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ABSTRACT 

This is the twentieth in a series of evaluated sets of rate coefficients, photochemical processes, 
heterogeneous parameters, and thermochemical parameters compiled by the NASA Panel for Data 
Evaluation. 
The data are to be used to model stratospheric and upper tropospheric processes, with particular 
emphasis on the ozone layer and its possible perturbation by anthropogenic and natural phenomena 
and in support of foundational laboratory studies. 

The evaluation is available in electronic form from the following Internet URL: 
https://science.jpl.nasa.gov/projects/data-evaluation/ 

This evaluation should be cited as: 
J. B. Burkholder, R. L. Caravan, R. E. Huie, V. L. Orkin, C. J. Percival, R. Sander, S. P. Sander, 
and D. M. Wilmouth "Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies, 
Evaluation No. 20," JPL Publication 25-1, Jet Propulsion Laboratory, Pasadena, 2025, 
https://science.jpl.nasa.gov/projects/data-evaluation/ 
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The members of the NASA Panel for Data Evaluation dedicate this publication in memory of our long-time friend and 
colleague, Dr. Stanley P. Sander.  Stan dedicated more than five decades to atmospheric science at the Jet Propulsion 
Laboratory, beginning his JPL career as a graduate research assistant in 1971.  A leading figure in atmospheric 
chemistry, Stan made foundational contributions to our understanding of stratospheric ozone depletion, tropospheric 
air pollution, and climate science related to greenhouse gases. 

His pioneering work in laboratory measurements—particularly of reaction rate constants, spectroscopy, and 
photochemistry—was designed to forge consensus among often disparate measurements.  His steadfast application of 
the scientific method was essential for furthering scientific research, as well as for providing sound advice for use in 
air quality management and environmental policies.  His expertise extended beyond Earth’s atmosphere, with studies 
of methane chemistry on Mars, halogens on Venus, and hydrocarbons in Titan’s atmosphere.  

His work spans major aspects of atmospheric chemistry—from chlorine, bromine, and nitrogen oxides to sulfur 
compounds and peroxy radicals.  The rate constants, cross sections, and photochemical data produced in his lab form 
the cornerstone of atmospheric modeling crucial to the scientific foundation of the Montreal Protocol on Substances 
that Deplete the Ozone Layer.  He played a central role in the NASA Data Evaluations since joining as a panel member 
in 1987 and chairing/co-chairing the panel since 2000.  Stan’s contributions were recognized with numerous honors, 
including two NASA Exceptional Achievement Medals, a NASA Exceptional Service Medal, and being elected as a 
fellow for both the American Geophysical Union and the American Association for the Advancement of Science. 

Stan was a rare combination of scientific brilliance, humility, and kindness.  He was not only a leader in his field, but 
also a generous collaborator and cherished mentor.  Those of us fortunate enough to have worked with Stan will 
always remember his kindness-first approach and steadfast resolve in the face of challenges.  His loss is profoundly 
felt by the scientific community and by all who had the privilege of working with him.  His legacy, however, will 
endure in those he mentored and the substantial contributions he made to scientific knowledge.  
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INTRODUCTION 
This compilation of kinetic and photochemical data is the 20th evaluation prepared by the NASA 
Panel for Data Evaluation.  The Panel was established in 1977 by the NASA Upper Atmosphere 
Research Program Office for the purpose of providing a critical tabulation of the latest kinetic and 
photochemical data for use by modelers in simulations of atmospheric chemistry.  Table I-1 lists 
this publication’s editions: 

Table I-1: Editions of this Publication 
Edition Reference 

1 NASA RP 1010, Chapter 1 Hudson et al.1 
2 JPL Publication 79-27 DeMore et al.14 
3 NASA RP 1049, Chapter 1 Hudson and Reed2 
4 JPL Publication 81-3 DeMore et al.12 
5 JPL Publication 82-57 DeMore et al.10 
6 JPL Publication 83-62 DeMore et al.11 
7 JPL Publication 85-37 DeMore et al.5 
8 JPL Publication 87-41 DeMore et al.6 
9 JPL Publication 90-1 DeMore et al.7 
10 JPL Publication 92-20 DeMore et al.8 
11 JPL Publication 94-26 DeMore et al.9 
12 JPL Publication 97-4 DeMore et al.13 
13 JPL Publication 00-3 Sander et al.19 
14 JPL Publication 02-25 Sander et al.18 
15 JPL Publication 06-2 Sander et al.17 
16 JPL Publication 09-31 Sander et al.15 
17 JPL Publication 10-6 Sander et al.16 
18 JPL Publication 15-10 Burkholder et al.4 
19 JPL Publication 19-5 Burkholder et al.3 
20 JPL Publication 25-1 Burkholder et al. 

The current document is not available in printed form.  Editions 12-present are available for 
download from https://science.jpl.nasa.gov/projects/data-evaluation/ 

Contributions to the evaluation from past panel members are gratefully acknowledged.  Past 
panel members and years of contribution are listed in Table I-2. 

Table I-2: Past Panel Members 
Panel Member Years of Contribution 

D. M. Golden 1977–2011 
M. J. Molina 1977–2006 
W. B. DeMore 1977–2000 
R. F. Hampson 1977–2000 
R. T. Watson 1977–1985 
J. J. Margitan 1977–1985 
L. J. Stief 1977–1981 
D. Garvin 1977 
C. J. Howard 1979–1997 
M. J. Kurylo 1979–2019 
F. Kaufman 1979–1981 
A. R. Ravishankara 1982–2006 
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C. E. Kolb 1992–2019 
G. K. Moortgat 2000–2011 
R. R. Friedl 2000–2011 
B. J. Finlayson-Pitts 2002–2006 
P. H. Wine 2006–2019 
J. P. D. Abbatt 2010–2019 
J. R. Barker 2010–2019 
C. Cappa 2019 
J. D. Crounse 2019 
T. S. Dibble 2019 

Panel members, and their major areas of contribution for the current evaluation are listed in 
Table I-3. 

Table I-3: Panel Member Areas of Major Contribution in the Current Evaluation 
Panel Member Contribution 

J. B. Burkholder, Chair 
Editorial 
O(1D) reactions, NOx reactions, IOx reactions, 
Photochemical and Scattering Data 

R. L. Caravan Criegee intermediate chemistry 
R. E. Huie Advisory 
V. L. Orkin OH reactions with halocarbons and hydrogen halides 
C. J. Percival Furanoid reactions 
R. Sander Henry’s Law coefficients 
S. P. Sander Advisory 
D. M. Wilmouth Photochemical and Scattering Data 

Each panel member concentrates their efforts on a given area or type of data.  Nevertheless, 
the Panel’s final recommendations represent a consensus of the entire Panel.  Each member 
reviews the basis for all recommendations and is cognizant of the final decision in every case. 
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I.1 Basis of the Recommendations
In so far as possible, all recommendations are based on peer-reviewed published laboratory 
measurements.  Recommendations are not adjusted to fit observations of atmospheric 
concentrations.  The Panel considers the question of consistency of data with expectations 
based on the theory of reaction kinetics, and when a discrepancy appears to exist this fact is 
pointed out in the accompanying note.  The major use of theoretical extrapolation of data is 
in connection with three-body reactions, in which the required pressure or temperature 
dependence is sometimes unavailable from laboratory measurements, that can be estimated 
by use of appropriate theoretical treatment.  In some cases where no experimental data are 
available, the Panel may provide estimates of rate coefficient parameters based on analogy to 
similar reactions for which data are available. 

I.2 Scope of the Evaluation
In the past (releases 1-12 of this evaluation), it was the practice of the Panel to re-evaluate the 
entire set of reactions with individual Panel members taking responsibility for specific 
chemical families or processes.  In more recent evaluations, the upper troposphere and lower 
stratosphere (UT/LS) have become the primary areas of focus for model calculations and 
atmospheric measurements related to studies of ozone depletion and climate change.  Because 
the UT/LS is a region of relatively high chemical and dynamical complexity, a different 
approach was adopted for subsequent evaluation releases.  Specifically, the entire reaction set 
of the data evaluation is no longer re-evaluated for each release.  Instead, specific subsets are 
chosen for re-evaluation, with Panel members working to develop recommendations for a 
given area.  This approach makes it possible to treat each subset in greater depth, to examine 
the consistency of the recommended parameters within a given chemical family, and to 
expand the scope of the evaluation to new areas.  Each release will contain new evaluations, 
but also the recommendations for every process that has been considered in the past.  In this 
way, each release constitutes a complete set of recommendations. 
It is recognized that important new laboratory data may be published that lie outside the 
specific subset chosen for re-evaluation.  In order to ensure that these important data receive 
prompt consideration, each evaluation may also have a “special topics” category.  Feedback 
from the atmospheric modeling community is solicited in the selection of reactions for this 
category. 
For the current evaluation, the evaluation subsets include the following: 

O(1D) reactions 
NOx reactions 
Halocarbon reactions 
Furanoid reactions 
Criegee reactions 
IOx reactions 
Photochemical and Scattering Data 
Gas-liquid solubility (Henry’s Law Constants) 

I.3 Format of the Evaluation
Changes or additions to the data tables are indicated by gray shading.  A new entry is 
completely shaded, whereas a changed entry is shaded only where it has changed. 
The notes associated with each entry are an essential component of the evaluation.  Thus, the 
reader is strongly encouraged to consult these notes as they contain important information that 
could not conveniently be included in the Table of recommended parameters.  In several cases, 
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Criegee intermediate reactions, in particular for anti- and syn-CH3CHOO, have been updated 
or added to the evaluation. 
A review and update of numerous FOx and ClOx reactions was conducted with an emphasis 
on halocarbon reactions.  Many recommendations are based, in part, on studies using relative 
rate methods.  In cases where significant revisions have been made to the recommended 
reference rate coefficient parameters after publication of the original study, rate coefficient 
recommendations given here were revised accordingly. 
The O + CH3I and CF3I reactions were added to the evaluation.  
Estimated uncertainty in several Metal reactions were revised. 

1.7.2 Termolecular Reactions (Section 2) 
No change 

1.7.3 Equilibrium Constants (Section 3) 
No change 

1.7.4 Photochemical and Scattering Data (Section 4) 
Fourteen molecules have been added to the photochemical data recommendations.  In 
addition, numerous updates to the notes/recommendations were made throughout the section 
as indicated in Table 4-1. 
A new section of Rayleigh scattering cross section recommendations for Ar, CH4, CO2, He, 
N2, N2O, O2, and SF6 was added. 

1.7.5 Heterogeneous Processes (Section 5) 
Henry’s law recommendations were reviewed, expanded, and updated. 
The section has been re-organized into Non-Equilibrium, Equilibrium, and Optical sub-
sections. 

1.7.6 Aqueous Chemistry (Section 6) 
No change 

1.7.7 Thermodynamic Parameters (Section 7) 
No change 

I.8 Acknowledgement
This work was supported in part by the NASA Atmospheric Composition Program. 
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1.1 Introduction 
In Table 1 (Rate Constants for Bimolecular Reactions) the evaluated reactions are grouped into the classes Ox, 

O(1D), Singlet O2, HOx, NOx, Organic Compounds, FOx, ClOx, BrOx, IOx, SOx, 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 + CH3 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) = A×exp(–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 applicable temperature range is discussed in the corresponding reaction note.  Note that not all reactions 
have experimental rate constant data that covers the entire range of temperatures found in the troposphere and 
stratosphere.  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 
ln(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 includes the temperature range over which the Arrhenius parameters given in Table 1 are 
applicable and a recommended three-parameter expression may also be provided in the form: 

k(T) = A×(T/298)n×exp(–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 ClO + NO, which normally produces Cl + NO2.  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) = A×exp(–E/RT), and contains the following information: 

1. Reaction stoichiometry and products (if known)
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2. Temperature range of available kinetic data, not necessarily the temperature range for the recommended
Arrhenius parameters

3. Arrhenius A-factor: A
4. Recommended temperature dependence (“activation temperature”):  E/R
5. Recommended rate constant at 298 K: k(298 K)
6. Rate constant uncertainty factor at 298 K: f(298 K) (see below)
7. A parameter used to calculate the rate constant uncertainty at temperatures other than 298 K: g (see

below)
8. Index 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. 

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 may have been obtained from a weighted non-linear least-squares fit of k(T) versus T. 
The reported data are either weighted using the reported uncertainties or equal relative uncertainties are assigned to 
the data 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 process helps avoid 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.  Results from relative rate measurements are recalculated using the 
currently recommended rate constants for the reference reactions. 

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 expression: 

𝑓(T) = 𝑓(298	K)exp .𝑔 0
1
T −	

1
2983.

where the exponent is an absolute value. 
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 
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f 2(T).  It should be emphasized that the parameter g has been defined exclusively for use with f(298 K) in the above 
expression and should not be interpreted as the uncertainty in the Arrhenius activation temperature (E/R).  Thus, the 
assignment of 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 typically 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 f 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 f 2(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 significantly 
different from 298 K may be less accurate than at room temperature due to 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.  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. 

Finally, it is not possible 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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a  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 cm3 molecule–1 s–1. 
c  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 0
1
T −	

1
2983. 

Note that the exponent is an absolute value. 
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D102.  CH3CHOO ® products.  There have been numerous ozonolysis and direct studies investigating the thermal 

unimolecular decomposition rates of the simplest asymmetric Criegee intermediate, CH3CHOO.  The 
unimolecular decomposition of syn-CH3CHOO occurs via 1,4-hydrogen transfer leading to the formation of a 
vinyl hydroperoxide, which subsequently decomposes to form OH + vinoxy.  This pathway is sterically 
restricted for anti-CH3CHOO, which instead undergoes isomerization via 1,3-cyclization to form methyl 
dioxirane.  For syn-CH3CHOO, there is general agreement between the direct experimental studies, some of 
the ozonolysis experimental studies, and the theoretical predictions of Fang et al.2 at 298 K.  The data for anti-
CH3CHOO are more limited, and as such no recommendation is made currently. 

A number of groups have studied the ozonolysis of trans-2-butene1,3,8,9 or cis-2-butene ozonolysis8 to determine 
the unimolecular decomposition rates of CH3CHOO.  Berndt et al.1 (293–323 K, 760 Torr air) and Newland et 
al.8 (296–303 K, ~1000 mbar air) both examined the ozonolysis of trans-2-butene in the presence of SO2 and 
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water vapor.  Berndt et al. utilized chemical ionization mass spectrometry to detect sulfuric acid following the 
formation of SO3 via syn/anti-CH3CHOO + SO2.  Newland et al., who performed additional studies on cis-2-
butene ozonolysis, observed the change in [SO2] via a fluorescence monitor.  Using the recommendation for 
syn-CH3CHOO + SO2 and anti-CH3CHOO + SO2 from this document, we derive absolute rate coefficients of 
100 s-1 (Berndt et al.) and ~362 s-1 (Newland et al.) for syn-CH3CHOO and 31 s-1 (Berndt et al.) for anti-
CH3CHOO.  Novelli et al.9 (293 K, 2.6 Torr N2) utilized fluorescence assay by gas expansion (FAGE) coupled 
with laser induced fluorescence spectroscopy to detect OH from the unimolecular decomposition of syn-
CH3CHOO following ozonolysis of propene or trans-2-butene.  They determined a rate coefficient of ~20 s-1, 
with an upper limit of 30 s-1.  Fenske et al.3 (298 K, 760 Torr air) studied the ozonolysis of trans-2-butene in 
the presence of excess acetaldehyde, using FTIR to detect the secondary ozonide product from CH3CHOO + 
acetaldehyde to determine the kinetics of the unimolecular decomposition reaction.  Fenske determined a rate 
coefficient of 76 s-1, with other loss processes (e.g., wall loss or reaction with ozone or trans-2-butene) expected 
to contribute minimally. 

Six direct experimental studies have been conducted on CH3CHOO decomposition, each of which utilized UV 
laser flash photolysis of CH3CHI2/O2 to produce CH3CHOO.  This photolytic production method was coupled 
with photoionization mass spectrometry by Taatjes et al.12 (298 K, 4 Torr He) and Howes et al.4 (295 K, 1–2.5 
Torr He), cavity enhanced broadband absorption spectroscopy by Sheps et al.11 (293 K, 10 Torr He), broadband 
UV-Vis absorption spectroscopy by Robinson et al.10 (297–331 K, 12–300 Torr N2), and single wavelength UV 
absorption spectroscopy by Li et al.6 (340 nm, 278–318 K, 100–700 Torr N2 ) to detect and resolve syn- and 
anti-CH3CHOO.  By contrast, Zhou et al.14 (298 K, 10–100 Torr Ar) followed the production of the OH product 
via laser-induced fluorescence spectroscopy to study exclusively the syn conformer.  Taatjes et al. differentiated 
anti and syn conformers by the lower ionization energy of the anti-conformer, and the dominance of the syn 
conformer to the photoionization signal at higher ionization energies.  Howes et al. used a fixed photoionization 
energy at which the syn conformer dominates the photoionization signal.  The broadband capabilities of the 
experiments of both Sheps et al. and Robinson et al. allowed these authors to differentiate the conformers by 
their spectral differences.  Li et al. exploited the strong conformer dependent reactivity of CH3CHOO with 
water vapor, using water vapor as a scavenger for anti-CH3CHOO in their experiments, which mitigated the 
contribution of anti-CH3CHOO absorption at 340 nm.  

Taatjes et al., Sheps et al., and Howes et al. report upper limits for syn-CH3CHOO decomposition based on the 
observed loss in the absence of co-reactant (ranging from 150–250 s-1).  Li et al., Robinson et al., and Zhou et 
al. undertook more rigorous investigations to resolve unimolecular decomposition of syn-CH3CHOO from its 
other experimental loss processes.  The results of Robinson et al. and Li et al. are in reasonable agreement at 
298 K, and are consistent with the upper limits reported by Taatjes et al., Sheps et al., and Howes et al.  Both 
Robinson et al. and Li et al. report modest pressure dependence and positive temperature dependence, whereas 
Zhou et al. report a pressure independent rate coefficient (182 s-1 at 298 K).  Li et al. interrogated this 
discrepancy, and propose that Zhou may have underestimated the loss of syn-CH3CHOO via diffusion in their 
lower pressure experiments.  This would result in the overestimation of Zhou’s unimolecular decay rates, and 
apparent absence of pressure dependence.  Our recommendation for the syn conformer is a result of a fit to the 
temperature- and pressure-dependent data of Robinson et al. and Li et al, yielding a value 154 s-1 at atmospheric 
temperature and pressure: 

k0 = 5.8 × 10-16 (T/298)-23.55 cm3 molecule-1 s-1, 

k∞ = 172 (T/298)-16.31 s-1 

for the temperature range 298–331 K.  The fit is consistent with the upper limits reported by Taatjes et al. and 
Howes et al., and falls within the uncertainties of the chamber experiment data reported by Novelli et al., 
Newland et al., and Fenske et al.  The recommended f(298 K) uncertainty factor is 1.1.  The fit to the data at 
elevated temperatures is much more uncertain.  The fit should not be extrapolated beyond the range of the 
experimental data. 

At present, the only direct experimental report of the anti-CH3CHOO unimolecular decomposition rate is the 
upper limit assigned by Taatjes et al. (250 s-1), however this work did not examine the contributions of wall 
loss and other reactive removal processes.  This upper limit is consistent with the theoretical predictions of 
Long et al., Kuwata et al.,5 and Vereecken et al.,13 all of whom also predict that the rate coefficient exhibits a 
positive temperature dependence.  At the present time, no recommendation is made for the anti-CH3CHOO 
unimolecular decay rate coefficient due to limited direct studies. 
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D103.  CH3CHOO (syn and anti conformers) + H2O, (H2O)2.  Direct experimental measurements of the reaction of 

CH3CHOO with water monomer at 298 K have been reported by Taatjes et al.,9 Sheps et al.,8 and Lin et al.,5 
with the latter also reporting rate coefficients between 288–328 K for anti, and at 288 K for syn.  Experimental 
determinations on the reaction of CH3CHOO with water dimer are more limited: only Lin et al.5 have performed 
direct experimental measurements (288–328 K), and report rate coefficients for only the anti conformer.  No 
direct measurements of the syn conformer with water dimer have been published at this time. 

In all three studies, CH3CHOO was produced by UV laser flash photolysis of CH3CHI2/O2.  Taatjes et al. 
monitored CH3CHOO using time-resolved photoionization mass spectrometry; the anti and syn conformers 
were differentiated by the lower ionization energy of the anti conformer, and the dominance of the syn 
conformer to the signal at higher ionization energies.  Sheps et al. used time-resolved broadband (300–450 nm) 
cavity-enhanced spectrometry to monitor both conformers simultaneously; they determined spectra of the 
individual conformers based on their very different reactivities toward H2O and SO2.  Lin et al.5 utilized time-
resolved absorption spectroscopy at 368 nm, which is close to the peak of the absorption band for the anti 
conformer: they were also able to extract a rate coefficient for the syn conformer by fitting the slower 
component on the measured temporal profiles, but state that that due to the scatter in their data, this value should 
be considered with care.  The water concentration was measured in the experiments of Lin et al.5 using a 
humidity and temperature probe.  The studies of Taatjes et al. and Sheps et al. employed relatively low total 
pressures of 4 Torr (He bath gas) and 5–20 Torr (He bath gas) respectively, whereas the experiments of Lin et 
al.5 were performed at 500 Torr (N2 bath gas). 

There have been multiple theoretical studies of the CH3CHOO + H2O reactions.1-4,6,7,10  Theoretical kinetics 
calculations predict significant conformer-dependent reactivity for this system.  There is general agreement that 
that reaction primarily proceeds via initial formation of a hydrogen-bonded complex that isomerizes to the 
hydroxyl hydroperoxide CH3CH(OH)OOH.  Reaction of syn is much slower than that for anti because the 
transition state for the isomerization reaction lies 22 kJ mol–1 higher in energy than reactants, whereas for anti, 
isomerization takes place rapidly over a “submerged” barrier that lies 7 kJ mol–1 lower in energy than reactants.2  
This conformer dependence is in accord with experimental observations. 

Taatjes et al. and Sheps et al. were only able to obtain upper limits for the rate coefficient for syn-CH3CHOO 
+ H2O.  The values of Sheps et al. and Lin et al.5 are in reasonable agreement, whilst that of Taatjes et al. is 
around a factor of 20 larger.  Theoretical predictions by Long et al.6 and Lin et al. indicate that the rate 
coefficient may be orders of magnitude smaller than the upper limits determined experimentally.  Theoretical 
work by Long et al. and Lin et al.4  predicts that the rate coefficient exhibits a positive temperature dependence 
consistent with the data determined at 288 K by Lin et al.5 

The experimentally determined rate coefficients for anti-CH3CHOO + H2O are significantly faster than for syn-
CH3CHOO, in accord with theory.  There is agreement between the values of Taatjes et al. and Lin et al.,5 while 
the value of Sheps is a factor of 2 larger.  One possible explanation for this would be the possible contribution 
of anti-CH3CHOO + (H2O)2, which would result in a faster removal of anti-CH3CHOO.  This is supported by 
the analysis of Lin et al.,5 who found that for concentrations higher than 3 × 1016 cm-3, the contribution of the 
reaction of anti- CH3CHOO with water dimer must be accounted for.  The data of Sheps et al. and Lin et al.5 
both show slight indication of upward curvature with increasing [H2O] in the plot of the pseudo-first order anti-
CH3CHOO decay rate vs. [H2O].  Lin et al.5 account for this in their analysis by fitting their bimolecular plot 
data with an expression that combines linear and quadratic dependencies on water concentration and the 
literature equilibrium constant for water monomer and dimer, to enable extraction of rate coefficients for the 
reactions of anti-CH3CHOO with water monomer and dimer.  Lin et al.5 note that their measured effective rates 
are consistent with those of Sheps, possibly indicating the presence of water dimer in the experiments of Sheps.  

The most recent theoretical investigations of anti-CH3CHOO + water monomer differ substantially in their 
predicted rate coefficients: the values of Lin et al.4 (which predate their experimental determinations) are 
substantially higher than those of Long et al.  Experimentally, Lin et al.4 predict a minor negative temperature 
dependence, in accord with the trend observed in their more recent experimental data.  In contrast, Long et al. 
predict a minor positive temperature dependence. 

Lin et al.4 predict substantial negative temperature dependences for both the reactions of anti-CH3CHOO and 
syn-CH3CHOO with water dimer, with their predicted rate coefficients for being substantially larger for anti. 
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