-2B1,) + Oy, and quenching of the excited product. Ber. Bunsenges. Phys.
Chem. 1981, 85, 807-813.

(10) Stedman, D. H.; Niki, H. Kinetics and mechanism for the photolysis of nitrogen dioxide in air. J. Phys.
Chem. 1973, 77, 2604-26009.

NO + NOs. The recommendation is based on the studies of Hammer et al.,* Sander and Kircher,2 and
Tyndall et al.,® which are in excellent agreement.
(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Hammer, P. D.; Dlugokencky, E. J.; Howard, C. J. Kinetics of the gas-phase reaction NO + NO3; —
2NO:. J. Phys. Chem. 1986, 90, 2491-2496, doi:10.1021/j100402a045.

(2) Sander, S. P.; Kircher, C. C. Temperature dependence of the reaction NO + NO3 — 2NO,. Chem. Phys.
Lett. 1986, 126, 149-152.

(3) Tyndall, G. S.; Orlando, J. J.; Cantrell, C. A.; Shetter, R. E.; Calvert, J. G. Rate coefficient for the
reaction NO + NOz — 2NO; between 223 and 400 K. J. Phys. Chem. 1991, 95, 4381-4386.

NO:z + Os. The recommended expression is derived from a least squares fit to the data of Davis et al.,2
Graham and Johnston,® Huie and Herron,* and Cox and Coker.? The data of Verhees and Adema® and
Stedman and Niki® were not considered because of systematic discrepancies with the other studies.
(Table: 90-1, Note: 90-1, Evaluated: 90-1) Back to Table

(1) Cox, R. A.; Coker, G. B. Kinetics of the reaction of nitrogen dioxide with ozone. J. Atmos. Chem. 1983,
1, 53-63.
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(2) Davis, D. D.; Prusazcyk, J.; Dwyer, M.; Kim, P. A stop-flow time-of-flight mass spectrometry kinetics
study. Reaction of ozone with nitrogen dioxide and sulfur dioxide. J. Phys. Chem. 1974, 78, 1775-1779.

(3) Graham, R. A.; Johnston, H. S. Kinetics of the gas-phase reaction between ozone and nitrogen dioxide.
J. Chem. Phys. 1974, 60, 4628-4629.

(4) Huie, R. E.; Herron, J. T. The rate constant for the reaction O3z + NO, — O, + NO; over the temperature
range 259-362 °K. Chem. Phys. Lett. 1974, 27, 411-414.

(5) Stedman, D. H.; Niki, H. Kinetics and mechanism for the photolysis of nitrogen dioxide in air. J. Phys.
Chem. 1973, 77, 2604-2609.

(6) Verhees, P. W. C.; Adema, E. H. The NO,-O3 system at sub-ppm concentrations: Influence of
temperature and relative humidity. J. Atmos. Chem. 1985, 2, 387-403.

NO:z + NOs. The existence of the reaction channel forming NO + NO; + O, has not been firmly established.
However, studies of N-Os thermal decomposition that monitor NO, (Daniels and Johnston;?® Johnston and
Tao;® Cantrell et al.) and NO (Hjorth et al.* and Cantrell et al.?) require reaction(s) that decompose NOj into
NO + O,. The rate constant from the first three studies is obtained from the product kKeq, where Keq is the
equilibrium constant for NO, + NO3 — N»Os, while for the latter two studies the rate constant is obtained
from the ratio k/k(NO + NO3), where k(NO + NO3) is the rate constant for the reaction NO + NOz — 2NO..
Using Keq and k(NO + NOs3) from this evaluation, the rate expression that best fits the data from all five
studies is 4.5 x 10 exp (-1260/T) cm® molecule* s with an overall uncertainty factor of 2.

(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Cantrell, C. A.; Davidson, J. A.; McDaniel, A. H.; Shetter, R. E.; Calvert, J. G. The equilibrium
constant for N.Os & NO; + NO3: Absolute determination by direct measurement from 243 to 397 K. J.
Chem. Phys. 1988, 88, 4997-5006.

(2) Cantrell, C. A,; Shetter, R. E.; McDaniel, A. H.; Calvert, J. G. The rate coefficient for the reaction NO;
+ NO3 — NO + NO; + O, from 273 to 313 K. J. Geophys. Res. 1990, 95, 20531-20537.

(3) Daniels, F.; Johnston, E. H. The thermal decomposition of gaseous nitrogen pentoxide. A
monomolecular reaction. J. Am. Chem. Soc. 1921, 43, 53-71, d0i:10.1021/ja01434a007.

(4) Hijorth, J.; Cappellani, F.; Nielsen, C. J.; Restelli, G. Determination of the NO3 + NO, — NO + O, +
NO; rate constant by infrared diode laser and Fourier transform spectroscopy. J. Phys. Chem. 1989, 93,
5458-5461, doi:10.1021/j100351a028.

(5) Johnston, H. S.; Tao, Y.-S. Thermal decomposition of nitrogen pentoxide at high temperature. J. Am.
Chem. Soc. 1951, 73, 2948-2949, doi:10.1021/ja01150a518.

NO3z+ NOs. The recommendation for k(298 K) is from the studies of Graham and Johnston? and Biggs et al.*
The temperature dependence is from Graham and Johnston.
(Table: 94-26, Note: 94-26, Evaluated: 94-26) Back to Table

(1) Biggs, P.; Canosa-Mas, C. E.; Monks, P. S.; Wayne, R. P.; Benter, T.; Schindler, R. N. The kinetics of
the nitrate radical self-reaction. Int. J. Chem. Kinet. 1993, 25, 805-817.

(2) Graham, R. A.; Johnston, H. S. The photochemistry of NO3 and the kinetics of the N2Os-O3 system. J.
Phys. Chem. 1978, 82, 254-268, doi:10.1021/j100492a002.

NH:z+ O2. This reaction has several product channels which are energetically possible, including NO + H,0O
and HNO + OH. With the exception of the studies of Hack et al.? and Jayanty et al.® and several studies at
high temperature, there is no evidence for a reaction. The following upper limits have been measured (cm?®
molecule® s1): 3 x 108 (Lesclaux and Demissy*), 8 x 101> (Pagsberg et al.”), 1.5 x 107 (Cheskis and
Sarkisov?), 3 x 1078 (Lozovsky et al.®), 1 x 10-%" (Patrick and Golden®) and 7.7 x 108 (Michael et al.) and 6
x 102 (Tyndall et al.®). The recommendation is based on the study of Tyndall et al., which was sensitive to
reaction paths leading to the products NO, NO>, and N,O. The reaction forming NH,O, cannot be ruled out,
but is apparently not important in the atmosphere.

(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Cheskis, S. G.; Sarkisov, O. M. Flash photolysis of ammonia in the presence of oxygen. Chem. Phys.
Lett. 1979, 62, 72-76.

(2) Hack, W.; Horie, O.; Wagner, H. G. Determination of the rate of the reaction of NH» with O,. J. Phys.
Chem. 1982, 86, 765-771, doi:10.1021/j100394a036¢.

(3) Jayanty, R. K. M.; Simonaitis, R.; Heicklen, J. Reaction of NH, with NO and O,. J. Phys. Chem. 19786,
80, 433-437.
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(4) Lesclaux, R.; Demissy, M. On the reaction of NH, radical with O, NO and NO,. Nouv. J. Chim. 1977,
1, 443-444,

(5) Lozovsky, V. A,; loffe, M. A.; Sarkisov, O. M. On the reaction of the NH; radical with oxygen. Chem.
Phys. Lett. 1984, 110, 651-654.

(6) Michael, J. V.; Klemm, R. B.; Brobst, W. D.; Bosco, S. R.; Nava, D. F. Flash photolysis-laser induced
fluorescence study of the rate constant for NH, + O, between 245 and 459 K. J. Phys. Chem. 1985, 89,
3335-3337, doi:10.1021/j100261a035.

(7) Pagsberg, P. B.; Erikson, J.; Christensen, H. C. Pulse radiolysis of gaseous ammonia-oxygen mixtures.
J. Phys. Chem. 1979, 83, 582-590, d0i:10.1021/j100468a006.

(8) Patrick, R.; Golden, D. M. Kinetics of the reactions of NH; radicals with Oz and O.. J. Phys. Chem.
1984, 88, 491-495, doi:10.1021/j150647a034.

(9) Tyndall, G. S.; Orlando, J. J.; Nickerson, K. E.; Cantrell, C. A.; Calvert, J. G. An upper limit for the rate
coefficient of the reaction of NH, radicals with O, using FTIR product analysis. J. Geophys. Res. 1991,
96, 20761-20768.

NH2 + Os. There is poor agreement among the recent studies of Cheskis et al.,2 k(298) = 1.5 x 103 cm?® s,
Patrick and Golden,® k(298 K) = 3.25 x 10 cm3 s, Hack et al.,® 1.84 x 107 cm® s%, Bulatov et al., 1.2 x
108 cm® s?, and Kurasawa and Lesclaux,* 0.63 x 107 cm® s™X. The very low value of Kurasawa and
Lesclaux may be due to regeneration of NH, from secondary reactions (see Patrick and Golden), and it is
disregarded here. The discharge flow value of Hack et al. is nearly a factor of two less than the recent Patrick
and Golden flash photolysis value. The large discrepancy between Bulatov et al. and Patrick and Golden
eludes explanation. The recommendation is the k(298 K) average of these four studies, and E/R is an average
of Patrick and Golden (1151 K) with Hack et al. (710 K).

(Table: 90-1, Note: 90-1, Evaluated: 90-1) Back to Table

(1) Bulatov, V. P.; Buloyan, A. A.; Cheskis, S. G.; Kozliner, M. Z.; Sarkisov, O. M.; Trostin, A. I. On the
reaction of the NH; radical with ozone. Chem. Phys. Lett. 1980, 74, 288-292.

(2) Cheskis, S. G.; logansen, A. A.; Sarkisov, O. M.; Titov, A. A. Laser photolysis of ozone in the presence
of ammonia. Formation and decay of vibrationally excited NH radicals. Chem. Phys. Lett. 1985, 120,
45-49,

(3) Hack, W.; Horie, O.; Wagner, H. G. The rate of the reaction of NH, with Os. Ber. Bunsenges. Phys.
Chem. 1981, 85, 72-78.

(4) Kurasawa, H.; Lesclaux, R. Rate constant for the reaction of NH, with ozone in relation to atmospheric
processes. Chem. Phys. Lett. 1980, 72, 437-442.

(5) Patrick, R.; Golden, D. M. Kinetics of the reactions of NH; radicals with Oz and O-. J. Phys. Chem.
1984, 88, 491-495, doi:10.1021/j150647a034.

NH:z + NO. The recommended value for k at 298 K is the average of the values reported by Lesclaux et al.,**
Hancock et al.,® Sarkisov et al.,*® Stief et al.,” Andresen et al.,* Whyte and Phillips,*® Dreier and Wolfrum,®
Atakan et al.,> Wolf et al.,?° Diau et al.,® and Imamura and Washida.'® The results of Gordon et al.,” Gehring
et al.,® Hack et al.,® and Silver and Kolb* were not considered because they lie at least 2 standard deviations
from the average of the previous group. The results tend to separate into two groups. The flash photolysis
results average 1.8 x 10* cm® molecule™ s (except for the pulse radiolysis study of Gordon et al.), while
those obtained using the discharge flow technique average 0.9 x 10-** cm® molecule® s. The apparent
discrepancy cannot be due simply to a pressure effect as the pressure ranges of the flash photolysis and
discharge flow studies overlapped and none of the studies observed a pressure dependence for k. Whyte and
Phillips have suggested that the difference may be due to decomposition of the adduct NH.NO, which occurs
on the timescale of the flow experiments, but not the flash experiments. There have been many studies of the
temperature dependence but most have investigated the regime of interest to combustion and only two have
gone below room temperature (Hack et al. from 209-505 K and Stief et al. from 216480 K. Each study
reported k to decrease with increasing temperature. The recommended temperature dependence is taken from
a fit to the Stief et al. data at room temperature and below. The reaction proceeds along a complex potential
energy surface, which results in product branching ratios that are strongly dependent on temperature. Ab
initio calculations by Walch?® show the existence of four saddle points in the potential surface leading to N +
H,O without a reaction barrier. Elimination to form OH + HN; can occur at any point along the surface.
While results from early studies on the branching ratio for OH formation differ significantly, the most recent
studies (Hall et al., Dolson,* Silver and Kolb,*® Atakan et al., Stephens et al.,'® and Park and Lin'2) agree on a
value around 0.1 at 300 K, with N2+ H,O making up the balance.

(Table: 97-4, Note: 97-4, Evaluated: 97-4) Back to Table
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(1) Andresen, P.; Jacobs, A.; Kleinermanns, C.; Wolfrum, J. In 19th Symp. (Intl.) Combustion, 1982; pp 11.

(2) Atakan; Jacobs, B. A.; Wahl, M.; Weller, R.; Wolfrum, J. Kinetic measurements and product branching
ratio for the reaction NH, + NO at 294-1027 K. Chem. Phys. Lett. 1989, 155, 609-613.

(3) Diau, E.W.; Yu, T.; Wagner, M. A. G.; Lin, M. C. Kinetics of the NH, + NO reaction: Effects of
temperature on the total rate constant and the OH/H>0 branching ratio. J. Phys. Chem. 1994, 98, 4034-
4042, doi:10.1021/j100066a022.

(4) Dolson, D. A. Experimental determination of the OH product yield from NH; + NO at 300 K. J. Phys.
Chem. 1986, 90, 6714-6718, doi:10.1021/j100283a025.

(5) Dreier, T.; Wolfrum, J. 20th International Symposium on Combustion, 1984.

(6) Gehring, M.; Hoyermann, K.; Sahaeke, H.; Wolfrum, J. 14th Int. Symposium on Combustion, 1973.

(7) Gordon, S.; Mulac, W.; Nangia, P. Pulse radiolysis of ammonia gas. 11. Rate of disappearance of the
NH,(X?Bs) radical. J. Phys. Chem. 1971, 75 2087-2093.

(8) Hack, W.; Schacke, H.; Schroter, M.; Wagner, H. G. 17th International Symposium on Combustion,
1979.

(9) Hancock, G.; Lange, W.; Lenzi, M.; Welge, K. H. Laser fluorescence of NH; and rate constant
measurement of NH; + NO. Chem. Phys. Lett. 1975, 33, 168-172.

(10) Imamura, T.; Washida, N. Measurements of rate constants for HO, + NO and NH; + NO reactions by
time-resolved photoizonization mass spectrometry. Laser Chem. 1995, 16, 43-51.

(11) Lesclaux, R.; Khe, P. V.; Dezauzier, P.; Soulignac, J. C. Flash photolysis studies of the reaction of NH;
radicals with NO. Chem. Phys. Lett. 1975, 35, 493-497.

(12) Park, J.; Lin, M. C. Direct determination of product branching for the NH, + NO reaction at
temperatures between 302 and 1060 J. Phys. Chem. 1996, 100, 3317-3319, doi:10.1021/jp9533741.

(13) Sarkisov, O. M.; Cheskis, S. G.; Sviridenkov, E. A. Study of NHz + NO reaction employing
intraresonator laser spectroscopy. Bull. Acad. Sci. USSR Chem. 1978, Ser. 27, 2336-2338.

(14) Silver, J. A.; Kolb, C. E. Kinetic measurements for the reaction of NH, + NO over the temperature
range 294-1215 K. J. Phys. Chem. 1982, 86, 3240-3246, doi:10.1021/j100213a033.

(15) Silver, J. A.; Kolb, C. E. A reevaluation of the branching ratio for the reaction of NH; with NO. J. Phys.
Chem. 1987, 91, 3713-3714, doi:10.1021/j100297a051.

(16) Stephens, J. W.; Morter, C. L.; Farhat, S. K.; Glass, G. P.; Curl, R. F. Branching ratio of the reaction
NH; + NO at elevated temperatures. J. Phys. Chem. 1993, 97, 8944-8951, d0i:10.1021/j100137a0109.

(17) Stief, L. J.; Brobst, W. D.; Nava, D. F.; Borkowski, R. P.; Michael, J. V. Rate constant for the reaction
NH2 + NO from 216 to 480 K. J. Chem. Soc. Faraday Trans. 2 1982, 78, 1391-1401.

(18) Walch, S. P. Theoretical characterization of the reaction NH, + NO — products. J. Chem. Phys. 1993,
99, 5295-5300.

(19) Whyte, A. R.; Phillips, L. F. Rates of reaction of NH, with N, NO and NO,. Chem. Phys. Lett. 1983,
102, 451-454.

(20) Wolf, M.; Yang, D. L.; Durant, J. L. Kinetic studies of NHy radical reactions. J. Photochem. Photobiol.
A: Chem. 1994, 80, 85-93.

C29. NH2+ NOz. There have been four studies of this reaction (Hack et al.;' Kurasawa and Lesclaux;? Whyte and
Phillips;® and Xiang et al.#). There is very poor agreement among these studies both for k at 298 K (factor of
2.3) and for the temperature dependence of k (T3 and T-%%). The recommended values of k at 298 K and the
temperature dependence of k are averages of the results reported in these four studies. Hack et al. have shown
that the predominant reaction channel (>95%) produces N2O + H,O. Just as for the NH» + NO reaction, the
data for this reaction seem to indicate a factor of two discrepancy between flow and flash techniques,
although the database is much smaller.
(Table: 85-37, Note: 87-41, Evaluated: 87-41) Back to Table

(1) Hack, W.; Schacke, H.; Schroter, M.; Wagner, H. G. 17th International Symposium on Combustion,

1979.

(2) Kurasawa, H.; Lesclaux, R. Kinetics of the reaction of NH, with NO,. Chem. Phys. Lett. 1979, 66, 602-
607.

(3) Whyte, A. R.; Phillips, L. F. Rates of reaction of NH, with N, NO and NO,. Chem. Phys. Lett. 1983,
102, 451-454.

(4) Xiang, T.; Torres, M. L.; Guillory, W. A. State-selected reaction and relaxation of NHz[X?B1(0,v2,0)]
radicals and NO,. J. Chem. Phys. 1985, 83, 1623-1629.

C30. NH + NO. The recommendation is derived from the room temperature results of Hansen et al.,? Cox et al.,*
and Harrison et al.® The temperature dependence is from Harrison et al.
(Table: 92-20, Note: 92-20) Back to Table
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(1) Cox,J. W.; Nelson, H. H.; McDonald, J. R. Temperature-dependent reaction kinetics of NH (alA).
Chem. Phys. 1985, 96, 175-182.

(2) Hansen, I.; Hoinghaus, K.; Zetzsch, C.; Stuhl, F. Detection of NH (X3%°) by resonance fluorescence in
the pulsed vacuum UV photolysis of NH3 and its application to reactions of NH radicals. Chem. Phys.
Lett. 1976, 42, 370-372.

(3) Harrison, J. A.; Whyte, A. R.; Phillips, L. F. Kinetics of reactions of NH with NO and NO,. Chem.
Phys. Lett. 1986, 129, 346-352.

NH + NO2. The recommendation is derived from the temperature-dependence study of Harrison et al.!
(Table: 92-20, Note: 92-20, Evaluated: 92-20) Back to Table

(1) Harrison, J. A.; Whyte, A. R.; Phillips, L. F. Kinetics of reactions of NH with NO and NO,. Chem.
Phys. Lett. 1986, 129, 346-352.

O3 + HNO>. Based on Kaiser and Japar® and Streit et al.?
(Table: 82-57, Note: 82-57, Evaluated: 82-57) Back to Table

(1) Kaiser, E. W.; Japar, S. M. The kinetics of the gas phase reaction of nitrous acid with ozone. Chem.
Phys. Lett. 1977, 52, 121-124.

(2) Streit, G. E.; Wells, J. S.; Fehsenfeld, F. C.; Howard, C. J. A tunable diode laser study of the reactions
of nitric and nitrous acids: HNO3; + NO and HNO; + Os. J. Chem. Phys. 1979, 70, 3439-3443,
d0i:10.1063/1.437878.

N20s + H20. The recommended value at 298 K is based on the studies of Tuazon et al.,* Atkinson et al.,*
and Hjorth et al.?2 Sverdrup et al.® obtained an upper limit that is a factor of four smaller than that obtained in
the other studies, but the higher upper limit is recommended because of the difficulty of distinguishing
between homogeneous and heterogeneous processes in the experiment. See the heterogeneous chemistry
section of this evaluation for additional rate data for this reaction.

(Table: 85-37, Note: 90-1, Evaluated: 90-1) Back to Table

(1) Atkinson, R.; Tuazon, R. C.; Macleod, H.; Aschmann, S. M.; Winer, A. M. The gas-phase reaction of
chlorine nitrate with water vapor. Geophys. Res. Lett. 1986, 13, 117-120.

(2) Hijorth, J.; Ottobrini, G.; Cappellani, F.; Restelli, G. A Fourier transform infrared study of the rate
constant of the homogeneous gas-phase reaction N,Os + H,O and determination of absolute infrared
band intensities of N2Os and HNOs. J. Phys. Chem. 1987, 91, 1565-1568, d0i:10.1021/j100290a055.

(3) Sverdrup, G. M.; Spicer, C. W.; Ward, G. F. Investigation of the gas phase reaction of dinitrogen
pentoxide with water vapor. Int. J. Chem. Kinet. 1987, 19, 191-205.

(4) Tuazon, E. C.; Atkinson, R.; Plum, C. N.; Winer, A. M.; Pitts, J. N. The reaction of gas phase N2Os with
water vapor. Geophys. Res. Lett. 1983, 10, 953-956.

C34. Nz(A,v) + O2. Rate constants for the overall reaction for the v = 0, 1 and 2 vibrational levels of N2(A) have

been made by Dreyer et al.,® Zipf,® Piper et al.,” lannuzzi and Kaufman,® Thomas and Kaufman,® and De
Sousa et al.> The results of these studies are in relatively good agreement. The recommended values are (2.5
+0.4), (4.0 £0.6), and (4.5 = 0.6) (1072 cm® molecule s), from the work of De Sousa et al. The only
temperature dependence data are from De Sousa et al., who obtained k(T,v) = k(v,298 K)(T/300)%% for v =
0,1,2. The observation of high N,O production initially reported by Zipf® has not been reproduced by other
groups, and the branching ratio for this channel is probably less than 0.02 (lannuzzi et al.,® Black et al.,! De
Sousa et al.,> and Fraser and Piper?). The branching ratios for the other channels are poorly established,
although there is strong evidence for the formation of both O(®P) and O,(B3Z,").

(Table: 94-26, Note: 94-26, Evaluated: 94-26) Back to Table

(1) Black, G.; Jusinski, L. E.; Slanger, T. G. Rate coefficients for CS reactions with O,, Oz and NO, at 298
K. Chem. Phys. Lett. 1983, 102, 64-68.

(2) De Sousa, A. R.; Touzeau, M.; Petitdidier, M. Quenching reactions of metastable N2(A3Z, v=0, 1, 2)
molecules by O,. Chem. Phys. Lett. 1985, 121, 423-428.

(3) Dreyer, J. W.; Perner, D.; Roy, C. R. Rate constants for the quenching of N2(A 3%,*, va = 0-8) by CO,
CO;, NH3s, NO, and O,. J. Chem. Phys. 1974, 61, 3164-3169.

(4) Fraser, M. E.; Piper, L. G. Product branching ratios from the N,(A3Z,*) + O; interaction. J. Phys. Chem.
1989, 93, 1107-1111, doi:10.1021/j100340a017.

(5) lannuzzi, M. P.; Jeffries, J. B.; Kaufman, F. Product channels of the N2(A3Z,*) + O interaction. Chem.
Phys. Lett. 1982, 87, 570-574.
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(6) lannuzzi, M. P.; Kaufman, F. Rate constants for the reaction of N2(A%Z,*, v=0, 1, and 2) with O,. J.
Phys. Chem. 1981, 85, 2163

(7)  Piper, L. G.; Caledonia, G. E.; Konnealy, J. P. Rate constants for deactivation of No(A)v' = 0,1 by O». J.
Chem. Phys. 1981, 74, 2888-2895.

(8) Thomas, J. W.; Kaufman, F. Rate constants of the reactions of metastable N»(A 3%,*) inv =0, 1, 2, and
3 with ground state O, and O. J. Chem. Phys. 1985, 83, 2900-2903.
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1.9 Reactions of Organic Compounds

1.9.1 Table 1D: Reactions of Organic Compounds

Temperature
Reaction Range of Exp. A-Factor ER k(298 K)b f(298 K)° g9 Note
Data (K) 2

O + CHs — products 259-341 1.1x10-10 0 1.1x10-10 1.3 250 D1
O + HCN — products 469-900 1.0x10-1 4000 1.5x10-17 10 0 D2
0O + C2Hz2 — products (See Note) 3.0x10-"" 1600 1.4x10-13 1.3 250 D3
O + H2C0 — products 250-748 3.4x10-"" 1600 1.6x10-13 1.25 250 D4
O + CH3CHO — CHsCO + OH 298-475 1.8x10-1 1100 4.5x10-13 1.25 200 D5
02 + HOCO —> HO, + CO, 298 2x107 2 D6
(See Note) -

O3 + C2H2 — products 243-323 1.0x10-14 4100 1.0x10-20 3 500 D7
O3 + C2H4 — products 178-373 1.2x10-14 2630 1.7x10-18 1.25 100 D8
O3 + CsHes — products 183-362 6.5%10-15 1900 1.1x10-17 1.15 200 D9
O3 + CH2=C(CH3)CHO — products 240-324 1.5%10-15 2110 1.3x10-18 1.1 200 D10
O3 + CH3C(0)CH=CH2 — products 240-324 8.5x10-16 1520 5.2x10-18 1.15 100 D11
O3 + CH2=C(CH3)CH=CH2 — products 242-353 1.1x10-14 2000 1.3x10-17 1.1 200 D12
OH + CO — Products (See Table 2-1) D13
OH + CHs — CHs + H20 178-2025 2.45x10-12 1775 6.3x10-15 1.1 100 D14
OH + 3CHs — 3CH3 + H20 See Note D15
OH + CH3D — products 249-420 3.5%10-12 1950 5.0x10-15 1.15 200 D16
OH + H2CO — H.0 + HCO 228-2500 5.5%10-12 -125 8.5%10-12 1.15 50 D17
OH + CH3OH — products 210-1350 2.9x10-12 345 9.1x10-13 1.10 60 D18
OH + CH300H — products 203-423 3.8x10-12 -200 7.4x10-12 14 150 D19
OH + HC(O)OH — products 296-445 4.0x10-"3 0 4.0x10-13 1.2 100 D20
OH + HC(O)C(O)H — products 210-390 1.15x10-1" 0 1.15x10- 1.5 200 D21
OH + HOCH2CHO — products 233-362 1.1x10-" 0 1.1x10-11 1.2 200 D22
OH + HCN — products 296-563 1.2x10-13 400 3.1x10-1 3 150 D23

M
OH + CoH2 — products

(See Table 2-1)
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Temperature

Reaction Range of Exp. A-Factor ER k(298 K)b f(298 K)° g Note
Data (K) 2

M -
OH + C2Hs — products (See Table 2-1)
OH + C2Hs — H20 + C2Hs 226-2000 7.66x10-12 1020 2.5x10-13 1.07 50 D24
OH + CH3CHO — products 202-900 4.63x10-12 -350 1.5x10-1 1.05 20 D25
OH + CH3CH20H — products 216-498 3.35x10-12 0 3.35x10-12 1.05 20 D26
OH + CH3C(O)OH — products 229-802 3.15x10-14 -920 6.9x10-13 115 100 D27
OH + CsHs— products 227-2000 8.7x10-12 615 1.1x10-12 1.05 50 D28
OH + C2HsCHO — C2HsCO + H20 240-372 4.9x10-12 -405 1.9x10-" 1.05 80 D29
OH + 1-C3H;OH — products 263-372 4.4x10-12 =70 5.6x10-12 1.05 80 D30
OH + 2-C3H;OH — products 240-745 3.0x10-12 -180 5.5x10-12 1.05 80 D31
OH + C2HsC(0)OH — products 240-445 1.2x10-12 0 1.2x10-12 1.1 200 D32
OH + CH3C(O)CHs

— H20 + CH3C(O)CH2 242-1650 (See Note) D33

— CH; + CHsC(O)OH < 2% of k
OH + CH2=C(CH3)CHO — products 234-423 9.6x10-12 -360 3.2x10-11 1.15 100 D34
OH + CH3C(O)CH=CH2 — products 232-424 2.7x10-12 -580 1.9x10-1"1 1.07 100 D35
OH + CH2=C(CH3)CH=CH2 — products 240-422 3.0x10-"1 -360 9.9x10-"1 1.1 50 D36
OH + CH3CN — products 256-424 7.8x10-13 1050 2.3x10-14 15 200 D37
OH+ CH3ONO2 — products 221-423 8.0x10-13 1000 2.8x10-14 1.7 200 D38
OH + CH3C(0)O2NO2 (PAN) — 273-299 <4x10-14 D39
products
OH+ C2Hs0ONO2 — products 298-373 1.0x10-12 490 2.0x10-13 1.4 150 D40
OH + 1-C3H7ONO2 — products 298-368 7.1%x10-13 0 7.1%x10-13 15 200 D41
OH + 2-C3H;ONO2 — products 295-299 1.2x10-12 320 4.1x10-13 15 200 D42
HO2 + CH20 — adduct 273-373 6.7x10-15 -600 5.0x10-14 5 600 D43
HO2 + CH302 — CH300H + O2 228-700 4.1x10-13 -750 5.2x10-12 1.3 150 D44
HO2 + C2H502 — C2HsO0H + Oz 210-480 7.5%10-13 -700 8.0x10-12 1.5 250 D45
HO2 + CH3C(O)O2 — products 253-403 4.3x10-13 -1040 1.4x10-1 2 500 D46
HO2 + CH3C(O)CH202 — products 298 8.6x10-13 -700 9.0x10-12 2 300 D47
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Temperature

Reaction Range of Exp. A-Factor ER k(298 K)b f(298 K)° g Note
Data (K) 2
NOs + CO — products 295-298 <4.0x10-19 D48
NOs + CH20 — products 295-298 5.8x10-16 1.3 D49
NO; + CHsCHO — products 263-433 1.4x10-12 1900 2.4x10-15 1.3 300 D50
NOs + CH2=C(CH3)CHO — products 296-323 3.4x10-15 1.25 D51
NO3 + CH3C(O)CH=CH2 — products 296-323 <4x10716 D52
NOj3 + CH2=C(CH3)CH=CH2 — 251-381 3.5x10-12 450 7.8%10-13 1.25 100 D53
products
CHs + O2 — products 298-3000 <3.0x10-16 D54
M -
CHs + 0o — CHi0: (See Table 2-1)
CHs + O3 — products 221-384 5.4x10-12 220 2.6x10-12 2 150 D55
HCO + 02 — CO + HO 200-2000 5.2x10-12 0 5.2x10-12 1.4 100 D56
CH20H + 02 — CH20 + HO; 215-2000 9.1x10-12 0 9.1x10-12 1.3 200 D57
CHs0 + 02 — CH20 + HO: 296-900 3.9x10-14 900 1.9x10-15 15 300 D58
CHs0 + NO — CH20 + HNO (See Note) D59
M -
CH30 + NO —> CHsONO (See Table 2-1)
CHs0 + NO2 — CH20 + HONO 298-1100 1.1x10-" 1200 2.0x10-13 5 600 D60
M -
CH30 + NO; ——> CH:ONO; (See Table 2-1)
CH200 + H20 — products 293-298 <1.5x10-15 D61
CH200 + (H20)2 — products 283-324 2.8x10-16 -3010 6.8x10-12 1.3 300 D62
CHs02 + O3 — products 298 2.9x10-16 1000 1.0x10-17 3 500 D63
CHs02 + CH302 — products 248-700 9.5x10-14 -390 3.5x10-1 1.2 100 D64
CH302 + NO — CH30 + NO: 193-429 2.8x10-12 -300 7.7%x10-12 1.15 100 D65
M -
CH30z + NO2 —> CH30:NO: (See Table 2-1)
CH302 + CH3C(0)02 — products 253-368 2.0x10-12 -500 1.1x10-" 1.5 250 D66
CH302 + CH3C(0)CH202 — products 298 7.5%10-13 =500 4.0x10-"2 2 300 D67
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Temperature

Reaction Range of Exp. A-Factor ER k(298 K)b f(298 K)° g Note
Data (K) 2
CzHs + 02 — C2Hs + HO:2 <2.0x10-1 D68
M -
CoHs + 02 —> C2Hs02 (See Table 2-1)
C2Hs0 + 02 — CH3CHO + HO: 225-411 6.3x10-14 550 1.0x10-14 15 200 D69
M -
C2Hs0 + NO — products (See Table 2-1)
M -
C2Hs0 + NO2 — products (See Table 2-1)
syn-CH3CHOO + H2.0 — products 298 <2x10-16 D70
anti-CH3CHOO + H20 — products 298 2.4x10-14 1.3 D70
syn-CH3CHOO + (H20)2 — products (See Note) D70
anti-CHsCHOO + (H20)2 — products (See Note) D70
C2Hs0; + C2Hs02 — products 228-460 6.8x10-14 0 6.8x10-14 2 300 D71
C2Hs02 + NO — products 220-355 2.6%x10-12 -365 8.7x10-12 1.2 150 D72
CHsC(0)02 + CH3C(0)O2 — products 253-368 2.9x10-12 -500 1.5x10-11 15 150 D73
CHsC(0)02 + NO — products 218-402 8.1x10-12 =270 2.0x10-"1 15 100 D74
M -
CH3C(0)02 + NO2 — products See Table 2-1
CHsC(O)CH202 + NO — products 298 2.9x10-12 -300 8.0x10-12 15 300 D75

Shaded areas indicate changes or additions since JPL10-6. Italicized blue entries denote estimates.

& Temperature range of available experimental data. This is not necessarily the range of temperature
over which the recommended Arrhenius parameters are applicable. See the corresponding note for
each reaction for such information.

b Units are cm® molecule? s,

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

the expression:
11
£ = £298 exply (3 - 555 |

Note that the exponent is an absolute value.
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1.9.2 Notes: Reactions of Organic Compounds

D1.

D2.

D3.

O + CHs. The recommended k(298 K) is the weighted average of the measurements by Washida and Bayes,*
Washida,? and Plumb and Ryan.! The E/R value is based on the results of Washida and Bayes,® who found k
to be independent of temperature between 259 and 341 K.

(Table: 83-62, Note: 83-62, Evaluated 83-62) Back to Table

(1) Plumb, I. C.; Ryan, K. R. Kinetics of the reactions of CHz with O(®P) and O; at 295 K. Int. J. Chem.
Kinet. 1982, 14, 861-874.

(2) Washida, N. Reaction of methyl radicals with O(®P), O and NO. J. Chem. Phys. 1980, 73, 1665-1672.

(3) Washida, N.; Bayes, K. D. The reactions of methyl radicals with atomic and molecular oxygen. Int. J.
Chem. Kinet. 1976, 8, 777-794.

O + HCN. Because it is a very slow reaction, there are no studies of this reaction below 450 K. Davies and
Thrush? studied this reaction between 469 and 574 K while Perry and Melius® studied it between 540 and 900
K. Results of Perry and Melius are in agreement with those of Davies and Thrush. Our recommendation is
based on these two studies. The higher-temperature (T>1000 K) combustion-related studies of Roth et al.,*
Szekely et al.,® and Louge and Hanson? have not been considered. This reaction has two reaction pathways:
O + HCN — H + NCO, AH = -2 kcal/mol (ka); and O + HCN — CO + NH (kp), AH = -36 kcal/mol. The
branching ratio Ka/k, for these two channels has been measured to be ~2 at T = 860 K. The branching ratio at
lower temperatures, which is likely to vary significantly with temperature, is unknown.

(Table: 87-41, Note: 92-20, Evaluated 92-20) Back to Table

(1) Davies, P. B.; Thrush, B. A. Reactions of oxygen atoms with hydrogen cyanide, cyanogen chloride and
cyanogen bromide. Trans. Faraday Soc. 1968, 64, 1836-1843.

(2) Louge, M. Y.; Hanson, R. K. Twentieth Symposium (International) on Combustion 1984, 665-672.

(3) Perry, R. A.; Melius, C. F. In Twentieth Symposium (International) on Combustion; The Combustion
Institute, 1984; pp 639-646.

(4) Roth, P.; Lohr, R.; Hermanns, H. D. Shock wave measurements on the kinetics of the reaction HCN +
0. Ber. Bunsenges. Phys. Chem. 1980, 84, 835-840.

(5) Szekely, A.; Hanson, R. K.; Bowman, C. In Twentieth Symposium (International) on Combustion; The
Combustion Institute, 1984; pp 647-654.

O + CzH.. The value at 298 K is an average of ten measurements (Arrington et al.,? Sullivan and Warneck,?
Brown and Thrush,® Hoyermann et al.,*> Westenberg and deHaas,*® James and Glass,® Stuhl and Niki,’
Westenberg and deHaas,* and Aleksandrov et al.!). There is reasonably good agreement among these
studies. Arrington et al.? did not observe a temperature dependence, an observation that was later shown to
be erroneous by Westenberg and deHaas.*® Westenberg and deHaas,*® Hoyermann et al.,> and Aleksandrov et
al.! are the only authors who have measured the temperature dependence below 500 K. Westenberg and
deHaas observed a curved Arrhenius plot at temperatures higher than 450 K. In the range 194450 K,
Avrrhenius behavior provides an adequate description and the E/R obtained by a fit of the data from these
three groups in this temperature range is recommended. The A-factor was calculated to reproduce k(298 K).
This reaction can have two sets of products, i.e., C;HO + H or CH, + CO. Under molecular beam conditions
C2HO has been shown to be the major product. The study by Aleksandrov et al. using a discharge flow-
resonance fluorescence method (under undefined pressure conditions) indicates that the C;HO + H channel
contributes no more than 7% to the net reaction at 298 K, while a similar study by Vinckier et al.® suggests
that both CH, and C,HO are formed.

(Table: 82-57, Note: 82-57, Evaluated 82-57) Back to Table

(1) Aleksandrov, E. N.; Arutyunov, V. S.; Kozlov, S. N. Investigation of the reaction of atomic oxygen
with acetylene. Kinetics and Catalysis 1981, 22, 391-394.

(2)  Arrington, C. A.; Brennen, W.; Glass, G. P.; Michael, J. V.; Niki, H. Reactions of atomic oxygen with
acetylene. I. Kinetics and mechanisms. J. Chem. Phys. 1965, 43, 525-532, doi:10.1063/1.1696776.

(3) Brown, J. M.; Thrush, B. A. E.S.R. studies of the reactions of atomic oxygen and hydrogen with simple
hydrocarbons. Trans. Faraday Soc. 1967, 63, 630-642.

(4) Hoyermann, K.; Wagner, H. G.; Wolfrum, J. Untersuchung der reaktionen von C,;H; mit H- und O-
atomen mittels elektronen-spin-resonanz. Z. Phys. Chem. 1967, 55, 72-78.

(5) Hoyermann, K.; Wagner, H. G.; Wolfrum, J. O + C;H, — CO + CH, reaction. Z. Phys. Chem. 1969, 63,
193-196.

(6) James, G. S.; Glass, G. P. Some aspects of acetylene oxidation. J. Chem. Phys. 1970, 50, 2268-2269.
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D4.

D5.

D6.

(7) Stuhl, F.; Niki, H. Determination of rate constants for reactions of O atoms with C,H,, C,D,, C;Ha, and
CsHg using a pulse vacuum-UV photolysis-chemiluminesent method. J. Chem. Phys. 1971, 55, 3954-
3957.

(8) Sullivan, J. O.; Warneck, P. Rate constant for the reaction of oxygen atoms with acetylene. J. Phys.
Chem. 1965, 69, 1749-1750.

(9) Vinckier, C.; Schaekers, M.; Peeters, J. The ketyl radical in the oxidation of ethyne by atomic oxygen at
300-600 K. J. Phys. Chem. 1985, 89, 508-512, doi:10.1021/j100249a028.

(10) Westenberg, A. A.; deHaas, N. Absolute measurements of the O + C,H, rate coefficient. J. Phys. Chem.
1969, 73, 1181-1186, d0i:10.1021/j100725a001.

(11) Westenberg, A. A.; deHaas, N. A flash photolysis-resonance fluorescence study of the O + CoH, and O
+ CyHsCl reactions. J. Chem. Phys. 1977, 66, 4900-4905.

O + H2CO. The recommended values for A, E/R and k(298 K) are the averages of those determined by
Klemm? (250 to 498 K) using flash photolysis-resonance fluorescence, by Klemm et al.* (298 to 748 K) using
discharge flow-resonance fluorescence, and Chang and Barker?® (296 to 436 K) using discharge flow-mass
spectrometry techniques. All three studies are in good agreement. The k(298 K) value is also consistent with
the results of Niki et al., Herron and Penzhorn,? and Mack and Thrush.® Although the mechanism for O +
H>CO has been considered to be the abstraction reaction yielding OH + HCO, Chang and Barker suggest that
an additional channel yielding H + HCO, may be occurring to the extent of 30% of the total reaction. This
conclusion is based on an observation of CO- as a product of the reaction under conditions where reactions
suchas O + HCO — H + COz and O + HCO — OH + CO apparently do not occur. This interesting
suggestion needs independent confirmation.

(Table: 82-57, Note: 82-57, Evaluated 82-57) Back to Table

(1) Chang, J. S.; Barker, J. R. Reaction rate and products for the reaction O(°P) + H,CO. J. Phys. Chem.
1979, 83, 3059-3064, d0i:10.1021/j100487a001.

(2) Herron, J. T.; Penzhorn, R. D. Mass spectrometric study of the reactions of atomic oxygen with
ethylene and formaldehyde. J. Phys. Chem. 1969, 73, 191-196, doi:10.1021/j100721a031.

(3) Klemm, R. B. Absolute rate parameters for the reactions of formaldehyde with O atoms and H atoms
over the temperature range 250-500 K. J. Chem. Phys. 1979, 71, 1987-1993.

(4) Klemm, R. B.; Skolnik, E. G.; Michael, J. V. Absolute rate parameters for the reaction of O(*P) with
H>CO over the temperature range 250 to 750 K. J. Chem. Phys. 1980, 72, 1256-1264.

(5) Mack, G. P. R.; Thrush, B. Reaction of oxygen atoms with carbonyl compounds Part 1.-Formaldehyde.
J. Chem. Soc. Faraday Trans. 1 1973, 69, 208-215.

(6) Niki, H.; Daby, E. E.; Weinstock, B. In Twelfth Symposium (International) on Combustion; The
Combustion Institute, 1969; pp 277.

O + CH3CHO. The recommended k(298 K) is the average of three measurements by Cadle and Powers,?
Mack and Thrush,? and Singleton et al.,* which are in good agreement. Cadle and Powers and Singleton et al.
studied this reaction as a function of temperature between 298 and 475 K and obtained very similar Arrhenius
parameters. The recommended E/R value was obtained by considering both sets of data. This reaction is
known to proceed via H-atom abstraction (Mack and Thrush,® Avery and Cvetanovic,! and Singleton et al.%).
(Table: 87-41, Note: 87-41, Evaluated 87-41) Back to Table

(1) Avery, H. E.; Cvetanovic, R. J. Reaction of oxygen atoms with acetaldehyde. J. Chem. Phys. 1965, 43,
3727-3733.

(2) Cadle, R. D.; Powers, J. W. The reaction of O(°P) with acetaldehyde in a fast-flow system. J. Phys.
Chem. 1967, 71, 1702-1706, doi:10.1021/j100865a023.

(3) Mack, G. P. R.; Thrush, B. Reaction of oxygen atoms with carbonyl compounds Part 2.-Acetaldehyde.
J. Chem. Soc. Faraday Trans. 1 1974, 70, 173-186.

(4) Singleton, D. L.; Irwin, R. S.; Cvetanovié, R. J. Arrhenius parameters for the reactions of O(3P) atoms
with several aldehydes and the trend in aldehydic C-H bond dissociation energies. Can. J. Chem. 1977,
55, 3321-3327.

02 + HOCO. HOCO is produced by the association of OH with CO (See Table 2). The rate coefficient for
the reaction of O, with HOCO has been measured by Petty et al.2 and Nolte et al.! and the recommendation is
based on these measurements. There are no reports on the temperature dependence of this reaction; however,
the value at 298 K would be appropriate for all atmospheric conditions. The products of this reaction are
HO,, as shown by Nolte et al., and CO, as seen in numerous previous studies where it has been known to be
the product of the reaction of OH with CO in air.
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(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table

(1) Nolte, J.; Grussdorf, J.; Temps, F.; Wagner, H. Kinetics of the reaction HOCO + O, in the gas phase. Z.
Naturforsch. 1993, 48, 1234-1238.

(2) Petty, J. T.; Harrison, J. A.; Moore, C. B. Reactions of trans-HOCO studied by infrared spectroscopy. J.
Phys. Chem. 1993, 97, 11194-11198, d0i:10.1021/j100145a013.

Os + CzH2. The database for this reaction is not well established. Room temperature measurements (Cadle
and Schadt,? DeMore,® DeMore,* Stedman and Niki,” Pate et al.,® and Atkinson and Aschmann?) disagree by
as much as an order of magnitude. It is probable that secondary reactions involving destruction of ozone by
radical products resulted in erroneously high values for the rate constants in several of the previous
measurements. The present recommendation for k(298 K) is based on the room temperature value of
Atkinson and Aschmann, which is the lowest value obtained and therefore perhaps the most accurate. The
temperature dependence is estimated, based on an assumed A-factor of 1024 cm® molecule* s* similar to that
for the O3 + C2H4 reaction and corresponding to the expected five-membered ring structure for the transition
state (DeMore®#). Further studies, particularly of the temperature dependence, are needed. Major products in
the gas phase reaction are CO, CO,, and HCOOH, and chemically-activated formic anhydride has been
proposed as an intermediate of the reaction (DeMore,* and DeMore and Lin%). The anhydride intermediates
in several alkyne ozonations have been isolated in low temperature solvent experiments (DeMore and Lin®).
(Table: 90-1, Note: 90-1, Evaluated 90-1) Back to Table

(1) Atkinson, R.; Aschmann, S. M. Rate constants for the reactions of O3 and OH radicals with a series of
alkynes. Int. J. Chem. Kinet. 1984, 16, 259-268.

(2) Cadle, R. D.; Schadt, C. Kinetics of the gas phase reaction between acetylene and ozone. J. Chem. Phys.
1953, 21, 163.

(3) DeMore, W. B. Arrhenius constants for the reactions of ozone with ethylene and acetylene. Int. J.
Chem. Kinet. 1969, 1, 209-220.

(4) DeMore, W. B. Rates and mechanism of alkyne ozonation. Int. J. Chem. Kinet. 1971, 3, 161-173.

(5) DeMore, W. B.; Lin, C.-L. Intermediates in the ozonation of simple alkynes. J. Org. Chem. 1973, 38,
985-989.

(6) Pate, C. T.; Atkinson, R.; Pitts, J. N., Jr. The gas phase reaction of Oz with a series of aromatic
hydrocarbons. J. Environ. Sci. Health 1976, A11, 1-10.

(7) Stedman, D. H.; Niki, H. Ozonolysis rates of some atmospheric gases. Environ. Lett. 1973, 4, 303-310.

O3 + C2H4. The rate constant of this reaction is well established over a large temperature range, 178 to 360
K. The present recommendation is based on the data of DeMore,* Stedman et al.,® Herron and Huie,® Japar et
al.,5" Toby et al.,'* Su et al.,'° Adeniji et al.,* Kan et al.,2 Atkinson et al.,? and Bahta et al.®

(Table: 90-1, Note: 90-1, Evaluated 90-1) Back to Table
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(3) Bahta, A.; Simonaitis, R.; Heicklen, J. Reactions of ozone with olefins: Ethylene, allene, 1,3-butadiene,
and trans-1,3-pentadiene. Int. J. Chem. Kinet. 1984, 16, 1227-1246.

(4) DeMore, W. B. Arrhenius constants for the reactions of ozone with ethylene and acetylene. Int. J.
Chem. Kinet. 1969, 1, 209-220.

(5) Herron, J. T.; Huie, R. E. Rate constants for the reactions of ozone with ethene and propene, from 235.0
to 362.0 K. J. Phys. Chem. 1974, 78, 2085-2088.

(6) Japar, S. M.; Wu, C. H.; Niki, H. Rate constants for the reaction of ozone with olefins in the gas phase.
J. Phys. Chem. 1974, 78, 2318-2320.

(7) Japar, S. M.; Wu, C. H.; Niki, H. Effect of molecular oxygen on the gas phase kinetics of the ozonolysis
of olefins. J. Phys. Chem. 1976, 80, 2057-2062.

(8) Kan, C.S,; Calvert, J. G.; Shaw, J. H. Oxidation of sulfur dioxide by methylperoxy radicals. J. Phys.
Chem. 1981, 85, 1126-1132, doi:10.1021/j150609a011.

(9) Stedman, D. H.; Wu, C. H.; Niki, H. Kinetics of gas-phase reactions of ozone with some olefins. J.
Phys. Chem. 1973, 77, 2511-2514.

(10) Su, F.; Calvert, J. G.; Shaw, J. H. A FT TR spectroscopic study of the ozone-ethene reaction mechanism
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(11) Toby, F. S.; Toby, S.; O'Neal, H. E. The kinetics of the gas-phase reaction between ozone and alkenes.
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Os + C3Hs. The rate constant of this reaction is well established over the temperature range 185 to 360 K.
The present recommendation is based largely on the data of Herron and Huie,® in the temperature range 235—
362 K. (Note that a typographical error in Table 2 of that paper improperly lists the lowest temperature as
250 K, rather than the correct value, 235 K.) The recommended Arrhenius expression agrees within 25%
with the low temperature (185-195 K) data of DeMore,* and is consistent with, but slightly higher (about
10%) than the data of Treacy et al.’ and slightly lower (about 40%) than the data of Adeniji et al.! in the
temperature range 260—294 K. Room temperature measurements of Cox and Penkett,® Stedman et al.,® Japar
et al.,%” and Atkinson et al.2 and Neeb and Moorgat® are in good agreement (10% or better) with the
recommendation.

(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table

(1) Adeniji, S. A.; Kerr, J. A.; Williams, M. R. Rate constants for ozone-alkene reactions under
atmospheric conditions. Int. J. Chem. Kinet. 1981, 13, 209-217.
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(3) Cox, R. A.; Penkett, S. A. Aerosol formation from sulphur dioxide in the presence of ozone and olefinic
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(4) DeMore, W. B. Arrhenius constants for the reactions of ozone with ethylene and acetylene. Int. J.
Chem. Kinet. 1969, 1, 209-220.

(5) Herron, J. T.; Huie, R. E. Rate constants for the reactions of 0zone with ethene and propene, from 235.0
to 362.0 K. J. Phys. Chem. 1974, 78, 2085-2088.

(6) Japar, S. M.; Wu, C. H.; Niki, H. Rate constants for the reaction of ozone with olefins in the gas phase.
J. Phys. Chem. 1974, 78, 2318-2320.

(7) Japar, S. M.; Wu, C. H.; Niki, H. Effect of molecular oxygen on the gas phase kinetics of the ozonolysis
of olefins. J. Phys. Chem. 1976, 80, 2057-2062.

(8) Neeb, P.; Moorgat, G. K. Formation of OH radicals in the gas-phase reaction of propene, isobutene, and
isoprene with Os: Yields and mechanistic implications. J. Phys. Chem. A 1999, 103, 9003-9012.

(9) Stedman, D. H.; Wu, C. H.; Niki, H. Kinetics of gas-phase reactions of ozone with some olefins. J.
Phys. Chem. 1973, 77, 2511-2514.

(10) Treacy, J.; El Hag, M.; O’Farrell, D.; Sidebottom, H. Reactions of ozone with unsaturated organic
compounds. Ber. Bunsenges. Phys. Chem. 1992, 96, 422-427.

O3 + CH2=C(CH3)CHO. The recommended E/R is based on the single temperature dependence study by
Treacy et al.” The recommended 298 K rate constant is obtained from an unweighted fitto Ink =In A —
E/RT of the ambient temperature results of Atkinson et al.,> Grosjean and Grosjean,* Kamens et al.,> Neeb et
al.,b and Treacy et al.” in conjunction with the recommended E/R. While OH was scavenged only in the
studies of Grosjean and Grosjean and Neeb et al., the studies where OH was not scavenged report results that
agree well with the studies where OH was scavenged. By monitoring the production of cyclohexanone +
cyclohexanol under conditions where OH was >95% scavenged by cyclohexane, Aschmann et al.* report an
upper limit OH yield of 20%1°_;; percent. Ozone + alkene reactions proceed via initial formation of a primary
ozonide that decomposes to a carbonyl compound plus a Criegee biradical with two different
carbonyl/Criegee pairs produced (depending on which O—O bond cleaves); the Criegee biradical/carbonyl
pairs produced in this case are CH3C(O)CHO (methyl glyoxal) + *CH>00¢ and HCO + CH3C+(OO+)CHO.
Grosjean et al.® report carbonyl product yields to be 58% CH3C(O)CHO and 12% H,CO.

(New Entry) Back to Table

(1) Aschmann, S. M.; Arey, J.; Atkinson, R. OH radical formation from the gas-phase reactions of Oz with
methacrolein and methyl vinyl ketone. Atmos. Environ. 1996, 30, 2939-2943, doi: 10.1016/1352-
2310(96)00013-1.

(2) Atkinson, R.; Aschmann, S. M.; Winer, A. M.; Pitts Jr., J. N. Rate constants for the gas-phase reactions
of Oz with a series of carbonyls at 296 K. Int. J. Chem. Kinet. 1981, 13, 1133-1142,
d0i:10.1002/kin.550131104.

(3) Grosjean, D.; Williams, E. L., Il; Grosjean, E. Atmospheric chemistry of isoprene and of its carbonyl
products. Environ. Sci. Technol. 1993, 27, 830-840.

(4) Grosjean, E.; Grosjean, D. Rate constants for the gas-phase reaction of ozone with unsaturated
oxygenates. Int. J. Chem. Kinet. 1998, 30, 21-29.

(5) Kamens, R. M.; Gery, M. W.; Jeffries, H. E.; Jackson, M.; Cole, E. I. Ozone-isoprene reactions: Product
formation and aerosol potential. Int. J. Chem. Kinet. 1982, 14, 955-975, doi:10.1002/kin.550140902.
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(6) Neeb, P.; Kolloff, A.; Koch, S.; Moortgat, G. K. Rate constants for the reactions of methylvinyl ketone,
methacrolein, methacrylic acid, and acrylic acid with ozone. Int. J. Chem. Kinet. 1998, 30, 769-776,
doi:10.1002/(SICI1)1097-4601(1998)30:10<769::AID-KIN9>3.0.CO;2-T.

(7)  Treacy, J.; El Hag, M.; O’Farrell, D.; Sidebottom, H. Reactions of 0zone with unsaturated organic
compounds. Ber. Bunsenges. Phys. Chem. 1992, 96, 422-427.

O3 + CH3C(O)CH=CH2. The recommended E/R is based on the single temperature dependence study by
Treacy et al.8 The recommended 298 K rate constant is obtained from an unweighted fitto Ink=1In A —
E/RT of the ambient temperature results of Atkinson et al.,> Grosjean et al.,® Grosjean and Grosjean,* Kamens
etal.,’ Neeb et al.,® and Treacy et al.® in conjunction with the recommended E/R. While OH was scavenged
only in the more recent studies of Grosjean et al., Grosjean and Grosjean, and Neeb et al., the studies where
OH was not scavenged report results that agree well with the studies where OH was scavenged. The yield of
OH is reported to be 0.16 + 0.08 and 0.16 + 0.05 by Aschmann et al.* and Paulson et al.,” respectively.

Ozone + alkene reactions proceed via initial formation of a primary ozonide that decomposes to a carbonyl
compound plus a Criegee biradical with two different carbonyl/Criegee pairs produced (depending on which
0O-0 bond cleaves); the Criegee biradical/carbonyl pairs produced in this case are CH3C(O)CHO (methyl
glyoxal) + *CH,00¢+ and H,CO + CH3C(O)C*HOO-. Grosjean et al.® report carbonyl product yields to be
87% CH3C(O)CHO and 5% H,CO; these investigators also report a 5% yield of CH3C(O)C(O)OH (pyruvic
acid).
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doi:10.1002/(SICI1)1097-4601(1998)30:10<769::AlID-KIN9>3.0.CO;2-T.

(7) Paulson, S. E.; Chung, M.; Sen, A. D.; Orzechowska, G. Measurement of OH radical formation from
the reaction of ozone with several biogenic alkenes J. Geophys. Res. 1998, 103, 25533-25539,
doi:10.1029/98JD01951.

(8) Treacy, J.; El Hag, M.; O’Farrell, D.; Sidebottom, H. Reactions of ozone with unsaturated organic
compounds. Ber. Bunsenges. Phys. Chem. 1992, 96, 422-427.

O3 + CH2=C(CH3)CH=CH2. The recommended E/R is based on an unweighted fit to the temperature-
dependent rate constants reported by Khamaganov and Hites®® to In k = In A — E/RT, while the recommended
A-factor is based on the ambient temperature rate constants reported by Greene and Atkinson,® Grosjean et
al.,” Grosjean and Grosjean,® Neeb and Moortgat,'® Klawatsch-Carrasco et al.,* and Karl et al.*? In all of the
above studies, measures were taken to prevent secondary consumption of reactants by OH radicals, which are
known to be generated in ozone + alkene reactions. Results from early studies by Adeniji et al.,* Atkinson et
al.,® and Treacy et al.,'® while in reasonable agreement with other studies, are not used to arrive at the
recommendation because OH radicals were not scavenged in those studies. The Arrhenius parameters
reported by Avzianova and Ariya* are not accepted because of inconsistencies in their paper that the authors
were unable to resolve (private communication from Ariya). Donahue et al.® have directly detected OH as a
product of the O3 + isoprene reaction, and OH yields have been reported in a number of studies where OH
production was monitored indirectly by following the loss of an OH scavenger or the production of a product
of an OH + scavenger reaction.?%1015-18 At room temperature and atmospheric pressure of air, reported OH
yields from seemingly careful studies range from 0.19 to 0.53 with an average value of 0.32. The chemical
pathways leading to OH production are too complex to discuss in this note; the interested reader is referred to
a review article by Johnson and Marston.** As discussed by Johnson and Marston, the reaction proceeds via
initial formation of a primary ozonide that decomposes to a carbonyl compound plus a Criegee biradical with
several different carbonyl/Criegee pairs produced; the Criegee biradicals can react unimolecularly from a
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chemically activated state or be collisionally deactivated and live long enough to undergo bimolecular
reactions under atmospheric conditions.
(Table: 15-10, Note: 15-10, Evaluated 15-10) Back to Table
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OH + CO. See note for the OH + CO reaction in Section 2.
Back to Table

OH + CHa. This reaction has been extensively studied. The most recent data are from Vaghjiani and
Ravishankara,® Saunders et al.,® Finlayson-Pitts et al.,® Dunlop and Tully,? Mellouki et al.,® and Gierczak et
al.,* who measured the absolute rate coefficients for this reaction using discharge flow and pulsed photolysis
techniques. Sharkey and Smith” have reported a high value (7.7 x 1072°* cm?® molecule* s™) for k(298 K), and
this value has not been considered here. The current recommendation for k(298 K) was derived from the
results of Vaghjiani and Ravishankara, Dunlop and Tully, Saunders et al., Mellouki et al., Finlayson-Pitts et
al., and Gierczak et al. The temperature dependence of this rate coefficient has been measured by Vaghjiani
and Ravishankara (223-420 K), Dunlop and Tully (above 298 K), Finlayson-Pitts et al. (278-378 K), and
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Mellouki et al. (233-343 K). Gierczak et al. have extended the measurements of k to 195 K, and it appears
that the rate coefficient does not strictly follow an Arrhenius expression. The recommended E/R was
obtained from these results using data below 300 K.

A more accurate representation of the rate constant as a function of temperature is obtained by using the
three-parameter expression: k(T) = 2.80 x 1024 T%667 exp(—1575/T) cm® molecule s. This three-parameter
fit may be preferred for lower stratosphere and upper troposphere calculations. A report on this rate
coefficient by Bonard et al.* agrees very well with the value recommended here.
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(7) Sharkey, P.; Smith, I. W. M. Kinetics of elementary reactions at low temperatures: Rate constants for
the reactions of OH with HC1 (298 > T/K > 138), CH4 (298 > T/K > 178), and CoHs (298 > T/K > 138).
J. Chem. Soc. Faraday Trans. 1993, 89, 631-638.

(8) Vaghjiani, G. L.; Ravishankara, A. R. New measurement of the rate coefficient for the reaction of OH
with methane. Nature 1991, 350, 406-409.

OH + BBCHa4. This reaction has been studied relative to the OH + CH4reaction, since the ratio of the rate
coefficients is the quantity needed for quantifying methane sources. Rust and Stevens,® Davidson et al.,? and
Cantrell et al. have measured ki2/kis at 298 K to be 1.003, 1.010, and 1.0055, respectively. Cantrell et al.'s
data supersede the results of Davidson et al. The recommended value of 1.005 + 0.002 is based on the results
of Rust and Stevens and Cantrell et al. Cantrell et al. find ki2/ki3to be independent of temperature between
273 and 353 K.

(Table: 92-20, Note: 92-20, Evaluated 92-20) Back to Table

(1) Cantrell, C. A,; Shetter, R. E.; McDaniel, A. J.; Calvert, J. G.; Davidson, J. A.; Lowe, D. C.; Tyler, S.
C.; Cicerone, R. J.; Greenberg, J. P. Carbon kinetic isotope effect in the oxidation of methane by the
hydroxyl radical. J. Geophys. Res. 1990, 95, 22455-22462.

(2) Davidson, J. A.; Cantrell, C. A.; Tyler, S. C.; Shetter, R. E.; Cicerone, R. J.; Calvert, J. G. Carbon
kinetic isotope effect in the reaction of CH4 with HO. J. Geophys. Res. 1987, 92, 2195-2199.

(3) Rust, F.; Stevens, C. M. Carbon kinetic isotope effect in the oxidation of methane by hydroxyl. Int. J.
Chem. Kinet. 1980, 12, 371-377.

OH + CH3sD. The rate coefficient for this reaction has been measured between 249 and 422 K using a pulsed
laser photolysis-laser induced fluorescence system by Gierczak et al.> The recommended values of k(298 K)
and E/R are from this study. The recommendation agrees within about 10% at 298 K with the rate constant
measured by DeMore! in a relative rate study over the temperature range 298-360 K. The difference, while
small in an absolute sense, is nevertheless significant for the isotopic fractionation of atmospheric CHsD and
CH4 by OH. An earlier result of Gordon and Mulac* at 416 K is in good agreement with the extrapolated data
of both of these determinations. However, that measurement has not been explicitly included in this
recommendation because the experiments were carried out at higher temperatures and therefore are less
applicable to the atmosphere. The rate coefficients for the reactions of OH with other deuterated methanes
have also been measured (Dunlop and Tully,? Gierczak et al.,> Gordon and Mulac?).

(Table: 94-26, Note: 94-26, Evaluated 94-26) Back to Table
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(1) DeMore, W. B. Rate constant ratio for the reaction of OH with CH3D and CH4. J. Phys. Chem. 1993,
97, 8564-8566.

(2) Dunlop, J. R.; Tully, F. P. A kinetic study of OH radical reactions with methane and perdeuterated
methane. J. Phys. Chem. 1993, 97, 11148-11150.

(3) Gierczak, T.; Talukdar, R. K.; Herndon, S. C.; Vaghjiani, G. L.; Ravishankara, A. R. Rate coefficient
for the reaction of hydroxyl radicals with methane and deuterated methanes. J. Phys. Chem. A 1997,
101, 3125-3134.

(4) Gordon, S.; Mulac, W. A. Reaction of the OH(X?[]) radical produced by the pulse radiolysis of water
vapor. Int. J. Chem. Kinet. 1975, Symp. 1, 289-299.

(5) Talukdar, R. K.; Gierczak, T.; Goldfarb, L.; Rudich, Y.; Madhava Rao, B. S.; Ravishankara, A. R.
Kinetics of hydroxyl radical reactions with isotopically labeled hydrogen. J. Phys. Chem. 1996, 100,
3037-3043.

OH + H2CO. The value for k(298 K) is the average of those determined by Niki et al.,® Atkinson and Pitts,*
Stief et al.,® Yetter et al.,** Temps and Wagner,'® and Sivakumaran et al.” The value reported by Morris and
Niki® is expected to be superseded by the later report of Niki et al.,® although it agrees within the stated
uncertainty. There are two relative values that are not in agreement with the recommendations. The value of
Niki et al.* relative to the OH + C;H, reaction is higher, while the value of Smith?® relative to the OH + OH
reaction is lower. The later report of Niki et al.® is assumed to supersede the earlier rate constant. The rate
coefficients reported by Zabarnick et al.'? at and above 298 K are consistently higher than those
recommended here, but overlap within the combined uncertainty. The temperature dependence was
calculated from the data of Stief et al. obtained below 298 K and from the data of Sivakumaran et al. below
330 K after normalizing the results of both studies to k(298 K) recommended here. There is a clear indication
that the Arrhenius plot of this rate coefficient is curved with a positive activation energy at temperatures
above ~330 K. It is therefore important that the recommended rate coefficients be used only in the 200-300
K temperature range. The abstraction reaction shown in the table is the major channel (Temps and Wagner,°
Niki et al.%); other channels may contribute to a small extent (Horowitz et al.?). There is no indication that
this rate coefficient is pressure dependent at atmospheric pressures and temperatures.

(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table

(1) Atkinson, R.; Pitts Jr., J. N. Kinetics of the reactions of the OH radical with HCHO and CH3sCHO over
the temperature range 299-426°K. J. Chem. Phys. 1978, 68, 3581-3590.

(2)  Horowitz, A.; Su, F.; Calvert, J. G. Unusual H,-forming chain reaction in the 3130-A photolysis of
formaldehyde-oxygen mixtures at 25°C. Int. J. Chem. Kinet. 1978, 10, 1099-1117.

(3) Morris, E. D., Jr.; Niki, H. Mass spectrometric study of the reaction of hydroxyl radical with
formaldehyde. J. Chem. Phys. 1971, 55, 1991-1992.

(4) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P. Relative rate constants for the reaction of
hydroxyl radical with aldehydes. J. Phys. Chem. 1978, 82, 132-134, d0i:10.1021/j100491a002.

(5) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P. Fourier transform infrared spectroscopic study
of the kinetics for the HO radical reaction of 3C%0 and *?C*80. J. Phys. Chem. 1984, 88, 2116-2119,
doi:10.1021/j150654a034.

(6) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P. Fourier transform infrared study of the
kinetics and mechanism for the reaction of hydroxyl radical with formaldehyde. J. Phys. Chem. 1984,
88, 5342-5344, doi:10.1021/j150666a047.

(7)  Sivakumaran, V.; Holscher, D.; Dillon, T. J.; Crowley, J. N. Reaction between OH and HCHO:
temperature dependent rate coeffiecients (202-399 K) and product pathways (298 K). Phys. Chem.
Chem. Phys. 2003, 5, 4821-4827, doi:10.1039/b30685%.

(8) Smith, R. H. Rate constant and activation energy for the gaseous reaction between hydroxyl and
formaldehyde. Int. J. Chem. Kinet. 1978, 10, 519-528.

(9) Stief, L. J.; Nava, D. F.; Payne, W. A.; Michael, J. V. Rate constant for the reaction of hydroxyl radical
with formaldehyde over the temperature range 228-362 K. J. Chem. Phys. 1980, 73, 2254-2258.

(10) Temps, F.; Wagner, H. G. Rate constants for the reactions of OH radicals with CH.O and HCO. Ber.
Bunsenges Phys. Chem. 1984, 88, 415-418.

(11) Yetter, R. A.; Rabitz, H.; Dryer, F. L.; Maki, R. G.; Klemm, R. B. Evaluation of the rate constant for the
reaction OH + H,CO: Application of modeling and sensitivity analysis techniques for determination of
the product branching ratio. J. Chem. Phys. 1989, 91, 4088-4097, doi:10.1063/1.456838.

(12) Zzabarnick, S.; Fleming, J. W.; Lin, M. C. Kinetics of hydroxyl radical reactions with formaldehyde and
1,3,5-trioxane between 290 and 600 K. Int. J. Chem. Kinet. 1988, 20, 117-129.
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D18. OH + CH3OH. The recommended value for k(298 K) is the average of direct studies by Overend and
Paraskevopoulos,’® Ravishankara and Davis,'? Hagele et al.,* Meier et al., McCaulley et al.,® Wallington and
Kurylo,** Hess and Tully,® Jimenez et al.,® and Dillon et al.> When these measurements were not at exactly
298 K, their values were recalculated for 298 K by using the E/R recommended here. Indirect measurements
by Campbell et al.,? Barnes et al.,* Tuazon et al.,*® Picquet et al.,** and Klopffer et al.” are in good agreement
with the recommended value. The temperature dependence of k has been measured by Hagele et al., Meier et
al., Greenhill and O'Grady, Wallington and Kurylo, Hess and Tully, Jimenez et al., and Crowley et al. The
recommended value of E/R was calculated using the results obtained at temperature below 330 K by
Wallington and Kurylo, Meier et al., Hess and Tully, Jimenez et al., and Crowley et al. The results of
Greenhill and O’Grady are in reasonable agreement with the recommendation at and above 298 K, but are
clearly lower than the recommendation below 298 K. Hess and Tully report a curved Arrhenius plot over the
temperature range 298-1000 K, while Meier et al. did not observe such a curvature. This reaction has two
pathways: abstraction of the H-atom from the methyl group to give CH>OH + H>O or from the OH group to
give CH3O + H,0. The results of Hagele et al., Meier et al., and Hess and Tully suggest that H abstraction
from the methyl group to give CH,OH + H0 is the dominant channel below room temperature. At 298 K,
for example, the branching ratio for the formation of CH,OH is about 0.85 and increases as the temperature
decreases. In the Earth's atmosphere, the eventual products of OH + CH3OH reaction are the same for both
reaction channels: CH,O and HO..

(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table

(1) Barnes, |.; Bastian, V.; Becker, K. H.; Fink, E. H.; Zabel, F. Reactivity studies of organic substances
towards hydroxyl radicals under atmospheric conditions. Atmos. Environ. 1982, 16, 545-550.

(2) Campbell, I. M.; McLaughlin, D. F.; Handy, B. J. Rate constants for reactions of hydroxyl radicals with
alcohol vapours at 292 K. Chem. Phys. Lett. 1976, 38, 362-364.

(3) Dillon, T. J.; Holscher, D.; Sivakumaran, V.; Horowitz, A.; Crowley, J. N. Kinetics of the reactions of
HO with methanol (210-351 K) and with ethanol (216-368 K). Phys. Chem. Chem. Phys. 2005, 7, 349-
355, d0i:10.1039/b413961e.

(4) Hagele, J.; Lorenz, K.; Rhésa, D.; Zellner, R. Rate constants and CH3O product yield of the reaction OH
+ CH3OH — products. Ber. Bunsenges. Phys. Chem. 1983, 87, 1023-1026.

(5) Hess, W. P.; Tully, F. P. Hydrogen-atom abstractlon from methanol by OH. J. Phys. Chem. 1989, 93,
1944-1947, d0i:10.1021/j100342a049.

(6) Jiménez, E.; Gilles, M. K.; Ravishankara, A. R. Kinetics of the reactions of hydroxyl radical with
CH30OH and C,Hs0H between 235 and 360 K. J. Photochem. Photobiol. A: Chem. 2003, 157, 237-245,
d0i:10.1016/S1010-6030(03)00073-X.

(7) Klopffer, W.; Frank, R.; Kohl, E. G.; Haag, F. Quantitative erfassung der photochemischen
transformationsprozesse in der troposphare. Chemiker-Zeitung 1986, 110, 57-61.

(8) McCaulley, J. A.; Anderson, S. M.; Jeffries, J. B.; Kaufman, F. Kinetics of the reaction of CH3O with
NO,. Chem. Phys. Lett. 1985, 115, 180-186.

(9) Meier, U.; Grotheer, H. H.; Just, T. Temperature dependence and branching ratio of the CH3;OH + OH
reaction. Chem. Phys. Lett. 1984, 106, 97-101.

(10) Overend, R.; Paraskevopoulos, G. Rates of OH radical reactions. 4. Reactions with methanol, ethanol,
1-propanol, and 2-propanol at 296 K. J. Phys. Chem. 1978, 82, 1329-1333, d0i:10.1021/j100501a001.

(11) Picquet, B.; Heroux, S.; Chebbi, A.; Doussin, J.-F.; Durand-Jolibois, R.; Monod, A.; Loirat, H.; Carlier,
P. Kinetics of the reactions of OH radicals with some oxygenated volatile organic compounds under
simulated atmospheric conditions. Int. J. Chem. Kinet. 1998, 30, 839-847.

(12) Ravishankara, A. R.; Davis, D. D. Kinetic rate constants for the reaction of OH with methanol, ethanol,
and tetrahydrofuran at 298 K. J. Phys. Chem. 1978, 82, 2852-2853, d0i:10.1021/j100515a022.

(13) Tuazon, E. C.; Carter, W. P. L.; Atkinson, R.; Pitts, J. N., Jr. The gas-phase reaction of hydrazine and
ozone: A nonphotolytic source of OH radicals for measurement of relative OH radical rate constants.
Int. J. Chem. Kinet. 1983, 15, 619-629.

(14) Wallington, T. J.; Kurylo, M. J. The gas phase reactions of hydroxyl radicals with a series of aliphatic
alcohols over the temperature range 240-440 K. Int. J. Chem. Kinet. 1987, 19, 1015-1023.

D19. OH + CHsOOH. The recommended value for k(298 K) is the average of the rate coefficients measured by
Niki et al. and Vaghjiani and Ravishankara,? which differ by nearly a factor of two. Niki et al. measured the
rate coefficient relative to that for OH with C2H, (= 8.0 x 10722 cm® molecule* s) by monitoring CH3OOH
disappearance using an FTIR system. Vaghjiani and Ravishankara monitored the disappearance of OH, OD,
and 80OH in excess CH3OOH in a pulsed photolysis-LIF system. They measured k between 203 and 423 K
and report a negative activation energy with E/R = —190 K; the recommended E/R is based on their results.
The reaction of OH with CH3OOH occurs via abstraction of H from the oxygen end to produce the CHs00
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D20.

D21.

D22.

radical and from the CH3 group to produce the CH,OOH radical, as originally proposed by Niki et al. and
confirmed by Vaghjiani and Ravishankara. CH,OOH is unstable and falls apart to CH,O and OH within a
few microseconds. The possible reaction of CH,OOH with O, is unimportant under atmospheric conditions
(Vaghjiani and Ravishankara). The recommended branching ratios are,

OH + CH300H — CH30; + H,0O (@) 70%

OH + CH300H — CH,00H + H20 (b) 30%,

(from Vaghjiani and Ravishankara) and are nearly independent of temperature.
(Table: 02-25, Note: 02-25, Evaluated 02-25) Back to Table

(1)  Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P. A Fourier transform infrared study of the
kinetics and mechanism for the reaction HO + CH3OOH. J. Phys. Chem. 1983, 87, 2190-2193,
d0i:10.1021/j100235a030.

(2) Vaghjiani, G. L.; Ravishankara, A. R. Kinetics and mechanism of OH reaction with CH;OO0H. J. Phys.
Chem. 1989, 93, 1948-1959, doi:10.1021/j100342a050.

OH + HC(O)OH. The recommended value of k(298 K) is the average of those measured by Zetzsch and
Stuhl,® Wine et al.,* Jolly et al.,> Dagaut et al.,* and Singleton et al.> The temperature dependence of k has
been studied by Wine et al. and by Singleton et al., who observed k to be essentially independent of T.

Wine et al. found the rate coefficient for the OH + HC(O)OH reaction to be the same as that for OH +
DC(O)OH reaction. Jolly et al. found the formic acid dimer to be unreactive toward OH, i.e., abstraction of
the H atom attached to C was not the major pathway for the reaction. A comprehensive study of Singleton et
al. showed that reactivity of HC(O)OH is essentially the same as that of DC(O)OH, but DC(O)OD reacts
much slower than HC(O)OH and DC(O)OH. These observations show that the reaction proceeds via
abstraction of the acidic H atom. Wine et al. and Jolly et al. also found that H atoms are produced in the
reaction, which is consistent with the formation of HC(O)O, which would rapidly fall apart to CO2 and H.
End product studies are also consistent with the formation of CO, and HO in this reaction (Singleton et al.?).
The products of this reaction would be mostly HC(O)O and H20. The fate of HC(O)O in the atmosphere will
be to give HO; either directly via reaction with O or via thermal decomposition to H atom, which adds to O..

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

(Table: 02-25, Note: 02-25, Evaluated 02-25) Back to Table
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mechanism for the reaction of hydroxyl radical with formic acid. J. Phys. Chem. 1986, 90, 6557-6562,
d0i:10.1021/j100282a028.

(3) Singleton, D. L.; Paraskevopoulos, G.; Irwin, R. S.; Jolly, G. S.; McKenney, D. J. Rate and mechanism
of the reaction of hydroxyl radicals with formic and deuterated formic acids. J. Am. Chem. Soc. 1988,
110, 7786-7790, d0i:10.1021/ja00231a032.

(4)  Wine, P. H.; Astalos, R. J.; Mauldin, R. L., Il Kinetic and mechanistic study of the OH + HCOOH
reaction. J. Phys. Chem. 1985, 89, 2620-2624, doi:10.1021/j100258a037.

(5) Zetzsch, C.; Stuhl, F. In Proceedings of the 2nd European Symposium on the Physico-Chemical
Behaviour of Atmospheric Pollutants; D. Reidel Publishing Co.: Dordrecht, Holland, 1982; pp 129-137.

OH + HC(O)C(O)H. The only available data are from the 298 K relative rate study of Plum et al.* and the
results are recommended here. Because the rate coefficient is so large, it is unlikely to have a substantial
temperature dependence and an E/R of zero is recommended. This reaction is expected to proceed via H-
abstraction to yield H,O, CO and HCO.

(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table

(1) Plum, C. N.; Sanhueza, E.; Atkinson, R.; Carter, W. P. L.; Pitts, J. N., Jr. OH radical rate constant and
photolysis rates of a-dicarbonyls. Environ. Sci. Technol. 1983, 17, 479-484.

OH + HOCH2CHO. The available data are from relative rate studies at 298 K (Bacher et al.,* Niki et al.,?
and Mellouki et al.?). The recommendation is based on all these studies, which are in good agreement.
Because the rate coefficient is very large, it is unlikely to have a substantial temperature dependence.
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D24,

Therefore, we recommend an E/R of zero. There are three possible sites for H-abstraction: the alcohol group,
the CH> group and the carbonyl group. Of these, the likely pathways for abstraction are from the latter two
sites:

OH + HOCH,CHO — H,0 + HOC(H)CHO (a)

OH + HOCH,CHO — H,0 + HOCH,CO (b)

Niki et al. have shown that the branching ratio for channel (b) is 0.8 and for channel (a) is 0.2. It is unlikely
that the branching ratio changes significantly with temperature.
(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table

(1) Bacher, C.; Tyndall, G. S.; Orlando, J. J. The atmospheric chemsitry of glycolaldehyde. J. Atmos.
Chem. 2001, 39, 171-189.

(2) Magneron, I.; Mellouki, A.; Le Bras, G.; Moortgat, G. K.; Horowitz, A.; Wirtz, K. Photolysis and OH-
initiated oxidation of glycolaldehyde under atmospheric conditions. J. Phys. Chem. A 2005, 109, 4552-
4561, doi:10.1021/jp044346y.

(3) Niki, H.; Maker, P. D.; Savage, C. M.; Hurley, M. D. Fourier transform infrared study of the kinetics
and mechanisms for the Cl-atom- and HO-radical-initiated oxidation of glycolaldehyde. J. Phys. Chem.
1987, 91, 2174-2178, doi:10.1021/j100292a038.

OH + HCN. This reaction is pressure dependent. The recommended value is the high pressure limit
measured by Fritz et al.? using a laser photolysis-resonance fluorescence apparatus. Phillips* studied this
reaction using a discharge flow apparatus at low pressures and found the rate coefficient to have reached the
high pressure limit at ~10 Torr at 298 K. Fritz et al.’s results contradict this finding. They agree with
Phillip’s measured value, within a factor of two, at 7 Torr, but they find k to increase further with pressure.
Bunkan et al.* report the 2C/*3C and *N/*N kinetic isotope effects at T = 298 K and P = 1.00 atm to be
0.9733 £ 0.0012 and 0.9840 + 0.0016, respectively (uncertainties are 16). The reaction mechanism has been
investigated theoretically by Galano® and Bunkan et al. They find that OH adds (over a barrier of ~16 kJ
mol) to the carbon atom in HCN. It is predicted theoretically that, under atmospheric conditions, HC(OH)N
reacts with O, to generate nitroso formaldehyde (HC(O)NO) and recycle OH.>® The rate constant for the
HC(OH)N + O3 reaction at T = 298 K and P = 1.00 atm is evaluated theoretically to be 9 x 1071 cm?
molecule™ s

(Table: 83-62, Note: 15-10, Evaluated 83-62) Back to Table

(1) Bunkan, A.J,; Liang, C.-H.; Pilling, M. J.; Nielsen, C. J. Theoretical and experimental study of the OH
radical reaction with HCN. Mol. Phys. 2013, 111, 1589-1598, doi:10.1080/00268976.2013.802036.

(2) Fritz, B.; Lorenz, K.; Steinert, W.; Zellner, R. Rate of oxidation of HCN by OH radicals at lower
temperatures. Oxidation Communications 1984, 6, 363-370.

(3) Galano, A. Mechanism of OH radical reactions with HCN and CH3CN: OH regeneration in the presence
of O2. J. Phys. Chem. A 2007, 111, 5086-5091, doi:10.1021/jp0708345.

(4) Phillips, L. F. Pressure dependence of the rate of reaction of OH with HCN. Chem. Phys. Lett. 1978, 57,
538-539.

OH + C2He. There are numerous studies of this reaction at 298 K (Greiner,** Horne and Norrish,'* Greiner,2
Overend et al.,?* Howard and Evenson,*® Leu,*® Lee and Tang,*” Tully et al.,?® Jeong et al.,'6 Smith et al.,®
Baulch et al.,? Schmidt et al.,?® Edney et al.,® Tully et al.,? Nielsen et al.,?® Stachnik et al.,?® Wallington et
al.,*® Bourmada et al.,® Zabarnick et al.,®! Abbatt et al.,* Schiffman et al.,?> Dobe et al.,” Sharkey and Smith,>
Finlayson-Pitts,'° Talukdar et al.,?” Crowley et al.,® Cavalli et al.,* Donahue et al.,® Clarke et al.,> Heathfield et
al.,® and Li et al.*®). The recommended value for k(298 K) is an average of the majority of the results
reported at room temperature (Overend et al.,?* Howard and Evenson,*® Leu,*® Lee and Tang,*” Tully et al.,?®
Smith et al.,? Baulch et al.,> Schmidt et al.,?® Tully et al.,?® Stachnik et al.,?® Wallington et al.,*® Bourmada et
al.,® Zabarnick et al.,3 Abbatt et al.,* Schiffman et al.,> Dobe et al.,” Finlayson-Pitts,'° Talukdar et al.,?’
Crowley et al.,’ Cavalli et al.,* Donchue et al.,® Clarke et al.,® Heathfield et al.,'® and Li et al.'®). The room
temperature studies not used were either of lower precision (as evidenced by data scatter) or yielded
somewhat higher rate constants.

The temperature dependence of the rate coefficient below 298 K has been measured by Jeong et al.,*
Stachnik et al.,?® Smith et al.,?> Wallington et al.,* Talukdar et al.,?” Crowley et al.,® and Clarke et al.> The
last six of these studies are in good agreement (the data from Jeong et al. exhibiting noticable upward
curvature below 298 K). Thus the recommended value for E/R is derived from a combined fit to the data
below 300 K from the aforementioned six studies after each data set was normalized to the recommended
value for k(298 K).
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OH + CHsC(O)OH. The recommended values of k(298 K) and E/R are derived from a combined fit to the
data of Singleton et al.,? Butkovskaya et al.,* Crunaire et al.,? Vimal and Stevens,® Khamaganov et al.,” Huang
etal.,’ and Huang et al.> at T <300 K. Data from these studies are in reasonable agreement below 300 K.
However, above 300 K there is not a consistent picture of the temperature dependence of the rate constant
with E/R values ranging from ~ -500 K to ~—1000 K. In an earlier study by Dagaut et al.% at room
temperature and above, an E/R value of +170 K was obtained. For this reason data from this study were not
included in the combined fit, although k(298 K) from this study is in good agreement with recommended
value. All studies required corrections for the presence of acetic acid dimer especially at temperatures below
298 K and they assumed no reactivity between OH and the dimer. This latter assumption is based on results
from Singleton et al.® However, in the same study Singleton et al.8 found that the rate constant for the
reaction of OH with the dimer of propionic acid is equal to or greater than that of the rate constant of OH with
propionic acid monomer. This result suggests that uncertainties regarding the reactivity of acetic acid dimer
may remain. Such uncertainties would propagate into uncertainties in the reactivity of the monomer,
especially at lower temperatures.

Three studies give similar results for the reaction mechanism. Butkovskaya et al.! reported a yield of (64 +
17)% over the temperature range of 300-249 K for H-atom abstraction from the carboxyl group, (OH +
CH3C(0)OH — CHj3 + CO; + H,0). At room temperature, De Smedt et al.* and Crunaire et al.? reported
similar yields of (64 + 14)% and (78 + 13)%, respectively. Observations by Singleton et al.8 regarding the
decrease in reactivity upon D substitution on the carboxylic site and no change in reactivity upon substitution
on the methyl group, are reasonably consistent with these mechanistic studies.
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OH + CsHs. There are many measurements of the rate coefficients at 298 K. In this evaluation we have
considered only the direct measurements (Greiner,° Tully et al.,*” Droege and Tully,® Schmidt et al.,* Baulch
et al.,2 Bradley et al.,® Abbatt et al.,* Schiffman et al.,*® Talukdar et al.,> Mellouki et al.,*> Donahue et al.,’
Clarke et al.,* and Kozlov et al.*'). The 298 K value is the average of these thirteen studies. Greiner, Tully et
al.,’s Droege and Tully, Talukdar et al., Mellouki et al., Donahue et al., Clarke et al. and Kozlov et al.** have
measured the temperature dependence of this reaction. Donahue and Clark’ have shown that there is
outstanding agreement between all of the data sets after correcting some of them for small offsets due to
systematic calibration errors. Due to the significant curvature in the Arrhenius behavior over the studied
temperature range, the recommended Arrhenius expression is only valid between 190 and 300 K. The
recommended E/R is obtained from a composite fit to the four data sets (Kozlov et al., Clarke et al., Talukdar
et al, and Mellouki et al.) at temperature below 300 K. Each data set was normalized to the recommended
k(298 K). This reaction has two possible channels, i.e., abstraction of the primary and the secondary H-atom.
Observations of both channels by Tully et al. and Droege and Tully indicate that the reaction exhibits non-
Arrhenius behavior over a wide temperature range. The branching ratios were estimated from the latter
study:

Kprimary = 6.3 x 10712 exp(~1050/T) cm® molecule™® s
Ksecondary = 6.3 X 10712 exp(-580/T) cm® molecule* s

These numbers are in reasonable agreement with the older data of Greiner. The ratio of the rate coefficients
for OH reactions with C,Hg and C3Hg has been measured by Finlayson-Pitts et al.? and DeMore and Bayes.®
Our recommendations are in reasonable agreement with their ratios.
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OH + C2HsCHO. The recommended value at 298 K is an average of the results from Niki et al.,* Audley et
al.,! Kerr and Sheppard,® Semmes et al.,® Papagni,® Thevenet,” and D’Anna.? The temperature dependence
has been measured by Thevenet. The E/R is taken from Thevenet and the A-factor is adjusted to reproduce
k(298 K). Vandenberk and Peeters® measured unity yields of H,O from the reaction and conclude that the
reaction proceeds exclusively by H-abstraction of the aldehydic H-atom.
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OH + 1-CsH7OH. There have been a number of room temperature measurements that are in excellent
agreement. The recommended value is an average of the results from absolute kinetics studies by Overend
and Paraskevopoulos,® Wallington and Kurylo,” Nelson et al.,* and Yujing and Mellouki.® Relative rate
studies of Nelson et al., Oh and Andino,® Wu et al.,® and Cheema et al.® are in excellent agreement with the
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recommended value. The indirect study of Campbell? is consistent with, but 30% lower than the
recommended value. The reaction is observed to be nearly temperature independent; Yujing and Mellouki
find a slight positive temperature dependence while Cheema et al. find a small negative temperature
dependence. The recommended E/R value is based on the direct study of Yujing and Mellouki. End product
studies carried out by Azad and Andino® support predictions based on the structure-activity relationship that
identify the primary reaction channels as hydrogen abstraction by the OH radical from the o (~75%) and
B(~20%) carbons.
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OH + 2-CsH7OH. The recommended value at 298 K is an average of the absolute measurements by Overend
and Paraskevopoulos,* Wallington and Kurylo,® Nelson et al.,® Dunlop and Tully,! and Yujing and Mellouki.®
A relative rate study by Lloyd et al.? is, within its wide error limits, consistent with the recommendation. The
temperature dependence is observed to vary little with temperature below 400 K. Measurements over the
range 293-745 K by Dunlop and Tully revealed a “bowl” shaped temperature dependence, with a minimum in
the rate coefficient observed at 378 K. The recommended E/R is based on the measurements of Yujing and
Mellouki and, on account of the complex reaction behavior, is valid only for temperatures below 400 K.
Temperature dependent data of Dunlop and Tully and Wallington and Kurylo are, within the experimental
uncertainties, consistent with the recommendation. By using isotopic substitution, Dunlop and Tully
determined that the primary reaction channel below 400 K involves H atom abstraction by OH from the -
site. This result is in agreement with estimates based on the structure-activity relationship (Yujing and
Mellouki®).
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D32. OH + C2HsC(O)OH. Studies of this reaction have been confined to 298 K and above on account of the
tendency of propionic acid to dimerize at lower temperatures and higher concentrations. Kinetic isotope
effects measured by Singleton et al.? are consistent with a two channel mechanism proposed previously for
OH reaction with acetic acid. In the propionic acid case, the channel involving direct abstraction of an alkyl
hydrogen is predominant, thus accounting for the observed temperature independence of the rate constant.
The recommended temperature independent rate constant, is based on an average of the results of Singleton et
al. and Dagout et al.* taken at a variety of temperatures between 298 K and 446 K. An study room
temperature measurement by Zetsch and Stuhl® is ~30% higher, but consistent with the recommendation.
Further studies below 298 K would be desirable in order to investigate possible non-Arrhenius behavior.
(Table: 06-2, Note: 06-2, Evaluated 06-2) Back to Table
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111, 5248-5251, d0i:10.1021/ja00196a035.

(3) Zetzsch, C.; Stuhl, F. In Proceedings of the 2nd European Symposium on the Physico-Chemical
Behaviour of Atmospheric Pollutants; D. Reidel Publishing Co.: Dordrecht, Holland, 1982; pp 129-137.

D33. OH + CH3C(O)CHs. The rate coefficient for this reaction has been measured at temperatures close to 298 K
by Cox et al.,2 Zetzsch,* Chiorboli et al.,* Kerr and Stocker,> Wallington and Kurylo,™* LeCalve et al.,
Wollenhaupt et al.,*? Gierczak et al.,® and Yamada et al.** Cox reported only an upper limit of <5 x 1023 cm?
molecule™ s, which is consistent with this recommendation. The primary aim of Chiorboli et al. was to
examine the atmospheric degradation of styrene, which produces acetone. They employed a relative rate
measurement and reported a value of k(298 K) that is almost three times faster than the recommended value.
Because of possible complications in their system, we have not included their results in arriving at the
recommended value. Wallington and Kurylo, LeCalve et al., Wollenhaupt et al., Gierczak et al., and Yamada
et al. have reported k as a function of temperature; all these studies directly measured the rate constant using
the pulsed photolysis method where the temporal profile of OH was measured using resonance fluorescence
or laser induced fluorescence. The extensive data of Wollenhaupt et al. and Gierczak et al. seem to show that
this rate coefficient does not follow an Arrhenius expression. The results of LeCalve et al. and Wallington et
al. are in general agreement with the results of Wollenhaupt et al. and Gierczak et al. The non-Arrhenius
behavior was not evident in the results of Wallington et al. and LeCalve et al. because they measured the rate
constant at a few temperatures and did not explore temperature below 240 K, where the curvature becomes
increasingly evident. Yamada et al. measured k only above room temperature and their values are
consistently lower than those of all the others noted above. As they noted in their paper, Yamada et al. did
not measure the acetone concentration in the reactor and, thus, could have overestimated its concentration
leading to consistently lower values of k. We have not included data of Yamada et al.*® in deriving the fit
because of this possible systematic error and because they did not report k under atmospheric temperatures.
The following recommendation reproduces all reported data, except that of Chiorboli et al. within the
recommended uncertainty of 25% at all temperatures:

k(T) =1.33x 10723 + 3.82 x 10 '1exp(-2000/T) cm? molecule! s*

This reaction can proceed via the abstraction of an H atom or via the formation of a complex that decomposes
to give many different products, which include CH3 + CH3C(O)OH, CH30OH + CH3C(O), CH4 + CH3CO», and
H,0 + CH3C(O)CH.. The branching ratios for the formation of different sets of products could vary with
temperature. Wollenhaupt et al.*? have deduced that CHs radicals are produced with a yield of ~50% at 298
K and ~30% at 233 K. A similar branching ratio has also been reported by Vasvari et al.’® The results of
Gierczak et al.on the OH + CD3C(O)CDs reaction, whose rate coefficient nearly obeys an Arrhenius
expression between 240 and 400 K and is nearly an order of magnitude smaller than the non-deuterated
analog at 250 K, suggest that H abstraction may be the dominant channel. Vandenberk et al.,’ Tyndall et al.,®
and Talukdar et al.,” clearly show that CH3sC(O)OH is a minor, if not negligible, product of this reaction and
that the reaction proceeds to abstract an H atom. The results of Yamada et al. are consistent with this finding.
Theoretical calculations of Henon et al.* and Vandenberk et al.® also suggest that formation of acetic acid is
negligible. We recommend that the products of this reaction be taken as H,O and CH3C(O)CHs.
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OH + CH2=C(CH3)CHO (methacrolein). The recommended E/R is that obtained from an unweighted fit to
Ink = In A - E/RT of the rate constants reported by Gierczak et al.” (234-373 K), which is the only study that
reports rate constants at T <295 K. The recommended value for k(298 K) is the average of ambient
temperature rate constants obtained in the flash photolysis studies of Kleindienst et al.,® Gierczak et al.,” and
Chuong and Stevens,? the turbulent flow reactor study of Chuong and Stevens,® and the relative rate study of
Atkinson et al.,* with all rate constants adjusted to 298 K using the recommended E/R. In a second relative
rate study, Edney et al.® obtain a value for k(298 K) that is significantly faster than the rate constants reported
in all other studies. Temperature-dependent rate constants reported by Kleindienst et al. and Chuong and
Stevens in their flash photolysis studies are encompassed by the recommended error limits for all
temperatures below 400 K. Product studies by Tuazon and Atkinson?! and Orlando and Tyndall*®
demonstrate that, in air at T ~298 K and P ~1 atm, abstraction of the aldehydic hydrogen accounts for 45-50%
of overall reactivity and addition to the double bond accounts for the rest; more than 80% of addition is to the
terminal carbon. Chuong and Stevens® observe OH recycling in the presence of O, and NO at T = 300 K and
conclude that (i) methacrolein-based peroxy radicals (OH—methacrolein—OO) react with NO with k ~2 x
107" cm® molecule™' s™"and (ii) the peroxy radical + NO reactions produce NO_ with a yield of ~90% and
organic nitrates with a yield of ~10%. A turbulent flow reactor study by Hsin and Elrod® obtains
OH-methacrolein—OO + NO rate constants that are a factor of two slower than those reported by Chuong and
Stevens. In a combined experimental/theoretical study, Crounse et al.* provide evidence that
OH-methacrolein—OO undergoes a 1,4 H shift of the aldehydic hydrogen to OO at a rate of ~0.5 s™! to form a
radical that rapidly decomposes to recycle OH. In a theoretical study, da Silva concludes that chemically
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activated OH—methacrolein and OH—methacrolein—OO strongly impact product distributions and OH
recycling.®
(New Entry) Back to Table
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OH + CH3C(O)CH=CH: (MVK). The recommendation is based on the temperature-dependent flash
photolysis studies of Kleindienst et al.” and Gierczak et al.,* the room temperature turbulent flow reactor
study of Chuong and Stevens,® and the room temperature relative rate studies of Atkinson et al.*and
Holloway et al.> Chuong and Stevens? observe pressure-dependent rate constants in 1-5 Torr Helium over
the temperature range 300-422 K. All data used to arrive at the recommendation were obtained under
(presumably) high pressure limit conditions, i.e., P >16 Torr. All data points reported in each temperature
dependent study were scaled by a factor equal to the ratio k(298) ar/k(298)ave Where k(298)arr is the 298 K rate
constant obtained from the best fit Arrhenius expression describing the individual T-dependent data set and
k(298).ve is the average of all reported high-P limit room temperature rate constants. The best fit Arrhenius
expression for the scaled data is recommended. A product study by Tuazon and Atkinson® demonstrates that
reactivity is dominated by addition to the double bond with 72 + 28 % of the addition being to the terminal
carbon. Chuong and Stevens® observe OH recycling in the presence of O; and NO at T = 300 K and conclude
that (i) MVK-based peroxy radicals (OH-MVK-00) react with NO with k ~2 x 107! cm® molecule™ s™' and
(i) the peroxy radical + NO reactions produce NO- with a yield of ~90% and organic nitrates with a yield of
~10%. A turbulent flow reactor study by Hsin and Elrod® obtains OH-MVK-0O + NO rate constants that are
more than a factor of two slower than those reported by Chuong and Stevens.
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OH + CH3CN. This rate coefficient has been measured as a function of temperature by Harris et al.2
between 298 and 424 K, Kurylo and Knable* between 250 and 363 K, Rhasa® between 295 and 520 K, and
Hynes and Wine® between 256 and 388 K. In addition, the 298 K value has been measured by Poulet et al.®
The 298 K results of Harris et al. are in disagreement with all other measurements and therefore have not
been included. The recommended 298 K value is a weighted average of all other studies. The temperature
dependence was computed using the results of Kurylo and Knable, the lower temperature values (i.e., 295—
391 K) of Rhasa, and the data of Hynes and Wine. Three points are worth noting: (a) Rhasa observed a
curved Arrhenius plot even in the temperature range of 295 to 520 K, and therefore extrapolation of the
recommended expression could lead to large errors; (b) Hynes and Wine observed a pressure dependent
increase of k(298 K) that levels off at about 1 atmosphere, and this observation is contradictory to the results
of other investigations; (c) Hynes and Wine have carried out extensive pressure, temperature, O
concentration, and isotope variations in this reaction. Hynes and Wine postulate that the reaction proceeds
via addition as well as abstraction pathways. They observe OH regeneration in the presence of O,. The
recommended k(298 K) and E/R are applicable for only lower tropospheric conditions. Because of the
unresolved questions of pressure dependence, the recommended value may not be applicable under upper
tropospheric and stratospheric conditions. At T=296 K and P = 700 Torr air, Tyndall et al. observe that
HC(O)CN, an expected end product when reaction is initiated by H-abstraction, is formed with a yield of 0.4
+0.2.7 The OH regeneration in the presence of O, reported by Hynes and Wine has been explained
theoretically by Galano as resulting from initial formation of a CH3C(OH)N adduct that rearranges and
dissociates to OH + CHsC(O)NO.! In agreement with the observations of Hynes and Wine and Tyndall et al.,
Galano’s theoretical analysis predicts similar branching ratios for H-abstraction and addition.
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OH + CH3ONOqz. The rate coefficient for this reaction at 298 K has been measured by Kerr and Stocker,*
Nielsen et al.,> Gaffney et al.,2 Talukdar et al.,2 Kakesu et al.,® and Shallcross et al.5 The results of Kerr and
Stocker and of Nielsen et al. are a factor of ten higher than those reported by the other groups. There are no
obvious reasons for the reported differences but the lower values are preferred for a number of reasons.
Firstly, Talukdar et al. have carried out a large number of checks which ruled out possible effects in their
system due to the regeneration of OH via secondary reactions, to bath gas pressure, and to formation of an
adduct that could undergo further reaction in the presence of oxygen. Secondly, the lower values are more
consistent with reactivity predictions of Atkinson and Aschmann,! who assumed that the series of nitrate
reactions proceed by H-atom abstraction pathways. Kinetic measurements of Talukdar et al. performed with
isotopically substituted hydroxyl radical (OH, 8OH, and OD) and methyl nitrate (CH3ONO; and CD3ONO)
are consistent with this reaction proceeding via an H-atom abstraction pathway. Accordingly, the
recommended value of k(298 K) is based 