Evaluated Kinetic and Photochemical Data for Atmospheric Chemistry:

Supplement Ii
CODATA Task Group on Gas Phase Chemical Kinetics

D. L. Baulch

Department of Chemistry, University of Leeds, Leeds LS2 9JT, England

R.A. Cox

Atomic Energy Research Establishment, Harwell, OX11 ORA, England

R. F. Hampson, Jr.

Cherr;tical Kinetics Data Center, National Bureau of Standards, Gaithersburg, Maryland 20899
J. A. Kerr (Chairman)
Department of Chemistry, University of Birmingham, Birmingham B15 2TT, England
J. Troe
Institute of Physical Chemistry, University of Gottingen, D3400 Gottingen, West Germany

and -

R.T. Watson

NASA Headquarters, Code EE, Washington, DC 20546
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chemistry of gas phase chemical reactions of neutral species involved in atmosphere chem-
istry [J. Phys. Chem. Ref. Data 9, 295 (1980); 11, 327 (1982}]. The work has been carried
out by the authors under the auspices of the CODATA Task Group on Gas Phase Chemi-
cal Kinetics. Data sheets have been prepared for 256 thermal and photochemical reac-
tions, containing summaries of the available experimental data with notes giving details of
the experimental procedures. For each reaction, a preferred value of the rate coefficient at
298 K is given together with a temperature dependence where possible. The selection of
the preferred value is discussed; and estimates of the accuracies of the rate coefficients and
temperature coefficients have been made for each reaction. The data sheets are intended to
provide the basic physical chemical data needed as input for calculations which model
atmospheric chemistry. A table summarizing the preferred rate data is provided, together
with an appendix listing the available data on enthalpies of formation of the reactant and
product species.
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1. Preface

This paper is the second supplement to the original set
of critically evaluated kinetic and photochemical rate pa-
rameters for atmospheric chemistry, published by the CO-
DATA Task Group on Gas Phase Chemical Kinetics in
1980 and subsequently updated by the first supplement in
1982.2 The original evaluation and the first supplement were
primarily intended to furnish a kinetic data base for model-
ing middle atmosphere chemistry (10~55 km altitude). With
the. publication of the present evaluation, this data base is
now sufficiently firm that a future update should not be re-
quired for about four years. During this period, we antici-
pate that much more quantitative kinetic and photochemical
data will be published on reactions involved in tropospheric
chemistry, which is now of major atmospheric interest. Con-
sequently, we envisage that any future CODATA evalua-
tions of atmospheric chemical reactions will include more
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emphasis on tropospheric chemistry.

The approach to the present supplement has been to
prepare data sheets for reactions for which results have been
published since December 1980, i.e., data published since
Supplement 1.7 At the same time, we liave widened the scope
of the data base by including new data sheets for C,, C,, and
CN-containing organic species.

It should be emphasized that in preparing the updated
data sheets we have not listed ail the previous data contained
in the original evaluation’ and the first supplement.” Conse-
quently to obtain the overall picture and background to the
preferred rate parameters, it is essential that the present sup-
plement should be read in conjunction with our previous
publications.™?

The cutoff point for literature searching for this supple-
ment was September 1983. As in our previous evaluations,
however, we also include data which, at the time of our final
Task Group Meeting {October 1983}, was available to us in
preprint form.
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3. Guide to the Data Sheets

The data sheets are of two types: (i) those for the thermal
reactions and {ii) those for the photochemical reactions.

3.1. Thermal Reactions

The data sheets begin with a statement of the reactions
including all pathways which are considered feasible. This is
followed by the corresponding enthalpy changes at 298 K,
calculated from the enthalpies, of formation summarized in
Appendix I.

The available kinetic data on the reactions are summar-

ized under three headings: (i) Absolutc Rate Coeflicients, ii)
Relative Rate Coefficients, and (iii) Reviews and Evalua-
tions. Under headings (i) and (ii), we list here only data which
have been published since the previous CODATA evalua-
tions,? and under heading (iii) are listed the preferred rate
data from the most recent NASA evaluations,>* from our
own CODATA evaluation,” and from any new review or
cvaluation sources. Under all threc of the headings above,
the data are presented as absolute rate coefficients. If the
temperature coefficient has been measured, the results are
given in a temperature-dependent form over a stated range of
temperatures. For bimolecular reactions, the temperature
dependence is usually expressed in the normal Arrhenius
form,k = A4 exp( — C/T), where C = E /R. For afew bimo-
lecular reactions, wc havc listed temperature dependences in
thealternative form, k = 4 'T~ ", where the original authors
have found this to give a better fit to their data. For pressure-
dependent combination and dissociation reactions, the non-
Arrhenius temperature dependence is used. This is discussed
more fully in subsequent section of the introduction.

Single temperature data are presented as such and
wherever possible the rate coefficient at 298 K is yuoted di-
rectly as measured by the original authors. This means that
the listed rate coefficient at 298 K may differ slightly from
that calculated from the Arrhenius parameters determined
by the same authors. Rate coefficients at 298 K marked with
an asterisk indicate that the value was calculated by extrapo-
lation of a measured temperature range which did not in-
clude 298 K.

The tables of data are supplemented by a series of com-
ments summarizing the experimental details. For measure-
ments of relative rate coefficients, the comments contain the
actual measured ratio of rate coefficients together with the
rate coefficient of the reference reaction used to calculate the
absolute rate coefficient listed in the data table. The absolute
value of the rate coeflicient given in the table may be differ-
ent from that reported by the original author owing to a
different choice of rate coefficient of the reference reaction.
Whenever possible the reference rate data is that preferred in
the present evaluation.

The preferred rate coefficients are presented (i) at a tem-
perature of 298 K and (ii) in temperature-dependent form
over a stated range of temperatures.

This is followed by a statement of the error Limits in
log K at 298 K and the error limits eitherin (E /R ) orin n, for
the mean temperature in the range. Some comments on the
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assignment of errors are given later in this introduction.
The “Comments” on the preferred values describe how
the selection was made and give any other relevant informa-
tion. The extent of the comments depends upon the present
state of our knowledge of the particular reaction in question.
The data sheets are concluded with a list of the relevant
references.

3.2. Conventions Concerning Rate Coefficients
All of the reactions in the table are elementary pro-
cesses. Thus the rate expression is derived from a statement
of the reaction, e.g.,
A4+ A—-B+C,
— {1)d[A)/dt = d[B]/dt = d[Clrdr=k [ATA
Note that the stoichiometric coefficient for A, i.e., 2, appears

in the denominator before the rate of change of [A] (which is
equal to 2k [A]?) and as a power on the right-hand side.

3.3. Treatment of Combination and Dissociation
Reactions

The rates of combination and the reverse dissociation
reactions

A+ B+ M=AB+ M,
depend on the temperature 7', the nature, and the concentra-
tion of the third body [M]. The rate coefficients of these
reactions have to be expressed in a form which is more com-
plicated than those for simple bimolecular reactions. The

combination reactions are described by a pseudo-second-or-
der rate law

d[AB]
dar

in which the second-order rate constant depends on [M].
The low-pressure third-order limit is characterized by k,,

=k[A][BI,

ko = lim k ([M])
[M]—-0

which is proportional to {M]. The high-pressure second-or-
der limit is characterized by & _,

k. =1lm k ([M])
M]—

which is independent of [M]. For a combination reaction in
the low-pressure range, the summary table gives a second-
order rate constant expressed as the product of a third-order
rate constant and the third body concentration. The transi-
tion between the third-order and the second-order range is -
represented by a reduced falloff expression of k /k_ as a
function of

ko/k,, = [M]/[M].,

where the “center of the falloff curve” [M], indicates the
third body concentration for which the extrapolated X,
would beequal tok , . Thisisillustrated in Fig. 1. The depen-
dence of k£ on [M] in general is complicated and has to be
analyzed by unimolecular rate theory. For moderately com-
plex molecules at not too high temperatures, however, a sim-
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M
) kel l{/
1 2N
k ([M1)
01
00] L. - i
o 1 10
M1/ [M],

F1G. 1. Reduced falloff curve of k /k . as a function of [M]/[M]. .

ple approximate relationship holds:
kok .,

k= ——
ko+ Kk

Ry
1+ (Ml/IM],
B ( [M)/IM], )F
“\1+[MV/IM]. /"’
where the first factors at the rhs represent the Lindemann-
Hirshelwood expression, and the additional broadening fac-
tor Fis approximately given by

_ log F.
1+ [log([M1/[M].)]*
In this way the three quantities, &y, & . , and F, with

k
N [M]c = ____00___’
ko/IM]
characterize the falloff curve for the present application. Al-
ternatively, the three quantities &, [M]_, and F, (or k,,
[M],, and F,) can be used. The temperature dependence of
F,, which is sometimes significant, can be estimated by the
procedure of Troe.>~” The results can usually be represented’
approximately by an equation
F, = (1 —a)exp( — T /T**%)
+aexp(— T/T*) + exp(— T**/T).

Whereas the two first terms are of importance for atmo-
spheric conditions, the last term in most cases becomes rel-
evant only at much higher temperatures. In Ref. 1, for sim-
plicity ¢ = 1 and T**¥*~4T* was adopted. If F_ values are
available for one temperature only, we also follow this policy
in the present evaluation. Often the term exp{ — T**/T') is
negligible at temperatures below 300 K. More detailed re-
presentations, however, will require specification of a, T ***,
T*, and T **. Theoretical predictions of F, > have been de-
rived from rigid RRKM-type models including weak colli-
sion effects. Systematic calculations of this type have been

log F
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presented by Patrick and Golden® for reactions of atmo-
spheric interest. It is debatable whether these calculations
can be applied to radical recombination reactions without
barriers, where rotational effects are important. Changes in
F, would require changes in the limiting &, and &, values.
For the purposes of this evaluation, this will be irrelevant in
most cases, if the preferred k, and k_, are used consistently
together with the preferred F, values. )

The dependence of &, and &, on the temperature T is
represented in the T exponent n

kaT™"

{except for the cases with an established energy barrier in the
potential). We have used this form of temperature depen-
dence because it gives a better fit to the data over a wider
range of temperature than does the Arrhenius expression.
The dependence of %, on the nature of the third body M
generally is represented by the relative efficiencies of M, and
M,.

koM,)/IM, T:ko(M)/ M, 1.
The few thermal dissociation reactions of interest in the pres-

_ ent application are treated analogously to the combination

reactions with pseudo-first-order rate constants k ([M]). The
rate constants expressed in units of second ~! are denoted in
the tables by the symbols (k,/s™ ') and (k_, /s™").

3.4. Photochemical Reactions

The data sheets begin with a list of feasible primary
photochemical transitions for wavelengths usually down to
170 nm, along with the corresponding enthalpy changes at
0K calculated from the data in Appendix I. Calculated
threshold wavelengths corresponding to these enthalpy
changes are also listed.

This is followed by tables summarizing the available
experimental data on (i) absorption cross sections and (ii)
quantum yields. These data are supplemented by a series of
comments.

The next table lists the preferred absorption cross-sec-
tion data and the preferred quantum yields at wavelength
intervals of 5 nm where possible. The preferred data are of-
1en amplified by diagrams of absorption cross sectivns ver-
sus wavelength and, where appropriate, by diagrams of
quantum yield versus wavelength.

The comments again describe how the preferred data
were selected and include any other relevant points. The
photochemical data sheets are also concluded with a list of
references.

This evaluation contains data sheets only for photoche-
mical reactions for which new data have been published
since December 1980. Consequently for many of the photo-
chemical reactions listed in the Summary of Reactions, it is
necessary to refer back to our previous evaluations? for the
corresponding detailed data sheets.

3.5. Conventions Concerhing Absorption Cross
Sections

These are presented in the data sheets as “absorption
cross sections per molecule, base e.” They are defined ac-
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cording to the equations
1/I,=exp(— ofN]I),
o= {1I/(IN})}In(I/T),

where I, and I are the incident and transmitted light intensi-
ties, oris the absorption cross section per molecule (expressed
in this paper in units of cm?), [V ] is the number concentra-
tion of absorber (expressed in cm ), and / is the path length
{expressed in cm). Other definitions and units are frequently
quoted. The closely related quantities “absorption coeffi-
cient” and “extinction coefficient” are often used, but care
must be taken to avoid confusion in their definition; it is
always necessary to know the units of concentration and of
path length and the type of logarithm (basc ¢ or base 10)
corresponding to the definition. To convert an absorption
cross section to the equivalent Naperian (base e} absorption
coefficient of a gas at a pressure of 1 standard atmosphere
and temperature of 273 K (expressed in cm ™'}, multiply the
value of o in cm? by 2.69 X 10'°. For other conversion fac-
tors, see Appendix II.

3.6. Assignment of Errors

Under the heading “reliability,” estimates have been
made ot the absolute accuracies of the preferred values of £
at 298 K and of the preferred values of E /R over the quoted
temperature range. The accuracy of the preferred rate coeffi-
cient at 298 K is quoted as the term A log k, where
Alogk=D and D is defined by the equation,
log,o k = C + D. Thisis equivalent to the statement that k is
uncertain to a factor of F where D = log,F. The accuracy of

the preferred value of E /R is quoted as the term 4 (E /R ),‘

where A [E/R)=G and G is defined by the equation
E/R=H+G.
The assignment of these absolute error limits in & and
E /R is a subjective assessment of the evaluators. Experience
shows that for rate measurements of atomic and free radical
reactions in the gas phase, the precision of the measurement,
1., the reproducibility, is usually good. Thus, for single
studies of a particular reaction involving one technigue,
standard deviations, or even 90% confidence limits, of
=+ 10% or less are frequently reported in the literature. Un-
fortunately, when evaluators come to compare data for the
same reaction studied by more than one group of investiga-
tors and involving different techniques, the rate coefficients
often differ by a factor of 2 or even more. This can only mean
that one or more of the studies has involved large systematic
errors which are difficult to detect. This is hardly surprising
since, unlike molecular reactions, it is not possiblc to study
atomic and free radical reactions in isolation, and conse-
quently mechanistic and other difficulties frequently arise.
The arbitrary assignment of errors made here is based
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mainly on our state of knowledge of a particular reaction
which is dependent upon factors such as the number of inde-
pendent investigations made and the number of different
techniques used. On the whole, our assessment of error lim-
its errs towards the cautious side. Thus, in the case where a
rate coefficient has been measured by a single investigation
using one particular technique and is unconfirmed by inde-
pendent work, we suggest that minimum error limits of a
factor of 2 are appropriate.

We do not feel justified now in assigning error limits to
the parameters reported for the photochemical reactions.
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4. Data Sheets

4.1. Oxygen Compounds

AH = — 106.5 kJ mol™!

Low-pressure rate coefficients
Rate coefficient data

ko/cm?® molecule™" s~! Temp./K Reference Comments

Absolute Rate Coefficients

(5.96 + 0.34) X 10~34(T /300) - 237 937[Q,] 227-353 Lin and Leu, 1982 a)

(5.70 £ 0.19)X 10 >(T/300) "> =>1°[N,] 218-366

(3.81 + 0.28)X 10~34T /300)~ 254 £ 040 [A1] 220-353

Reviews and Evaluations

6.9 10747 /300)~ “**[0,] 200-370 CODATA, 19822 (b)

6.2 10~%(T /300)~ 2°[N,]

3.9 107347 /300)~ " [Ar]

6.0X 107347 /300)~ 23 [air] 200-300 NASA, 1982° {c)
200-300 NASA, 1983* {c)

6.0X 10" >42"/300)~ > [a1r]

Comments

(a) O, flash photolysis—O resonance fluorescence tech-
nique. Apparent activation energies for M = O,, N,, and Ar
equal within experimental error [E/R =( 689 | 17)K].
This result disagrees with the earlier result by Klais, Ander-
son, and Kurylo.” Relative efficiencies of M, N.: O,: Ar:
He = 1.0: 0.99: 0.69: 0.60 at 298 K.

{b) Based on data by Klais, Anderson, and Kurylo.’

(c) Average of data by Lin and Leu’ and Klais, Ander-
son, and Kurylo.”

Preferred Values

kg = 6.2:x107* (T /300) -’ *[0,] cm* molecule ' s '
over range 200-300 K.

ko =5.7x107*"(T /300) **[N,]cm® molecule™* s~*
over range 200-300 K.

Reliability
Alogk,= +0.1at298 K.
An= 4+ 0.5.

Comments on Preferred Values .

Our previous recommendation” was based on the data
from Klais, Anderson, and Kurylo.® The new data from Lin
and Leu' indicate a much smaller difference in the tempera-
ture coefficients for M = O, and N,. The recommended val-
ue is the average of Refs. 1, S, and Arnold and Comes.® It

~ should be noted that the unusually strong temperature de-
pendence can have various sources such as unusually ineffi-
cient energy transfer properties, adiabatic zero point energy
barriers,” or 2 major contribution from the radical-complex
mechanism in addition to the energy-transfer mechanism.

High-pressure rate coefficients
Rate coefficient data

k., /em® molecule ' s~’
w

Comments

Temp./K Reference
Absolute Rate Coefficients
2.8+ I)x 10712 295 Croce-Cobos and
Troe, 1984° (a)
Reviews and Evaluations
2.8X107"2 295

CODATA. 1982° (b)

Comments

{a) O, laser flash photolysis at 193 nm in the presence of
high pressures of N,. O, formation followed by time-re-
solved uv absorption. Measurements up to 200 atm of N,
allow to foliow the falloff curve of recombination up to

[N2]c .

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

{bj Based on ecarlier relative rate measurements of
k(O + O,)/k {0 4+ NO,).

Preferred Value

k., = 2.8x10" ¥ cm® molecule™! s~! over range 200-
300 K.
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Reliability
Alog k., = 4 0.2 over range 200-300 K.
Comments on Preferred Value
The new direct measurement agrees with earlier indi-
" rect determinations.
Intermediate Falloff Range
From the preferred values one derives [N,], = 5X 10*
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molecule cm™> at 298 K. The extrapolated k_ value® is
based on a broadening factor of F, = 0.65% (300 K). For 220
K, F, =0.73 was estimated. These values agree with

. F,~exp(— T/T*) where T* = 696 K.

Vibrational deactivation of O% formed by combination
0+ 0,—0%

e
0 + 0,0, 1)
03 + M‘—>03(1 30,0)903(0,05 1) + M (2)
03(150!0)!03(090! 1) + M_’03(0’1 ,0) + M (3)
03(0,1,0) + M—03(0,0,0) + M 4)
Rate coefficient data
k /em® molecule ™' s~? M Temp./K Reference Comments
Absolute Rate Coefficients
ky=98%10"15 o, 300 Joens, Burkholder,
and Bair, 1982'¢ “{a)
ky=4.6X10"% Ar
ky=2.3%x10"" 0O, 300 Adler-Golden and
: Steinfeld, 1980"! {b)
ky=2.4%X10"" 0, 300 Joens, Burkholder,
and Bair, 1982'° (a)
,=9.5%X 1071 Ar
ky=7.0x10"" 0, 300 Adler-Golden and
Steinfeld, 1980"' (b)
Reviews and Evaluations
ky=3x10"" 0, 300 CODATA, 1982 =
Comments Comments on Preferred Values

(a) Flash photolysis of O,; time-resolved observation of

transient uv absorption spectra of O, and kinetic modeling
based on a three-step model involving reactions (1), (2), (3),
and (4). Analysis based on the assumption that changes of the
uv spectrum are dominated by bimodal spectral contribu-
tions from the O5(1,0,0) state [and higher O,(n,0,0) states]. A
theoretical confirmation of this assumption was given by
Sheppard and Walker.'?

(b) CO, laser excitation of O,. Observation of transient
uv absorption spectra of O,, see also Adler-Golden,
Schweitzer, and Steinfeld, 1982.> The given data have been
reevaluated in Ref. 10.

{c) Based on evaluation of collision efficiencies in re-
combination of O from Troe, 1979.

Preferred Values

k, = 3X10""? cm® molecule ™' s~ for M = O, at 298
k3 =1X107" cm’ molecule™' s~ for M = O, at 298
K.

ky=2.4X10"" cm® molecule™'s~! for M =0, at
298 K.

Reliability
Alogk,= +0.5.
Alogk;= +0.3.
dlogk,= +03.

k, unchanged from CODATA, 19822 k. and &, are
from the analysis by Joens, Burkholder, and Bair, 1982.1°
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0+ 03—)202
AH’ = — 391.9kJ mol ™!

Rate coefficient data
k /cm® molecule = s~ Temp./K Reference Comments
Absolute Rate Coefficients
(5.6 4+ 2.1)x 10~ exp[ — (1950 + 110)/T] 237-377 Wine er al., 1983! (a)
826X 10~ 297
Reviews and Evaluations
1.5x 10~ exp( — 2218/T) 200-300 NASA, 19822 (b)
1.8 10" exp( — 2300/7) 220-400 CODATA, 1982° {c)
8.0x 1072 exp( — 2060/7T) 200-300 NASA, 19838 (d)

Comments

(a) O(*P) produced by laser photolysis of O, at 532 nm.
[O] monitored by time-resolved resonance fluorescence.

(b) Based on McCrumb and Kaufman,? Davis et al*

(c) Based on citations in (b) plus West ez a/.,° Arnold and
Comes.’

(d) Unweighted least-squares fit to data cited in (b), (c),
and Wine et al!

Preferred Values

k =8.0X10"" cm® molecule ! s~ ' at 208 K.

k =8.0X 1072 exp( — 2060/T Jcm> molecule~! s
over range 220400 K.
Reliability

Alog k = + 0.08 at 298 K.

A(E/R)= +200K.
Comments on Preferred Values

The recent study of Wine et al.! yields values of k in
close agreement with those from other studies over the
whole temperature range covered. Qur recommendations

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

are based on the least-squares expression obtained by Wine
et al.’ from a fit of their own data plus that of McCrumb and
Kaufman,® Davis et al.,* West et al., and Arnold and
Comes.”
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O('D) + 0;—02 + 20(3P) (1)

—O(P) + O (2)

—20,('44) (3)

—02(135) + 0203257)  (4)

—20,(32;7) (5)
AH°(1)= — 83.2kJ mol™"
AH°(2) = — 189.7 kJ mol ™’
AH°(3)= — 393.0kJ mol~!
AH®(4)= — 424.7KJ mol~’
AH (5)= — 581.6 kI mol ™!

Rate coefficient data (k = k; 4+ k, + k3 + &, + ks)

k /cm® molecule ™! s™! Temp./K Reference - Comments
Absolute Rate Coefficients
(2.5 +02)x1071° 298 Greenblatt and Wiesenfeld, 1983! (a)
Branching Ratios
ky/'k —0.53 298 Cobos, Castcllano, and Schumacher, 19832 (L}
ks/k =0.47
Reviews and Evaluations
24x 10~ 200-300 NASA, 19823 . {c)
ky/k=ks/k=0.5 298
2.4x1071° 100400 CODATA, 1982° {c)
ki/k = ks/k=0.5 298
2.4%x1071° 200-300 NASA, 1983 {c)
ki/k=ks/k=0.5 298

Comments

(a) Laser photolysis of O, at 248 and 308 nm. Flow sys-
tem, [O(*P)] monitored by time-resolved resonance fluores-
cence.

{b) Steady-state photolysis of pure O, and O,/inert gas
mixtures. Ozone removal monitored manometrically at high
pressures and spectrophotometrically at lower pressures.
Quantum yield of O; interpreted in terms of complex reac-
tion scheme.

{c) Based on Streit et al.,* Amimoto et al.,>% Ravishan-
kara and Wine,” Davenport et al.®

Preferred Values

k=2.4X107" cm® molecule~* s~! over range 100~
400 K. ‘

k]/k = ks/k =0.5 at 298 K.
Reliability :

A log k = + 0.05 over range 100400 K.

Alogky/k=Alogks/k = +0.1at298 K.
Comments on Preferred Values

_ The recent measurement of kX by Greenblatt and Wie-

senfeld’ is in excellent agreement with our previous recom-
mendation. The determination of k,/ks by Cobos et al.? is

rather indirect but provides further evidence that k, <k,.
Our previous recommendations are unchanged.
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0:(144) + M—0,(33; ) + M

AH = —94.3kImol™’

Rate coefficient data

k /cm® molecule™'s~! M Temp./K Reference Comments
Absolute Rate Coefficients
{1.51 + 0.05)x 10~ '® 0, 298 Borrell, Borrell, and Pedley, 1977 (a)
(1.47 £ 0.05)x 10~ '® 0, 298 Leiss et al., 19782 {b)
3.0+ 041078 0, 208 McLaren, Morris, and Wayne, 19813 (c)
{2.56 +0.12) 107 1® Co, 298 Yaron, von Engel, and Vidaud, 1976* {d)
(6 —13)x10~2 CO, 298 Leiss et al., 19782 {b)
<3.6X1077 Cco, 298 McLaren, Morris, and Wayne, 19813 €
Reviews and Evaluations
22x1071% 0O, 298 CODATA, 1982° ) e}
<l4x10-%° N, n
5%1071® H,0 t4]
<8X 10~ o, ig)
Comments suggest, may have led to their erroneously high value of

(a) Discharge-flow system. O,{'4 ) generated by micro-
wave discharge in O, saturated with Hg, O atoms removed
with Ag wool. [O,('4, j] monitored by dimol emission at 634
nm or by emission at 762 nm from O,('Z *).

(b)O,{'4,) produced by microwave discharge in O,, O
atows rewoved using Ag wool, products passed into a large
(220 m®) static reactor at low pressures (<500 mTorr).
[0.(*4, ]} monitored by emission at 1.27 um using a germani-
um detector.

(e} O,('4,) produced by microwave discharge in O, in
fast-flow system. [O,f 'Ag )] monitored by emission at 1.27
4m using a germanium detector.

(d) Dischiarge-flow system O,(’4, ) produced by micro-
wave discharge in O,, AgO used to remove O atoms.
[0.('4, )] monitored by isothermal calorimetry.

(e} Based on Findlay and Snelling.?

(f) Based on Hampson et al.,° Collins ef al.”

(g) Based on Findlay and Snelling,® Becker et al.

Preferred Values

k=17x10"" cm® molecule™'s~! for M=0, at
298 K.

k<1.4X 107" cm® molecule ™' s~ for M = N, at 298
K.

k=5x10"" cm’ molecule=?s™! for M = H,0 at
298 K.

k<2x107*° cm® molecule ! s~ ! for M = CO, at 298
K.
Reliability

Alogk = + 0.3 for M = 0, and M = H,0.
Comments on Preferred Values

In their earliest measurements, Wayne ef a/.’® used an
energy sensitive detector to monitor [O,('4, )] which, they

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

k (M = CO,). In their more recent study,” using a different
detection method, a much lower limit of k(M = CO,) was
obtained, compatible with values from other laboratories.
The results of Yaron et al.* are also suspect because of the
detection method used. The new resuits of Leiss ez 2/.? using
a more sensitive detector than in the earlicr work of this
group brings their upper limit for k (M = CO,) down to
1.3X10~%® cm? molecule ~* s~! which is close to that of
Findlay and Snelling.® We base our revised recommendation
on these two studies.>®

For k(M = O,) the best recent measurement'? are in
accord with the previous work of Findlay and Snelling,®
Leiss et al.,2 and Borrell ez al.!

Our previous recommendations for kX (M = H,0) and
k (M = N,) are unchanged.
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02125 ) + Mo0,35;) + M
AR’ = —156.9 kJ mol™!
Rate coefficient data

k /cm® molecule ™' s—! M Temp./K Reference Comments

Absolute Rate Coefficients

(1.758)X 107 5 exp[(48 = 120)/T] N, 203-349 Kohse-Hoinghaus and (a)

. Stuhl, 1980*

(2.1 +0.6)x 1078 298

2.0x10™% CO, 298 Stuhl and Welge, 1969> (b)

4.4x10-1 co, 298 Filseth, Zia, and )
Welge, 1970°

(3.0+0.5x10"" CO, 298 Nozxon, 19704 (c)

1.5Xx10 * CO, 298 O’Brien and Myers, 1970° {d)

(4.1 +03)x10™ " CO, 298 Davidson, Kear, and {e)
Abrahamson, 1972°

(4.53 +0.29)x 102 Cco, 298 Aviles, Muller, and 0]
Houston, 19807

(5.0 £ 0.3)x 107" Co, 298 ‘Muller and Houston, 19818 (8)

(3.4 +04)x 107" CO, 298 Borrell, Borrell, and (h)

Relative Rate Coefficients

Grant, 1983°

27% 10712 Cco, 298 Becker, Groth, and i)
2.4x 10712 co, 298 Schurath, 1971° @)
8.0 10~ co, 298 &)
Reviews and Evaluations

4.0x107" 0, 298 CODATA, 1982" 0]
20X 1074 N, (m)
8.0x 10~ v o (n)
4.0x10~ " H,0 {o)

Comments For both quenchers, the value of k increases slightly to a

{a) O,('X *) produced by laser photolysis of O,. Time-
resolved emission of O,{'% ;") at 762 nm monitored.

{b) Vacuum uv pulsed photolysis of O,. Time-resolved
emission of O,('Z ;*) at 762 nm monitored.

(c) Vacuum uv photolysis of O, to give O'D). O (’2 )
produced by energy transfer from O('D). Tlme-reso]ved
emission of O,('% ;") at 760 nm monitored.

(d) Discharge-flow study. O,('4,) produced by micro-
wave discharge in O, O,('Z ;) produced by 20,('4,)
—0,(Z 1)+ Oy('Z ;). 0,('2 ) selectively removed by
alummmm surface. Growth of 02( '3 ) back to steady state
monitored by observation of emission at 762 nm.

(e) Flash photolysis of 8O,/0, mixtures. 02(12 ) pro-
duced by energy transfer from SO,. Time-resolved emission
from O,(’Z ' ) at 760 nm followed.

) Direct excitation of O,('X ") (v’ =0) by Raman
shifted dye laser. Time-resolved emlssxon from O,('X ;) at
760 nm followed.

{g) Pulsed laser dissociation of O, in O,/CO, mixtures.
Decay of O,('> o }fluorescence at 760 nm followed and the
appearance of CO,(v;) fluorescence.

(h) Discharge-flow study. O,('Z ;") produced by micro-
wave discharge in O, containing traces of Hg. [O5('Z )]
monitored using emission at 762 nm. Measurements carried
out for CO, and N,O at 293 K and over range 600-1300 K.

maximum value and then declines with increasing tempera-
ture in a non-Arrhenius fashion.

(i) O('4, ) from microwave discharge passed into static
reactor. Steady-state concentration of 02(’2 ), produced
by energy pooling reaction of O,('4, ), momtored at 262 nm.
k/k [O5('Z ;F)+ N,] = 1.36X 102 obtained from which k&
calculated using Kk [O,('T.;')+N,] =2.0x10"7%
cm® molecule ™! 5~ {CODATA evaluatlon)

) Method as in (i) k/K[OZ)
+ H,0] = 6X 1072 cm>® molecule ! s~! obtained from
which k calculated using k[0 2 1)
+ H,0] =4.0x 107 cm® molecule "' s~!  (CODATA

evaluation).

(k)Method asin (i). k /k [0,('2 ;}) + O,] = 2 X 10° cm®
molecule™' s obtained from whlch k calculated using
k[O4('2 ;') 4 O05] = 4.0X 10~ " cm® molecule ™! s™* (CO-
DATA evaluation).

(I) Based on Thomas and Thrush,'> Martin ez al.,*
Lawton et al.,'* Chatha et al.'5

(m) Based on Martin et a/.,'* Chatha ez gl.*°

{n) Value of Slanger and Black.'®

(o) Value of Thomas and Thrush.?

Preferred Values

k=20x10"%
range 200-350 K.

cm® molecule ™! s~! for M = N, over
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k=4.0x10"" cm’ molecule™'s~! for M=0, at
298 K.

k=18.0x10"" cm® molecule ™' s~ ! for M = O at 298
K.

k =4.0Xx10""2 cm® molecule™" s~! for M = H,0 at
298 K.

k=4.1x10"" cm® molecule™" s~! for M = CO, at
298 K.

Reliability :

Aloghk= +0.3forM=0, 0,H,0at 298 K.

Alogk= +02forM=CO,at298 K.

Adlogk= +0.1forM=N,at298K.

A(E/R)= £ 200K forM =N,.

Comments on Preferred Values

The value of X (M = N,) obtained by Kohse-Hoinghaus
and Stuhl' is in excellent agreement with our previous rec-
ommendation and provides the only measurements of this
rate coefficient over a temperature range.

The measured values of k (M = CO,), which were not
considered in our previous evaluation, are generally in good
agreement, thc cxccptions being the carlicr results-of Stuhl
and Welge® which were superseded by their later work, the
work of O’Brien and Myers’ in which the technique was
probably at fault, and the relative measurements of Becker ez
al’® where low values are obtained particularly when

BAULCHET AL.

k (M = O,)is used as the reference rate constant. Our recom-

mendation is the mean of the remaining six studies.>*%°
The recommendations for k (M = N,, O,, O, H,0) are
unchanged from our previous evaluation.!!
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0.(13;) + 050 + 20, (1)
-0,(14,)+0;s  (2)
S0,(3;)+0;  (3)

AH(1)= — 50.4 k] mol~"
AH*(2) = — 62.6 kJ mol~!
AH(3)= — 156.9 kJ mol—’

Rate coefiicient data (k = k, + k, + k)

k /em® molecule~! s~ * Temp./K Reference Comments
Relative Rate Cocflicients

(1.8 +0.3)x 10~ 298 Ogren et al., 1982" @)
Reviews and Evaluations

2.2x10° 1 298 CODATA, 19822 b)

Comments

(a) Flash photolysis of O,/0, mixtures (100 Torr total
pressure). [O;] monitored by absorption at 265 nm. Rate
constant obtaincd by computer fit to proposed reaction
scheme.

(b) Based on Gilpin et al.? Snelling,® Slanger and
Black,® and Amimoto and Wiesenfeld.

Preferred Values

k=2.2%10"" cm® molecule='s~' at 298 K.

k; = 1.5X 107" cm® molecule ™} s~ ' at 298 K.
Reliability

Adlogk= +0.06at 298 K.

Alogk, = +0.1a1298 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Comments on Preferred Values

The recent study of Ogren er al.' is in good agreement
with our previous recommendations which are therefore un-
changed.
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O; + hv—products

Primary photochemical transitions

Reaction AH §/kI mol™’ A theeshota /ML
0, + hv—OPP) + 0,3 ) (1) 101.4 1180

—O(’P) + O4la’4,) 2) 195.7 611

—OCP) + 0,63 }) (3) 258.3 463

—0('D)+ O,£3 ) #) 291.2 411

—0('D) + Oyfa’4,) {5) 385.5 310

—O('D} + O,f6 15 ;) (6) 448.1 267

Absorption cross-section data
Wavelength range/nm Reference Comments
310-320 Podolske and Johnston, 1983! {a)
Quantum yield data
Quantum yields Wavelength/nm Reference Comments
#(O°P) = 0.093 + 0.028 248 Wine and Ravishankara, 1982° ' {b)
$(0'D} = 0.907 = 0.028
$(0'D)=0.92 + 0.04 2537 Cobos, Castellano, and {c)
Schumacher, 1983*
$(0'D) = 0.94 4 0.01 248 Greenblatt and Wiesenfeld, 1983° (d}
4 (0'D) = 0.79 4- 0.02 308
Comments

{a) Measured at 298 K at 0.1 nm intervals over range.
Resolution 0.167 nm.

(b) Laser flash-photolysis of O; at 248 nm. O(*P) detect-
ed by resonance fluorescence. O*P) yields from O(’D) deac-
tivation by H,0, N,O, CH,, and H, found to be
0.049 + 0.032, <0.040, <0.043, and < 0.049, respectively.

{c) Steady-state photolysis of pure Oz. Ozone removal
measured manometrically at high pressures and spectropho-
tometrically at low O, concentrations. Ferrioxalate actino-
metry used.

{d) Laser photolysis of O, at 248 and 308 nm. Flow
system, {O(*P)] monitored by time-resolved resonance fiu-
orescence.

Preferred Values
Unchanged from CODATA 1982.*

Comments on Preferred Values

The absorption cross-section data of Podolske and
Johnston' are only 2%-10% lower throughout the range
310-320 nm than those previously recommended which in
this range were based on Moortgat and Warneck.®

The recent quantum yield measurements of Cobos et
al.,® Greenblatt and Wiesenfeld,” and of Wine and Ravi-
shankara? are in agreement, within experimental error, with
our previous recommendations.
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4.2. Hydrogen Compounds

H + HO,—H, + O, (1)
—2HO (2)
—-H0+0 (?)

AH°(1)= — 220 kJ mol~!
AH°(2)= — 142 kJ mol~!
AH(3)= — 213 kJ mol~!

Rate coefficient data (k = &, + k, + &,)

k /em® molecule=!s™! Temp./K Reference Comments
Absolute Rate Coefficients

(7.4 + 1.2)x 107" 296 Sridharan, Qiu, and Kaufman, 1982} {a)
Relative Rate Coefficients .

k,=33x10°" 349 Pagsberg, Eriksen, and Christensen, 19792 (b)
(5.0 + 1.3)x 10" 298 Thrush and Wilkinson, 19813 {c)
Branching Ratias

k,/k=0.87 +0.04 296 Sridharan, Qiu, and Kaufman, 1982} (a)
ky/k = 0.04 + 0.02 296

Reviews and Evaluations

47x10~" ) 298 CODATA, 19827 (d)
74x1071 200-300 NASA, 1983° (e)

Comments

(a) Discharge-flow system. HO, produced by reaction
of F with H,0,. [HO,] monitored by conversion to HO by
reaction with NO and laser resonance fluorescence detection
of HO. [H] and [O] monitored by resonance fluorescence.

{b) Pulse radiolysis of NH,/0, mixtures. Steady-state
concentration of HO measured as a function of [NH,]/[0,].
Extensive reaction scheme used to model system and hence
derive £, by fit of results to computed [HO]. Results not
claimed to be highly accurate.

(c) Discharge-flow system. Laser magnetic resonance
measurement of steady-state concentration of HO, pro-
duced by the reactions H+ O, 4+ M—HO, + M and
H + HO,—products, where M = Ar/O, mixtures. Value of
k derivedfrom measurementsofk (H + O, + M)[O,][M] us-
ingk (H + O, + Ar) = 1.8 X 10~ *cm® molecule =2 s~ ' and
assuming k (H 4+ O, + O,)/k (H + O, + Ar} = 3.

(d) Accepts the value of Hack ez al.’

(e) Accepts value of Sridharan ez al.!

Preferred Values

k=74%10"" cm® molecule ™' s~ ' at 298 ..
ky=6.7X107"2 cm® molecule™'s~! at 298 K.
2= 6.4X107" cm® molecule~' s~ at 298 K.
3

k
k3 =3.0x10""2 cm® molecule™* s—! at 298 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Reliability

Alogk= +0.2at298 K.

Alogk,= +0.3at298 K.

Alogk,= +02at298 K.

Alogk,= +052at298 K.
Comments on Preferred Values

The study of Sridharan, Qiu, and Kaufman! in which
several species were monitored is the most careful and com-
prehensive to date. Their findings are preferred to those from
other studies® in which slightly lower values of k were ob-
tained. In the work of Pagsberg et al.? at 349 K the method
used was indirect and until further confirmatory studies are
carried out we make no recommendation for the tempera-
ture coefficient of k,. If the results of Pagsberg ez al.2 are
correct, a small negative temperature coefficient is implied.
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H+ 0; 4+ M—>HO, + M
AH = —207.6kI mol™!
Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule™' s~ Temp./K Reference Comments
Absolute Rate Coefficients
6.0 107[H,] 298 Nielsen et al., 1982' {a)
6.5%10732[N,] 208 Cobos, Hippler,

and Troe, 19842 (b)
Reviews and Evaluations
5.9x10-32 (T'/300)~ '°[N,] 200400 CODATA, 1980* {©)
5.5% 10732 (T /300)~ '*[air] 200-300 NASA, 19824 (c)
5.5% 10732 (T /300)~ "¢ [air] 200-300 NASA, 1983° {c}{d)

Comments

(a) Pulse radiolysis of 1 atm H, in presence of 0.6-38
Torr of O,. Detection of HO, formation by uv absorption at
230 nm.

(b} Laser flash photolysis at 193 nm of NH; in presence
of O, and M. Detection of HO, formation by uv absorption
at 230 nm. Relative efficiencies of M, N,: Ar: CH, = 1.0:
0.43: 2.3, Calculated temperature coefficients for N, give
n = 0.5 over range 200-400 K.

(c) Dased on data by Kurylo® and Wong and Davis’.

{(d) Temperature coefficient slightly changed following
the calculation by Patrick and Golden.?

Preferred Value
ko =5.9%X10732(T /300)~ *°[N,] cm® molecule ! s~!

-over range 200~-300 K.

Reliability

Alogky= +0.1at298 K.

An= 4 0.6.
Comments on Preferred Value

The new data agree well with the earlier recommenda-
tion. The markedly different relative efficiencies N,: Ar have
been confirmed. The temperature cocflicient adopted here is
an average of the NASA evaluation® and the calculations in
Ref. 2.

High-pressure rate coefficients
Rate coefficient data

k., /cem® molecule™'s™! Temp./K Reference Comments
Absolute Rate Coefficients
75%x10-1" 298 Cobos, Hippler,

and Troe, 19842 (a)

Comments

(a) See comment {b} to k,. Measurements in N,, Ar, and
CH, up t0 200 atm. Extrapolation to the high-pressure limit
using F,, given below. Calculations based on theory by Troe,
1981° give k (200 K)/k_ (300 K) = 0.81.

Preferred Vaiue

k, = 7.5x10~1(T /300)%¢ cm> molecule ! 57! over
range 200-300 K.
Reliability

Alogk, = +02at298K.

An= +0.6.
Comments on Preferred Value

Measurements in M = Ar, N,, and CH, all extrapolate
well to the same limit.
Intermediate Falloff Range

From the preferred values one  derives
[N.]. = 1.3X10*! molecules cm > at 298 K. The broaden-
ing factor F, =0.55 4-0.15 for M = N, from the experi-

ments’ agrees with the c_alcﬁlated value of F, =0.66 within
the uncertainties. Representation of the measured value by
F_~exp{ — T/T*) gives T* =498 K.
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BAULCHETAL.

O+ H,—-»HO+H

AR’ =78k} mol™’

Rate coefficient data

-1 a1

Reference

k /ecm® molecule™'s Temp./K Comments
Absolute Rate Coefficients
107317420 764506 expl( . 300 + 300}/ T'] 293-1160 Basevich and Kogarko, ‘ (a)
1980!
50x107" 298*
(9.1 + 5.0)x10~"* 298 Light and Matsumoto, (o)
: 1980°
Reviews and Evaluations
1.6 10~ "' exp( — 4570/7) 298-830 CODATA, 19823 {c)

Comments

(a) Discharge-flow study; O produced by discharge in
Ar/0, mixture. ESR detection of O, H, HO. Rate deter-
mined by following [O] in excess H,; [H,]/]0]>25. Kinctics
assumed to be first order and stoichiometry of 2 assumed.
Arrhenius plot curved at 7 <400 K.

(b) Discharge-flow study. O(*P) produced by reaction of
N with NO. Production of HO(v = 0) and HO(v = 1) mea-
sured by laser resonance fluorescence. Effects of vibrational
excitation of H, on observed k checked by experiments in
which [H,(v = 1))/[H,(v = 0] varied. Results suggest that
presence of Hy(v = 1) could not be cause of any significant
departure of £ from Arrhenius form for 7< 400 K.

(c) Accepts value of Dubinsky and McKenney.*

Preferred Value
k=9x10""8 cm® molecule ™' s~’ at 298 K.
Reliability
Alogk= +05at298 K.
Comments on Preferred Value
While the results of Basevich and Kogarko! are of

doubtful value in absolute terms because of the assumptions
in both their technique and data analysis, the relative values
may be significant and tend to support curvature of the Arr-
henius plot at T < 400 K. The recent study of Light and Mat-
sumoto® is more direct and soundly based. Their value of k
obtained at 298 K can only be reconciled with results of
others at higher temperatures if a curved Arrhenius plot is
involved.

For our recommendation, we accept the value of Light
and Matsumoto?® at 298 K but assign very wide error limits.
We do not consider that there are enough reliable data ta
characterize the temperature dependence of k in the region
of 298 K.
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O +HO—-0;+H

AR’ = —70.2kJ mol™!

Rate coefficient data

k /em® molecule™' s~ Temp./K Reference Comments
. Absolute Rate Coeficients o

3.1+ 0.5)x 10~ 300 Brune, Schwab, and {a}

Anderson, 1983'

Relative Rate Coefficients

33x10-1 299 Keyser, 19837 (b}

Reviews and Evaluations .

22X 107" exp(117/T) 200-300 NASA, 1082° {c)

23X 107 exp(110/T) 220-500 CODATA, 19827 (d}

22X 107 exp(117/7) 200-300 NASA, 1ug3" te)
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Comments

{a) Fast-flow discharge study with O atoms in excess.
[HO] monitored by laser magnetic resonance and resonance
fluorescence, [O] monitored by resonance fluorescence and
absorption, and [H] by resonance fluorescence.

(b) Fast-flow discharge study. HO and HO, produced
by reaction of H with NO, and O,, respectively. Steady-state
concentration of HO and HO, established in presence of ex-
cess O by reaction sequence O+ HO,—HO +O,,
O+ HO—H + 0,, H + 0, + M—HO, + M. [HO] moni-
tored by resonance fluorescence. [HO,] determined by titra-
tion with NO and detection of HO. Measured [HO]/[HO,]
gives k/k(O +HO,)=0.59 +0.7. k calculated using
k{0 + HO,) = 5.7x 10~ " cm® molecule ™' s~ (CODATA
value).

{c) Based on Westenberg et al.,* Lewis and Watson,’
Howard and Smith.®

{d) Based on Lewis and Watson,” Howard and Smith.®

{e) Based on work cited in (c) plus Keyser.?

Preferred Values

k=3.3%10"" cm® molecule ! s~ ! at 298 K.

k=23X10""" exp(110/T) cm® molecule ' s~' over
range 220-500 K.

AH = —220.7kI mol~'

1285

Reliability

Alogk= 4+0.1at298 K.

A(E/R)= +100K.
Comments on Preferred Values

The recent very careful study of Brune e al.' is in excel-
lent agreement with our previous recommendations as is the
relative measurement of Keyser.? The preferred values are
unchanged from our previous evaluation.”
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0 4+ HO,—HO + O,

Rate coefficient data

k /em® molecule ™! s~} Temp./K Reference Comments

Absolute Rate Coefficients

3.1 £0.3)X 10~ " exp{(200 + 28)/T] 229-372 Keyser, 1982’ {a)

(6.1 +0.4)x 10! 299

(5.4 +£09)x107 " 296 Sridharan, Qiu, and (b}
Kaufman, 19822

6.2+ 1.1)x10~" 298 Ravishankara, Wine, and ' i©)
Nicovich, 1983°

5.2 +0.8)x 107! 300 Brune, Schwab, and : (d)
Anderson, 1983*

Relative Rate Coefficients

5.6x10 ! 299 Keyser, 1983° . e)

Reviews and Evaluations

3.0% 10~ 1 exp(200/7') 200-300 NASA, 1982° n

3.7x 107" 298 CODATA, 19827 (e)

3.0X 107" exp(200/T) 200-300 NASA, 1983° (h}

Comments

(a) Discharge-flow, resonance fluorescence technique;
pseudo-first-order conditions. [HO,]/[O] in range 5-46.
HO, generated by reaction of F atoms with H,0,, or reac-
tion of Cl with CH;OH/O, mixtures. O generated by dis-

charge in He/O, mixtures or by pyrolysis of O,. Values of k
independent of source of species. Several potential sources of
error in technique and analysis checked and small correc-
tions made where necessary.

(b) Discharge-flow system HO, produced by reaction of
F atoms with H,0,. [HO,] monitored by conversion to HO
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by reaction with NO and laser resonance fluorescence detec-
tion of HO. {O] monitored by resonance fluorescence.

{c) Flash-photolysis study. O{*P) produced by laser pho-
tolysis at 248 nm of O, in presence of large excess of N, to
quench O(*D) rapidly to O*P). HO, produced by photolysis
of H,0, by the laser flash. [O{*P)] monitored by time-re-
solved resonance fluorescence; [HO,) calculated from ex-
perimental conditions used. £ independent of N, pressure
over range 10-500 Torr and unaffected by traces (1.5 Torr) of
H.O.

{d) Fast-flow discharge study. HO and HO, produced
by reaction of H with NO, and O,, respectively. Steady-state
concentration of HO and HO, established in presence of ex-
cess O by reaction sequence O + HO,—HO + O,,
O + HO—H + O,, H + 0, + M—HO, + M. [HO] moni-
tored by resonance fluorescence at 308 nm. [HO,] deter-
mined by titration with NO and detection of HO. Measured
[HOJ/[HO,] gives k /k (O + HO) = 1.7 + 0.2. k calculated
using & (O + HO) = 3.3 107! cm® molecule ™' s~! (CO-
DATA value).

{e) Discharge-flow study. Experiments performed both
with O atoms in excess and with HO, in excess. [HO,] moni:
tored by laser magnetic resonance and by detection of HO
produced from HO, + NO reaction. [HO] monitored by la-
ser magnetic resonance and resonance fluorescence, [O] by
resonance fluorescence and absorption, [H] by resonance
fluorescence.

(f) Based on Keyser' and Sridharan er al.*

(g) Takes average of three different measurements by
Hack et al.®

{h) Based on Keyser,' Sridharan ez al.,? and Ravishan-
kara et al®

Preferred Values

k=5.7x10"" cm® molecule ™ s~ at 298 K.
k=2.9%10""" exp(200/T) cm® molecule ~'s~" over
range 200400 K.

BAULCHET AL.

Reliability

Alogk= +0.1a1298 K.

AE/R)= +200K.
Comments on Preferred Values

The recent absolute rate coefficient measurements by
Keyser,' Sridharan et al.,> Ravishankara et al.,> and Brune et
al.* and the less precise relative measurement of Keyser® are
all in good agreement. Previous work on this reaction has
been by techniques inherently insensitive or affected by ina-
dequate knowledge of side reactions in the system, as reflect-
ed in the wide error limits given in our previous evaluation.®
For our present recommendation at 298 K we take a mean of
the results of the four recent absolute measurements'~ and
accept the temperature coefficient of Keyser.'

To obtain the tabulated value of k from the relative rate
constant measurement of Keyser,* we have used the CO-
DATA value of k (O + HO) for the reference reaction. The
fact that the value of k so obtained agrees well with the abso-
lute measurements'* of k provides further evidence of the
validity of the CODATA value for &k (O + HO).
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O + H;0,—-HO + HO,

AH° = — 63.4kImol!

Rate coefficient data

k /em® molecule ™' s~?

Temp./K Reference Comments
Absolute Rate Coefficients
See comment (a) 302-349 Roscoe, 1982! (a)
(1.13 4 0.54)x 10~ *? exp[ — (2000 + 160)/T"] 298-386 Wine et al., 1983> {b)
(1.45 + 0.29)x 10— * 298
Reviews and Evaluations
1.0x 10~ " exp{ — 2500/T) 200--300 NASA, 1982¢ ) (c)
1.0 10~ " exp( — 2500/T) 250-370 CODATA, 1982° {c)
1.4 10~ "2 exp( — 2000/T) 200-300

NASA, 1983° (d)

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984




KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY

Comments

{a) Fast-flow discharge system. O atoms produced from
N + NO. [O] monitored by chemiluminescent reaction with
NO. [H,0,] determined by trapping and titrating with
KMnO,. k for O removal found to vary with initial [H,0,}/
[O,] ratio in range 5-220. Importance of secondary reactions
confirmed by computer modeling of system. Author con-
cludes that secondary reactions affected all previous mea-
surements except that of Davis et al.? Modeling confirms the
predominance of channel leading to HO | HO, over the al-
ternative giving H,0 + O,.

(b) Laser flash photolysis of O, at 532 nm in presence of
excess H,0,. [O*P)} monitored by time-resolved resonance
fluorescence.

(c) Based on value of k at 298 K from Davis ez aI 2 and
estimated preexponential factor.

(d) Based on Davis et al.? and Wine et al.?

Preferred Values

k= 1.7%10"7 ¢m3 molecule™! s~

k=14X10"" exp( —

Tat 208 K.

over range 250-390 K.
Reliability
Alog k= +0.3at298 K.
A(E/R)= + 1000K.

Comments on Preferred Values

The measurements of Roscoe’

are of little value in de-

2000/T) cm?® molecule™'s™!

1287

ciding on the rate parameters for this reaction but do support
our previous conclusion that until then the results of Davis ez
al? had been the best available. The results of Wine et al.3
agree with those of Davis er al.? with regard to the tempera-
ture coefficient but the absolute values of % in the two studies
differ by approximately a factor of 2 throughout the range.
In both cases® the preexponential factor found is low com-
pared with other atom-molecule reactions. This has caused
us previously® to recommend an estimated preexponential
factor but in view of the care taken in the work of Wine et al.3
and its reasonable agreement with the work of Davis ef al.?
we now recommend values based on a fit to these?> two sets
of data.
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O('D) + H,—»HO + H (1)
—O(FP)+H, (2)
AH (1)= — 181.4 kI mol™!
AH°(2)= — 189.2 kI mol~!
Rate coefficient data (k = k, + &;)

k /cm® molecule ™ s~! Temp./K Reference Comments
Absolute Rate Coefficients
(1.0 + 0.1)x 10™1° 298 Force and Wiesenfeld, 1981! ‘ ia)
Relative Rate Constants
(7.9 + 0.6)x 10~ 298 Ogren et al., 1982 {b)
Branching Ratios
ko/k <0.049 298 Wine and Ravishankara, 19823 (c)
Reviews and Evaluations
1.0x 10~ 200-300 NASA, 1982¢ (d)
1.1x10°1° 200-350 CODATA, 19828 (e)
1.0 10— 10 200-300 NASA, 1983° (d)

Comments

(2) Pulsed laser photolysis of O, at 248 nm. [H] and
[O(*P)] monitored by time-resolved absorption spectrosco-
py-

(b) Photolysis of O;/H, mixtures in the Hartley band.
k /k [O('D) 4+ O,] = 1.97 + 0.15 found from measurements
of O, depletion. k calculated using & [O('D)+ O,]
=4.0%x 107" cm? molecule ™! s~' (CODATA evaluation).
Reaction of O(*D) assumed to occur entirely via channel 1.
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(c) Laser fash photolysis of O; at 248 nm. [O(*P)] moni-
tored by time-resolved resonance fluorescence.

(d) Based on Wine and Ravishankara,> Davidson ez
al.,%” Force and Wiesenfeld.’

(e) Based on Wine and Ravishankara,’ Davidson et al %’

Preferred Value

k=1.1%X10"'° cm® molecule™ ' s™! over range 200
350K.
Reliability

Alogk= +0.1at298K.

A(E/R)= + 100K.
Comments on Preferred Value

The recent direct measurement of k is in good agree-
ment with our previous recommendation which is therefore
unchanged. Channel 1 appears to be the predominant path-
way (> 95%)? for the reaction.

BAULCHET AL.
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J. Crutzen, R. F. Hampson, Jr., J. A. Kerr, J. Troe, and R. T. Watson, X
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O('D) + H,0—2HO (1)

—Hz + 0, (2

—0(3P) + H0 (3)
AH°(1)— — 118.7 kI mol ™!
AH’(2) = — 196.6 kJ mol ™!
AR (3)= — 189.2KkJ mol !

Rate coefficient data (k = k; + Kk, + k)

k /cm® molecule ™' s~’ Temp./K Reference Comments
Absolute Rate Coefficients
k, =(2.02 +0.41)x 107 298 Gericke and Comes, 1981' (a)
Branching Ratios
ki/k = 0.049 4 0.032 29% ‘Wine and Ravishankara, 1982° (b}
Reviews and Evaluations
2.2%107%° 200-300 NASA, 1982° (c)
2.3x107'° 200-350 CODATA, 19828 (d}
22X1071° 200-300 NASA, 1983° i)

Comments

(a) Laser flash photolysis of O,—H,O-Ar mixtures at
266 nm. [HO] followed by light absorption using tunable dye
laser. k shown to be independent of translational energy of
O('D).

{b) Laser fiash photolysis of O, at 248 nm. |O{’P}] moni-
tored by time-resolved resonance fluorescence.

(c) Based on Gericke and Comes,' Amimoto ez al.,* Lee
and Slanger,’ Wine and Ravishankara,® Streit ef al.”

{d) Based on studies cited in {c) less Gericke and
Comes.!

{e) Based on studies cited in (c) plus Wine and Ravishan-
kara.?
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Preferred Values

k=2.3%10"1 cm?® molecule ™! s~! over range 200-
350 K.

ky =2.2x1071° cm® molecule™ ' s~ ' at 298 K.

ky =2.3X107"2 cm® molecule ™' 57" at 298 K.

ky=1.2X10"" cm’ molecule 's 'at298 K.
Reliability

Alogk= 4+0.1at 298 K.

AlE/R)= + 100 K.

Alogk,= +0.1, 4 log k, = A logks = 4 0.3 at 298
K.
Comments on Preferred Values

The recent measurement of Gericke and Comes’ is in
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excellent agreement with our previous recommendations
which are unchanged for k. We make use of the determina-
tion of k5/k of Wine and Ravishankara and the earlier work
of Zellner et al."® in our recommendations for the branching
ratios.
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HO + H,—H,0 +H

AR = —62.8 kI mol™!

Rate coefficient data

k /em® molecule™!s ™! Temp./K Reference Comments
Absolute Rate Cocflicicnts
(6.1 + 1.0)x 10-75 298 Zeliner and Steinert, 1981' (2)
Relative Rate Coefficients
(8.5 + 1.8)x 107 296 Sworski, Hochanadel, and (b)

: Ogren, 19802
Reviews and Evaluations
6.1 10~ "2 exp( — 2030/T) 200-300 NASA, 19823 {c)
7.7X 10~ 2 exp( — 2100/T) 200-450 CODATA, 19822 (d)
6.1X 10~ 12 exp( — 2030/T) 200-300 NASA, 1983'3 fc)

Comments

(a) Fast flow-discharge study. H 4+ NO, used as HO
source. [HO] monitored by resonance fluorescence.

{b) Flash photolysis of H,0-CH ,—H, mixtures at a total
pressure of 760 Torr. [CI1;] monitored by absorption at 216
nm. k& derived by computer fit of [CH,] decay profile to as-
sumed reaction mechanism.

{c) Based on Zellner and Steinert,! Greiner,? Tully and
Ravishankara,” Ravishankara e al.,® Stuhl and Niki,” Wes-
tenberg and de Haas,® Smith and Zellner,® Overend ez al.,’°
Atkinson et al."?

(d) Based on studies cited in (c) less Zeliner and Stein-
ert.!

Preferred Values

k =6.7X10"* cm® molecule ! s~ at 298 K.
k=77X10""2exp ( — 2100/T) cm® molecule ™! s~
over range 200450 K.
Reliability
dlogk= +0.1at298 K.
A(E/R)= +200K.
Comments on Preferred Values
The recent measurements’? yield values of k agreeing,

within the error limits, with our previously recommended
values, which are therefore unchanged.
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HO + Hy(v=1)—H,O0 + H

AH = — 115.5kJ mol™!

Rate coefficient data

k /em® molecule ™' s~! Temp./K Reference Comments

Absolute Rate Coefficients

(7.5 +3)x10™ % 298 Zellner and Steinert, 1981’ (a)

9.9 +24)x10° " 296 Glass and Chaturvedi, 19812 {b)
Comments Reliability

(a) Fast flow-discharge study. H 4+ NO, as HO source,
H,(v = 1) produced by passing H, over heated filament.
[HO] monitored by resonance fluorescence. [H,(v = 1)] de-
termined by vuv absorption in the rotational lines of the {1,1)
band of the B'S ;) — X' *H, Lyman transition around
115 nm. In some experiments, chemiluminescence of HCl
resulting from energy transfer was also used to determine
[H.v= 1)1

(b) Fast flow-discharge study. H 4+ NO, used as HO
source, H,(v = 1) produced by discharge in H,. [HO] moni-
tored by ESR [H,(v = 1)] determined by reacting H,(v = 1)
with excess of D aioms and ESR measurement of the H
atoms produced.

Preferred Value
k =8.7%x107" cm® molecule ™! s~ at 298 K.

Aloghk= +03at298 K.
Comments on Preferred Value

The only two studies of this reaction’? use slightly dif-
ferent techniques but give values of k in agreement within
the quoted error limits. The recommended value of  is the
mean of the two. The vibrational excitation of H, to the
v = 1 level increases the value of k£ by two orders of magni-
tude whereas the value of k is increased by less than a factor
of 2 by excitation of HO to the v = 2 level,” despite the fact
that excitation of the H,{v = 1} is only 52.7 kJ mol~! whilst
that of the HO(v = 2) is 85.4 kJ mol ™.

References
IR. Zellner and W. Steinert, Chem. Phys. Lett. 81, 568 (1981).
2G. P. Glass and B. K. Chaturvedi, J. Chem. Phys. 75, 2749 {1981).
3]. Spencer, H. Endo, and G. P. Glass, Sixteenth Symp. (International) on
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HO + HO + M—H.0, +~ M

AH® — —213.5k)I mol™!

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule™! !

Temp./K Reference Comments
Reviews and Evaluations
6.5 10347 /300}~ >°[Ar] 3001500 CODATA, 1980" a)
6.5% 107*"[N,] 298
6.9 10~ %(T 7300}~ ‘[air] 200-300 NASA, 19827 (b)
6.9 10T /300) ~ **[air] 200-300 NASA, 19833 : (b)
Comments Reliability
(1) Based on unpublished data by Zellner. 4 log ku: +0.5at 298 K.
(b) See comment (a). An=Tgs.

(c) Value consistent with theoretical prediction by Pa-
trick and Golden.*

Preferred Value

ko = 6.9X10~34T /300) - ®¥[N,] cm® molecule ™' s~
over range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Comments on Preferred Value

Our previously preferred value referred to a much
wider temperature range. The preterred value is still based
on unpublished data which arc in reasonable agreement with
theoretical predictions. Anindependent experimental verifi-
cation is required.



KINETIC AND PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY 1291

High-pressure rate coefficients

Rate coefficient data
k. /cm® molecule ™! s™! Temp./K Reference Comments
Reviews and Evaluations
3Ix107Y 200-300 CODATA, 1980! (a)
1X10~'Y(T/300)"*° 200-300 NASA, 19832 (a)
1X 10T /300)~'° 200-300 NASA, 1983° (a)

Comments

(a) See comment (a) for k.

Preferred Value

k. =3X107"" cm® molecule™' s~ over range 200~
300 K.
Reliability

Alogk, — =+ 0.5 over rauge 200-300 XK.
Comments on Preferred Value

This value is still based on unpublished data such that
an independent verification is required. A value of F. ~0.72

at 298 K is adopted. Representation in the form
F, =exp{— T/T*)leadsto T* =913 K.
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Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).
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Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, M. J. Moling, R. T. Watson, D. M. Golden, R. F. Hampson, M. J.
Kurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 (1983).
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HO + HO ( + M)>H,0 | Oy( + M)

AH = —291.3kI mol ™!

Rate coefficient data

k /em® molecule™ ' s~! Temp./K Reference Comments

Absolute Rate Coefficients

(71 4 1.2) 1071 Torr He) 299 Sridharan, Qiu, and (a)

. Kaufman, 19812

(6.7 + 2.3)X 10~ '*{1.5-10.6 Torr He) 296 Temps and Wagner, 19823 (b)

(L12338)X 107 1%~ 760 Torr N,) 298 Braun, Hofzumahaus, and (c)
Stuhl, 19824

Relative Rate Coefficients

(6.1 4- 1.0} 10~ {2 Torr Ar) 298 Thrush and Wilkinson, {d)
1981°

{1-2)X 10~ (750 Torr SF,) 298 Kurylo, Klais, and fe]
Laufer, 1981°

(9.9 + 2.5)X 10~ '(760 Torr He, Ar, N,) 298 Cox, Burrows, and fi]
Wallington, 19827

1.2X 10~ "%(730 Torr Ar, He; 1-5 Torr H,0) 298 DeMore, 19828 e

Reviews and Evaluations

(7 + 4 Py ) 10-1 200-300 NASA, 1982"" (h)

8x10~" : 298 CODATA, 19826 {h)

(7+4 P, )x10~" 200-300 NASA, 1983'7 i)

Comments (b) Discharge-flow study. HO generated by F + H,0.

{a) Discharge-flow study. HO, generated from
F + H,0,. [HO} monitored by resonance fluorescence in
presence of excess HO,. Value originally’ given as
k=(6.4 + 1.2)X10™"" cm® molecule~' s~ ! but later cor-
rected? to the tabulated value.

Several sources of HO, used: F -+ H,0,, HO + H,0,,
H + O, + M. [HO] and [HO,] monitored by laser magnetic
resonance. .

{c) Flash photolysis of flowing N,(~ 760 Torr} contain-
ing a trace of H,O. [HO} monitored by absorption at 308.2
nm. [HO] decay, accelerated by presence of O,. k value ob-
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tained by modeling system. k apparently independent of
H,O pressure.

(d) Discharge-flow study. HO, generated from
H -+ H,0, and HO from H + NO,. [HO] and {HO,] moni-
tored by laser magnetic resonance in presence of excess of
H,0,. Measurement of steady-state concentration of HO,
gives k/k{HO+ H,0,)=36+6. k obtained using
k(HO 4 H,0,) =1.7x10~" cm® molecule™'s™"' (CO-
DATA evaluation).

(e) Photolysis at 184.9 and 147 nm of H,0"*-0, mix-
tures in presence of varied amounts of SF,. O'°0"™ produc-
tion measured mass spectrometrically. Extensive modeling
scheme used to interpret results. Findings suggest that a lin-
ear HO-HO, complex is not formed.

(f} Low-frequency square-wave modulated photolysis
of O5;—H,0-M mixtures where M = He, Ar, or N,. Steady-
state [HO,} measured at 210 nm. Computer fit of data to
reaction scheme used to obtain k. & (N,)> k (Ar)> k (He)
found but differences within experimental errors. Value of k
unaffected H,Q pressure in range 1-16 Torr.

(g) Photolysis of H,O-Ar or He mixtures containing
trace quantities of Q,. Steady-state [HO] measured by laser
resonance fluorescence. Diluent pressures varied in range
75-730Torr. Values of k /k (HO, + HO,)!/? obtained. k cal-
culated using kK (HO, + HO,) values, corrected for pressure
and [H,0] dependence, using the results of Hamilton and
Lii® and Sander ez al.' which are in close agreement with the
CODATA recommendations. Variation of [H,0] in range
1-5 Torr has no effect on value of k.

(h) Based on Sridharan et al.,"* Kurylo et ai.,® Temps
and Wagner,? Thrush and Wilkinson,” Cox et al.,” DeMore,®
Lii ez al.,’* Hochanadel et al.,'® Burrows et al.,'* Keyser.'

(i) Based on references cited in (c) plus Braun et al.*

Preferred Values

k= (6.6 +afM])x 10~ cm® molecule™'s~' at 298
K and over range 0-760 Torr, where a = 1.8X107"°
em® molecule ™’ for M = He, Ar, N,.
Reliability

Alogk= 4 0.2 at 298 K and over range 0—760 Torr.
Comments on Preferred Values

Since our last evaluation, there have been further indi-
rect measurements of & 8 and two direct determinations. '
The recent results confirm the previously observed differ-
ences between high- and low-pressure values of k. Dis-
charge-flow studies from a number of laboratories'>'> are
in  excellent agreement with a  value of
k=1(6.6+ 1.0} 107" cm® molecule~'s~! at a few Torr
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pressure and the studies at pressures close to one atmo-
sphere>*1214 give values of k of about 1.1x10~!
cm® molecule™' s ™. The only study covering a wide pres-
sure range is that of DeMore.® The method is indirect and
the pressure effects on k are not clearly outside the experi-
mental uncertainties, but a distinct trend in k was observed,
from a value of 7.9 10~** ¢cm® molecule~! s~! at 75 Torr
Art10 1.2 107" cm® molecuie ™! s~ ! at 730 Torr Ar. Thus
it now seems that, as for the HO, + HO, reaction, k is pres-
sure dependent but, in contrast to kX (HO, + HO,), the stud-
ies of Braun e al.,* and DeMore,® and Cox er al.” suggest
that £ (HO + HOQ,} is independent of H,O concentration.
This finding requires confirmation and more studies are also
required to characterize the effects on & of pressure and tem-
perature change and of various collision partners.

In making our recommendation, we assume that the
rate constant is linearly dependent on pressure between the
reasonably well characterized high- and low-pressure vai-
ues.
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HO —+ H202—>H20 + H02
AH = —134.0k] mol—!
Rate coefficient data
k /em® molecule=* s~ Temp./K Reference Comments
Absolute Rate Coefficients
(3.7 + 0.6)X 10~ 2 exp[ — (260 + 50)/T’] 273-410 Wine, Semmes, and (a)
Ravishankara, 1981' .
11.59 + 0.08)x 10~ 297
{1.67 + 0.33) 10~ 12 296 Temps and Wagner, 1982* (b}
{2.93 + 0.49)X 10~ "2 exp[ — (158 + 52)/T] 250-370 Kurylo ez al., 1982 (c)
{179 3 0.14)x 10~ 12 296
{1.81 +0.24)x 102 298 Marinelli and Johnston, {d)
10826
Reviews and Evaluations
31X 1072 exp( — 187/T) 200-300 NASA, 1982° ‘ (e)
2.9% 10~ 2 exp( — 160/T) 240-460 CODATA, 1982° )
31X 10~ exp( ~ 187/T) 200-300 NASA, 1983 )
Comments Reliability

(a) Laser flash photolysis {266 nm) of flowing H,0,—He
or SF, mixtures. [H,0,] monitored by photometry at 228.8
nm using absorption cross section of Molina and Molina.?
[HO] monitored by resonance fluorescence.

(b) Fast flow-discharge study. HO generated by
F + H,0. [HO] monitored by laser magnetic resonance.

(c) Flash photolysis of flowing H,0,-H,O-Ar mix-
tures. [H,0,] monitored by photometry at 213.9 nm using
absorption cross section recommended by the NASA Pan-

el.® [HO] monitored by resonance fluorescence. Combining

their results with the other available data,’” recalculating
the data where necessary using the absorption coefficient
data recommended by the NASA Panel,> they obtain
k=1{2.91+0.30)x 10~ " exp[ — (161 + 32)/T].

(d) Laser flash photolysis of H,O,—Ar mixtures at 248.4
nm. [HO] monitored by time-resolved rcsonance fluores-
cence.

{¢) Based on Wine er al.,' Kurylo et al.,* Sridharan e
al.” and Keyser.?

{f) Based on Sridharan ef al.” and Keyser.?
(g) Based on references cited in (e) plus Marinelli and
Johnston.’ '

Preferred Values

k=1.7x10"" cm® molecule ™' s~ * at 298 K.
k=29%10"12 exp{ — 160/T)
over range 240460 K.

cm? molecule—1s—!

Aloghk= 40.1at298 K.

AE/R)= + 100K.
Comments on Preferred Values

The recent studies™** are in excellent agreement with
our previous recommendations which are unchanged and
areidentical with the vaiues derived by Kurylo® from a least-
squares fit to the available data.
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HO; + HO2—H,0, + O, (1
HO; + HOz( + M)—H20, + Ox(+ M)  (2)

AH (1) = AH°(2) = — 157.2kJ mol™"

Rate coefficient data (k = &, + k,)

Temp./K

Reference

k /em® molecule™!s™* Comments
Absolute Rate Coefficients
(2.97 + 0.45) X 107 '4(700 Torr N,) 298 Sander et al., 1982’ (a)
by = (1.6 1 0.2)x 10~ 12
(2.5 4+ 0.1)x 1072760 Torr N,) 296 Simonaitis and Heicklen, (b}
k= (1.4 +0.2)x10" 1 19822
(1.5-2.0) x 10~ '%(7-20 Torr O,) 307 Thrush and Tyndall, 1982° {c)
2.4 10713 exp[(560 2 200)/T](7-20 Torr O,) 798-359 Thrush and Tyndall, 19827 {d)
(1.6 +0.1)x 10~ 298
(4.14 & 1.15)X 10~ 3 exp[(630 + 115)/T)] 298-510 Patrick and Pilling, 1982¢ (e)
(700 Torr Ny)
(3.66 + 0.46)x 1072 298
ky=2.2X 107" exp(620/T) 230420 Kircher and Sander, 1)
k,=(1.74 4+ 0.22)x 120~ 298 1984°
ky = 1.9X 10~ 23[M)exp(980/T) 230-420
{M = N,, no H,U)
ko= (5.4 + 3.1)[M] X 10~ 298"
For effect of [H,0] see comment {f)
ky=(1.540.3)x107"? 295 Takacs and Howard, 19847 (&)
Relative Rate Coefficients
See comment {h) 298-373 Lii, Sauer, and Gordon, {h)
19814
Reviews and Evaluations
(3.4 + 2.5 P /atm) X 10~ " exp{1150/T) 200-300 NASA, 1982"2 (i)
4.5%107 "% exp({1200/7)(1 atm, no H,0) 275400 CODATA, 182" 0)
ky =2.5% 1073 exp{560/7T) 200-300 NASA, 1983'° (k)

k, = 1.7 10~ 3[M] exp(1000/T’)

Comments

(a) Flash photolysis of Cl,-H,~0, and Cl,-CH,OH-0,
mixtures. [HO,] monitored by absorption at 227.5 nm. Val-
ue of oy, (227.5 nm)=(3.0 £+ 0.40)X 10™"® cm? mole-
cule™! used was measured by same method as in earlier
work.? Linear increase of k with increase of pressure found
for all gases studied (He, Ar, N,, O,, SF¢) over range 0-700
Torr. Extrapolated value at Zero pres-
sure = (1.6 + 0.2) < 10~ *? cm® molecule~! s~'. Addition of
H,0 enhances rate in approximately linear fashion indepen-
dent of pressure of other gases. Behavior of DO, system is
analogous. k3 /k 5 = 3.30 + 0.13. ' _

(b) Flash photolysis of Cl,-CH,OH-O, mixtures.
[HO,) monitored by absorption at 220 nm. 0o, taken from
Cox and Burrows,* Paukert and Johnston.® k varies with
pressure (He, N,) over range 5-770 Torr. Extrapolated value
of & at zero pressure = (1.4 +0.2)xX 107" cm® mole-
cule™!s™,

{c) Flash photolysis of C1,~CH,OH-O, or C1,-H,CO-
O, mixtures. [HO,] monitored by infrared laser diode spec-
troscopy. Absolute concentration of HO, obtained from
amount of Cl, depletion and assumption that each chlorine
atom yields one HO,. No pressure dependence of k observed
over this small pressure range.
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{d) Technique as in (c). Combining their results with
those of Sander et all gives
k= (1610712 4 6 10~32[M]) cm® molecule~'s~! for
M = N,, SF, at 298 K.

(e) Flash photolysis of ClL—CH,OH-O, mixtures.
[HO,] monitored by absorption at 227.5 nm.

{f) Technique as in (a). Rate coefficient measurements
made at pressures between 100 and 700 Torr Ar and N,.
Enhancement of k by added water shown to contribute a
multiplication term (1 + 1.4X 102! exp(2200/7 ) [H,0]) to
the rate constant expression.

(g) Discharge-fiow system at 1-7 Torr He. Laser mag-
netic resonance detection of HO,, HO, and NO,. HO, pro-
duced by F + H,0,, C1 + H,0,, and CH,OH + O,.

{h) Electron pulse radiolysis of H,—0,—H,0O mixtures.
[HO,] monitored by absorption at 230 nm. Effect of [H,0]
on k found to decrease with increase in temperature.

(i) Based on Sander er al.,' Simonaitis and Heicklen,?
Cox and Burrows, Lii ¢r uf."'

() Based largely on Cox and Burrows,* Lii e al.”

{k) Recommendation for k, based on Thrush and Tyn-

dall,% Kircher and Sander.” Takacs and Howard. ' Recom-
mendation for A4, buased on Sander et al.,' Simonaitis and
Heicklen,” Kircher and Sander.”
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Preferred Values

k, = 1.5 107" cm® molecule™" s~' a1 298 K.

ky = 5.4 107> [N,] cm® molecule™" s~ at 298 K.

k= 2.2x107"2 exp{600/7) cm® molecule ™' s~ over
range 230420 K.

»= 1.9 107 [N,] exp(980/7") cm’ molecule™ ' s~
over range 230420 K.

In the presence of H,0, the expressions for &, and &,
should be multiplied by the term (1 + 1.4 X 10~ %' exp(2200/
T)[H,0). ,

Reliability

Alogk,=A4logk,=0.15at 298 XK.

A(E,/RY= +200K;A(E,/R)= + 300K,
Comments on Preferred Values

Recent measurements, particularly those of Kircher
and Sander, have clarified our understanding of this reac-
tion. It appears that there are two chrannels available, a direct
bimolecular channel (1), and a pressure-dependent channel
@)

For k, there is excellent agreement among the studies of
Sander et al.,’ Thrush and Tyndall,” Kircher and Sander,’
and Takacs and Howard'® both on its temperature depen-
dence and its value at 298 K. %, is less well characterized.
For our recommendation for k, we accept the results of
Kircher and Sander® which are compatible with the work of
Sander ez al.’ and Simonaitis and Heicklen.? For M = Ar,
Kircher and Sander® obtain k; = 2.3 107 % exp{600/T)
cm® molecule ™! s™'and k, = 8.4 X 107 **[Ar]exp(1100/T)
cm® molecule™ s~

Water vapor has been shown to increase the rate.>"
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The quantitative expression suggested by Kircher and Sand-
er’® for this effect, which we accept as our preferred value,
requires confirmation.

In the work of Sahetchian ef al.,'® evidence was found

_ for the formation of small amounts of H, in this system. This

finding merits further study.
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4.3. Nitrogen Compounds

N+ NO.—N,0O+0 (1)
—NO +NO (2)
—N2+ 02 (3)
—N,+ 20 (4)

AH°(1)= — 175k] mol ™"
AH°(2) = — 325kI mol™’
AH°(3)= — 506 kJ mol ™!
AH°(4) = ~ 8XJ mol~*

Rate coefficient data (k = k, + k, + k3 + k)

k /em® molecule ™! 5! Temp./K Reference Comments
Absolute Rate Coefficients

(3.01 +-0.33)x 1072 293 Clyne and Ono, 1982' (a)
Reviews and Evaluations

1.4% 10772 298 CODATA, 19822 {b)
1.4X1071 298 NASA, 1982° b)
3.0x 1071 298 NASA, 1983* {c)
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Comments

(a) Discharge flow-resonance fluorescence detection of
N atoms. Pseudo-first-order conditions with [NO,}/
[N] > 80.

{b} Based on room-temperature result of Clyne and
McDermid, 1975.5 '

(c) Based on room-temperature result of Clyne and
Ono, 1982.}

Preferred Values

k =13.0Xx107"2 cm® molecule ™’ s~ at 298 K.

k=1
Reliubility

Alogk= +02at298 K.

Comments on Preferred Values

The preferred values of k at 298 K is based upon the
recent result of Clyne and Ono.! This is a factor of 2 higher
than previous results from the same laboratory.” However,
the authors consider the recent result to be more reliable.
Husain and Slater® reported a rate constant which is a factor
of 12 higher. This high value may indicate the presence of

catalytic cycles as discussed by Clyne and McDermid® and
Clyne and Ono." There have been no studies of the tempera-
ture dependence of k. The reaction products-are taken to be
N,O + O based on the results of Clyne and McDermid.*
However, the reaction mechanism needs to be confirmed, as
does the value of the rate constant,
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O+ NO 4+ M—NO, + M

A = —306.2 kJ mol™?

Low-pressure rate coefficients

Rate coefficient data
ko/cm® molecule™'s™! Temp./K Reference - Comments
Absolute Rate Coefficients
8.8 X 1073T /300) ~ M [N,] 200-370 Schieferstein, Kohse-
. Héinghaus, and Stuhl,

1983! (a)
Reviews and Evaluations
1.2 107 3(T°/300)~ #[N,] 200-300 CODATA, 1982 (b)
1.2X 10734 T /300) ~ % {air] 200-300 NASA, 1982° (b)
1.2X 1073YT /300)~ “[air] 200-300 NASA, 1983¢ c)

Comments Reliability
(a) Laser flash photolysis of NO at 160 nm for genera- Alogky= +0.1at300K.

tion of O atoms, NO, formation detected by NG, chemilu- 4n= 103

miniscence. Relative efficiencies of M, N,: He: NO:
CH, = 1.00: 0.70: 1.43: 1.31. Evaluation of rate constants in
terms .of theory by Troe, 1979° gives collision efficiencies
which are close to, but slightly smaller than unity, in con-
trast to earlier results. A theoretical analysis accounting for
contribution of electronically excited states by Smith®, esti-
mates an about 70% increase in k, due to excited states, thus
decreasing collision efficiencies to typical values.

(b) Average of data from Michael, Payne, and Whytock,
1976" and Atkinson, Perry, and Pitts, 1977.2

Preferred Values

ko =1.0X1073T /300)~ *[N,] cm® molecule~! ™!
over range 200-300 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Comments of Preferred Values

Average from data of Refs. 1 and 7. No new data on
high-pressure rate coefficients and intermediate falloff
range, for older data see CODATA, 1980.°
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More, M. F. Molina, R. T. Watson, D. M. Golden, R. F. Hampson, M. J.
Kaurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 (1983).
5J. Troe, J. Phys. Chem. 83, 114 (1979).
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®R. Atkinson, R. A. Perry, and J. N. Pitts, Chem. Phys. Lett. 47, 197 (1977).

°CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, R.

F. Hampson, J. A. Kerr, 1. Troe, and R. T. Watson, J. Phys. Chem. Ref.
Data 9, 295 (1980).

NH; + NO—N; + H,0 (1)
—NzH + HO (2)
—N,+H+HOC (3)
—NOH +H (4)

—NH,NG  (5)

AH{1})= — 517 kI mol—!
AH(2) =1
AH(3) = ~— 18kJ mol™!
AH (4) ="

g Rate coefficient data
k /em® molecule™!s™! Temp./K Reference Comments
Absolute Rate Coefficients
(2.77 + 0.89) X 10~ 7(T)' 7 216480 Stief er al., 1982! (a)
(2.10.4 0.31)x 1071 298
44X 1073(T)~ > exp( — 684/T) 294-1215 Silver and Kolb, 19822 {b)
(9.59 + 2.4)x 10~ 298
(1.7 +0.5)x 10~ 295 Andresen er al., 1982° e)
Branching Ratios
(ko + k3)/k <0.22 298 Stief er al., 1982! (a)
ks + k3)/k =04 +0.1 298 Silver and Kolb, 19822 {b)
(ks + k4)/k<0.05 298 Silver and Kolb, 19822
k,/k>0.29 298 Andresen et al., 19823 {c)
k>/k>0.65
(k3 + k4)/k<0.05
Keviews and Evaluations
1.7x 107 (T /298)~ 1* 210-500 CODATA, 1982* (d)
L6X 10T /298)~'* 210-500 NASA, 1982° ie)

Comments

(a) Fiash phototysis of NH;. First-order decay of [NH,]
in excess [NO] monitored by laser induced fluorescence at
570 nm. Value of k independent of pressure over range 2.5-
10.Torr. Production of HO looked for by resonance fluor-
ence; found only under static conditions and attributed to
outgassed H,O. No HO detected under flow conditions,
leading to upper limit for its production given in table,

(b) High-temperature fast fiow reactor. NH, produced
by reaction F 4+ NH;. First-order decay of [NH,] in excess
[NO] monitored by laser induced fluorescence at 598 nm.
Product HO detected by resonance fluorescence or by laser
induced fluorescence. H atom production looked for by reso-
nance fluorescence. Products also analyzed with mass spec-
trometer.

{c)Flow reactor. NH, radicals produced by laser photo-
lysis of NH; at 193 nm. Rate constant determined from ob-
served concentration—time profiles of vibrationally excited

H,0 molecules. Temporal profiles of reaction products
monitored by atomic resonance absorption, laser induced
fluorescence and spectrally resolved infrared and visible
fluorescence.

(d} Based on room-temperature data of Gordon et al.,’
Gebring er al.,” Hancock ez al.,® Sarkisov ef al.,° and the
temperature-dependent studies of Lesclaux ez a/.’° and Hack
et al.!! .

(e) Based upon studics referenced in comument (d) and
the newer results of Stief ef ¢l.’ and Siiver and Kolb.2 An
Arrhenius expression [k = 3.6 X 1072 exp(450/T Jcm?® mo-
lecule ™ s™'] was entered in the table of recommended val-
ues, but the 7" expression given above is a better representa-
tion of these data.

Preferred Vaiues

k=1.6X10""" cm® molecule~! s~ ! at 298 K.
k=1.6x10""(T/298)~"* cm® molecule~!s~! over
range 210-500 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984
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ko/k = 0.7 at 298 K.
Reliability

Aloghk= +03at298 K.

An = 4 0.5 over range 210-500 K.

Ak/k = Adk,/k= +0.2ai 298 K.
Comments on Preferred Values

The preferred value for & at 298 K is the mean of the
values reported by Stief ez al.,' Silver and Kolb,? Andresen et
al.,* Gordon ez al.,® Gehring et al.,” Hancock et al.,® Sarkisov
er al.,” Lesclaux ez al.,'® and Hack et al.”’ The values report-
ed in these studies range from (8-27)x107'2 cm® mole-
cule”'s™'. They tend to separate into two groups: flash
photolysis results and discharge flow results average
19X 1072 and 9 10~ "2 cm® molecule ™’ 5™, respectively.
This cannot be accounted for simply on the basis of a pres-
sure effect as pressure ranges of the two types of studies over-
lapped and no individual study observed a pressure depen-
dence. The preferred temperature dependence is derived
from a weighted average of the data below 500 K in the four
temperature-dependent stndies (Stief o7 al.,! Silver and
Kolb,? Lesclaux et al.,'® and Hack er a/.!")

The preferred branching ratios are based predominant-
ly on the results of Andresen et al.® These results are in sub-
stantial agreement with those of Silver and Kolb? in the im-

BAULCHET AlL.

portance of hydroxyl radical production and also the
importance of channel 1. The high yields of HO reported in
these studies are in conflict with the results of Stief ez al.’
This discrepancy needs to be resoived.
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NH; + O,—products
Rate coefficient data

k /em® molecule='s~! o Temp./K © Reference Comments
Absolute Rate Coefficients
(3.6 &+ 1.4)X 107} T /295)~ 2°[He] 295-353 Hack er al., 1982° (a)
Reviews and Evaluations
<3x107% 208 CODATA, 15822 {b)
<3x10™% 298 NASA, 1983° )]

Comments

(a) Discharge flow-laser induced fluorescence detection
of [NH,] in excess {O,]. Total pressure of 1.5-16 Torr He.
Kinetic analysis indicated that NH, decay rate data are con-
sistent with an association reaction between NH, and O,
which is in its low-pressure third-order region.

{b) Upper limit based on results of Lesclaux and De-
missy.*

Preferred Values
k <3x107 "8 cm® molecule™’ s ' at 298 K.
Comments on Preferred Values
The preferred value is unchanged from the previous
evaluation and is based on the upper limiting value reporied
by Lesclaux and Demissy.* It is suggested that the NH, de-

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

cay observed by Hack er al.! is due to reaction with some
other species present, probably HO,. Lesclaux® restudied
this reaction under low-pressure conditions similar to thoss
of Hack et al.' and reported that there was no detectable
reaction at room temperature.
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NO -+ 03—>N02 -+ 02
AR = —200kJ mol~!
Rate coefficient data
k /em® molecule™!s~! Temp./K Reference Comments
Absolute Rate Coefficients
(2.6 + 0.8)X 10~ "2 exp[ — (1435 + 64)/T] 195-369 Michael, Allen, and {a)
Brobst, 1981
20+ 0.2)x 107" . 298
8.9X 10~ 'XT)*? exp(— 765/T) 204-353 Borders and Birks, 1982° (b)
(1.72 4 0.04)x 10~ 4 298
Reviews and Evaluations
3.6X 107 *“ exp( — 1560/T) 200400 CODATA, 19823 (e}
2.2X 1072 exp( — 1430/7)) 200-300 NASA, 1982_“ (d)
1.8X 1072 exp{ — 1370/T)) 200-300 NASA, 1983° ]

Comments

(a) Three independent low-pressure fast flow studies un-
der pseudo-first-order conditions. Extent of reaction was
monitored by NO, chemiluminescence under conditions of
excess NO or excess Os. In other experiments, the decay of
[NO] in excess [O,] was monitored by resonance fluores-
cence. The data from each study were in good agreement.
The data showed significant curvature on an Arrhenius plot;
value of E /R varied from 1258 K (195260 K) to 1656 K
(260-369 K).

(b} Dual flow tube technique with NO, chemilumines-
cence detection under pseudo-first-order conditions of [NO]
decay in excess [O5;]. Authors claim this technique gives ac-
curate value of E /R over temperatureintervals as small as 10
K. Nonlinear Arrhenius behavior was observed with value
of E /R increasing from a value of 1200 K at the lowest tem-
perature to 1470 K at the highest temperatures.

(c) Based on least-squares analysis of the data from 200
400 K reported by Lippmann et al.,° Ray and Watson,” and
Birks er al.®

(d) Based on least-squares analysis of the data from 195—
304 K reported by Michael ez al.,' Lippmann et al.,’ Ray and
Watson,” and Birks ez al.?

(¢) Based on least-squares analysis of the data from 195-
304 K reported by Michael ez al.,' Borders and Birks,? Lipp-
mann ef al.,* Ray and Watson,’ and Birks et al.®

Preferred Values

k =1.8x10"" cm® molecule~" s~ at 298 K.

k=1.8x10"" exp(— 1370/T} cm® molecule™ " s’
over range 195-304 K.
Reliability

Alogk= +0.08at 298 K.

4 (E/R)= +200K.
Comments on Preferred Values

The preferred Arrhenius expression is based on least-
squares analysis of the data at and below room temperature
reported by Michael ez al.,’ Borders and Birks, Lippmann ez

al.,’ Ray and Watson,” and Birks ez a/.® with data at closely
spaced temperatures reportéd in Borders and Birks? and in
Lippmann et al.° being grouped to give equal weight to each
of the five studies. The expression fits these data to within
20%. Only data between 195 and 304 K were used due to the

" nonlincar Arrhenius behavior observed by Michael er /.,

Borders and Birks,” Birks ef al.,® Clyne et al.,” and Clough
and Thrush.'® Michael et al., Birks et al.,® Clyne ez al.,® and
Schurath et al.'" have reported individual Arrhenius param-
eters for each of two primary reaction channels (one to pro-
duce NO, in the ground electronic state and the other to
produce electronicatly excited NO,). Earlier room-tempera-
ture results of Stedman and Niki'? and Bemand et al.”* are in
good agreement with the preferred value.
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HO +~ NO + M—HONO + M
AH® = —208.8kJmol™!

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule™? s~ !

Temp./K Reference Comments

Absolute Rate Coefficients
(11 4 )X 1073'N,} 293 Burrows, Wallington,

and Wayne, 1983! (a)
Reviews and Evaluations
6.5 10737 /300, 2*[N,] 200440 CODATA, 1982° (b}
6 7310734 T /300)~ 25 {air] 200-300 NASA., 1982° (b}
7.0 1073 T /300) ~ > air] 200-300 NASA, 1983* (c)

Comments

(a) Discharge flow-resonance fiuorescence siudy at 1-5

Torr. Relative efficiencies of M, N,: Ar: He = 1.00: 0.67:
0.55. .

{b) Average from five earlier studies excluding the high-
est k, value of 15X 107" N, cm® molecule ™' s~ from Har-
ris and Wayne, 1975°,

(c} Weighted average similar to (b).

Preferred Value

ko = 7.4 107347 /300)~ >*[N,] cm* molecule™!s™!
over range 200440 K.

Reliability _
Alogky,= +0.1at300K.
An= 4+ 0.5.

Comments on Preferred Value

‘T'he new measurement was averaged with the five ear-
lier values used in CODATA, 1982.> The temperature coef-
ficient recommended by NASA, 1983,*is accepted since it is
hased an a thearetical analysis® and is in agreement with

AH® = —207kImol™!

experiment. No new data on high-pressure rate coefficients
and intermediate falloff range are available, for older data
see CODATA, 1980.7 Calculations of F, give F, = 0.77 at
300 K.
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HO + NO, + M—HONO; + M

Low-pressure rate coefficients
Rate coefficient data

ko/em* molecule™'s™! Temp./K Reference Comments
Absolute Rate Coefficients T )
(2.7 4 0.2)X 107 3°[N,] 295 Burrows, Wallington,

and Wayne, 1983! (a)
(2.6 + 0.7)% 16~ %9[0,]
(1.58 4+ 0.04)x 10~ %[He] 246 Trevor, Black, and

Barker, 1982° {b)
Reviews and Evaluations
2.6 107 (T /300)~ 2°[N,] 200-300 CODATA, 1982° ()
2.6 16=39(T /300)~ 2% {air] 200-300 NASA, 1982¢ c)
2.6 X 1073°(T /300)~ **{air] 200-300

NASA, 1983° {c),(d)
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Comments

{a) Discharge flow-resonance finorescence study at 1-5
Torr. Relative efficiencies of M, N,: O,: Ar: He: CO, = 1.00:
0.96: 0.59: 0.59: 1.67.

(b) Laser flash photolysis—resonance fluorescence tech-
nique, measurement at 15 Torr.

{c) Average of several measurements which are in excel-
lent agreement.

{d) Temperature coeffficient taken from calculations of
Patrick and Golden ®

Preferred Vaiues

ko= 2.6X1073%T /300)~ 2°[N,] cm® molecule ™! s !
over the range 200-300 K.

1301

ko = 2.2X 107397 /300)~ **{0,] em® molecule ™' s}
over the range 200-300 K.
Reliability

4 log kg = + 0.1 at 300 K.

4dn= +0.5.
Comments on Preferred Values

The new measurements for M = N, are in excellent
agreement with the older preferred values. The older data of
Anastasi and Smith’ for M = O, are confirmed. The pre-
ferred value is the average of data from Refs. 1 and 7. Calcu-
lations by Smith® suggest that 5% of the HNO; formaticn
proceeds via excited triplet states.

High-pressure rate coefficients
Rate coefficient data

k. /em® molecule™'s™! Temp./K Reference Comments
;b;élurc Rate Coeflicients
>3.0x107" 295 Robertshaw and

Smith, 1982° (a)
Reviews and Evaluations ’
3.5%10°" 200-300 CODATA, 1982* (b)
2.4x 10T /300)~ 2 200-300 NASA, 1982¢ (c}
2.4% 10~ (T /300) - 13 200-300 NASA, 1983° {c)
5.2x107" 200-300 Cobos and Troe, 1984'7 (d)

Comments

{a) Flash photolysis-laser induced fiuorescence study
with Ar pressures up to 4 atm and CF, pressures up to 8.6
atm.

(b) Extrapolation of falloff curves from pressures below
1 atm.

(c) Based on earlier RRKM model by Smith and Gold-
en, 1978.

{d) Evatuation of falloff curves® in terms of theory by
Troe, 1981,'” leading to temperature-independent k. over
range 200-550 K and k& o 7~ %* over range 900-1100 K.

Preferred Value

k, =52x107" cm® molecule™' s~ ' over range 200~
400 K.
Reliability

Alogk_ = 4 0.2 over range 200400 K.
Comments on Preferred Value

The new measurements by Robertshaw and Smith® al-
low for a more reliable extrapolation'®to k. than was possi-
ble earlier.
Intermediate Falloff Range

From the preferred values one derives [N,] = 2.0 X 10"°
molecule cm . The present preferred & value is consis-
tent with a F, value at 300 K. of 0.43 calculated® by the use

of simple bond fission falloff curves. Expressing F, in the
form F, = exp{ — T /T *) leads to 7* = 353 K. Larger F,
values obtained by Patrick and Golden® [F, {300 K) = 0.7]
were based on rigid RRKM type calculations omitting rota-
tional contributions.
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HO + HONG, -H0 + NG, {1}
——+H202 -+ Nez (2}

AF ()= —75kImol™!
AH(2)= — 7kImol™!

Rate coefficient data (k = &, + k)

Reference

k /em® molecule™ ' s~ . : Temp./K Comments
Absolute Rate Coefficients
(1.254+0.13)x 107" 298 Ravishankara, Eisele, and (a)
_ Wine, 1982
{5.7 + 1.7)X 10~ ** exp[(896 + 145)/T'] 228-268 Margitan and Watson, 19822 b}
{1.19 + 0.12}X 10712 298
{1.05 4 0.40)x 10~ ** exp{(759 + 100)/T'] 225-296 Kurylo, Cornett, and ic)
{1.38 + 0.20)x 10~ 256 Murphy, 1982°
(7.3 + 2)x 10~ '° exp{(867 + 85)/T] 251403 Jourdain, Poulet, and Cd)
(1.25 + 0.07)x 10" 296 LeBras, 1982°
(1.52 + 0.43)x 10~ * exp{(644 + 79)/T] 218-363 Marinelli and Johnston, (e}
(1.31 + 0.24)x 107! 298 1982°
(8.3 + 0.9)X 1013 exp[(850 + 40)/T] 240-370 Smith er al., 1984° . )
(1.36 + 0.04)x 10~ 295
(2.U 4 U.4)X 1U™ " expl[(430 + 60)/ T) 237-404 Connell and Howard, 1984” (g
(8.4 + 1.2)x 107" 301
Branching Ratio
ky/k =098+ 0.35 298 - Ravishankarz, Eisele, and (a}
1.17 + 0.34 251 Wine, 1982’
k,/k=1.03 £ 0.05 298 Jourdain, Poulet, and (d)
LeBras, 1982°
Reviews and Evaluations
1.5X 107 % exp{650/7) . 220-360 CODATA, 1982% (h)
9.4% 1013 exp(778/T) 220-300 NASA, 1982° i)
9.4%x 107" exp(778/T) 220-300 NASA, 1983 i)
Comments [HNO,] monitared hy resonance finorescence k was studied

{a) Pulsed laser photolysis of HNQ; at 248 nm. [NO,]
monitored by absorption at 662 nm; [HNGC,]/TOH] > 1000.
Value of & in table is tor 50 Torr Ar; £ was also measured at
60 Torr SF, and at 251 K. Data consistent with previous
study in same laboratory.’! Reaction stoichiometry deter-
mined by monitoring NO; produced and czlculation of ini-
tial [HO] produced by photolysis of HNQ;.

(b) Flash photolysis. First-order decay of [HO} in excess
[HNO,] monitored by resonance fluorescence. Authors did
not report any Arrhenius expression, due to observed depen-
dence of k upon both temperature and pressure. kX was re-
ported to increase by 10% from 20-100 Torr He at 298 K
and by 40% over same pressure range at 238 K. The Arrhen-
ius expression given in the table results from: least-squares fit
to the data reported for 7= 228-298 X at 40 Torr He. Sig-
nificant nonlinear Arrhenius behavior was observed above
298 K at each value of the toial pressure. k was also deter-
mined at 20 Torr He and at 100 Torr He. For the linear
portion of the Arrhenius plots (at and below 298 K) the fol-
lowing values of £ /R arederived: — 735 K {20 Torr He) and
— 1000 K (100 Torr He). Authors made linear extrapole-
tions to zero pressure and reported E /R value of — 700 K
for data at and below 298 K.

(c) Flash photolysis. First-order decay of [HO] in excess

J. Phys. Chem. Ref, Datg, Vol. 13, No. 4, 1684

from 225443 K and from 30-50 Torr Ar and SF,. k was
observed to exhibit significant nonlinear Arrhenius behavior
above 296 K and no dependence on total pressure.

{d) Discharge fliow—EPR detection of |[HOJ in excess
[HNO;]. Pressure ~ 1 Torr. k was reported to exhibit linear
Arrhenius behavior over entire temperature range; however,
a greater temperature dependence (E /R = — 1119K)is de-
rived using only data at and below 298 K. The NG; pro-
duced was measured indirectly by adding excess NO and
monitoring its removal by EPR. The ratio [NG;],cqucea”
[Ho]consumcé = 1.03 i 0.0s.

{e} Flash photolysis—resonance fluorescence detection
of [HO] in excess [HNG;]. Pressure of 10-50 Torr Ar. k was
reported to exhibit linear Arrhenius behavior over entire
temperature range, however a greater {emperature depen-
dence (E /R = — 697 K) is derived using only data at and
below 298 K.

{f) Flash photolysis-resonance fluorescence detection of
[HO] in excess [HNG;]. Pressure varied from 50-760 Torr
He with no observed effect on value of k. Linear Arrhenius
behavior was observed.

{g) Discharge flow-laser magnetic resonance detection
of [HO] in excess [HNO.].

(k) Based on resulis of Winc ¢r al."!

{i) Based on a leasi-squares fit to data reported by Wine
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etal.,' Ravishankara et al.,' Margitan and Watson,? Kurylo
et al.? Jourdain ef al.,* and Marinelli and Johnston® at and
below 300 K. )

Preferred Values

k = 1.3 10~ " cm® molecule™' s™' at 298 K.

k =9.4X10""° exp(778/T) cm® molecule ™' s~ over
range 220-300 K.

k,/k = 1.0 over range 220-300 K.
Reliability

Alogk= +0.1at298K.

4(E/R)= + 100K.
Comments on Preferred Values

The preferred Arrhenius expression is based on a least-
squares fit to the data at and below room temperature report-
ed by Wine er al.,'! Margitan and Watson? data at 40 Torr
He, Kurylo et al.,” Jourdain et al.,* Marinelli and Johnston,’
Smith et al.,* and Ravishankara ez al.,! but did not use the
data of Smith and Zelner,'? Margitan et al.,"> Nelson et al.,*
and Comnell and Howard.” The preferted  Anlicnius
expression was derived using only data from 220-300 K, due
to the deviation from linearity above 300 K noted in recent
studies. This nonlinear Arrhenius behavior can be rationa-
lized in terms of an addition channel (dominating at low
temperatures) and an abstraction channel (dominating at
high temperatures). The data of Margitan and Watson? ap-
peay to be in good agreement with data reported in the other
recent fiash photolysis studies’>>!! but differs from them
by exhibiting a small pressure dependence especially at low
temperature. Although the low-pressure discharge flow re-
sults of Jourdain ez al.* are in excellent agreement with re-
sults from the higher pressure flash photolysis studies below
300 K, this agreement does not preclude a small pressure
dependence as the magnitude of the effect at temperatures
greater than 250 K is small over the range 1 Torr (typical
discharge flow tube pressure) to 40 Torr (typical flash photo-
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lysis pressure). The study by Nelson ez al.'* is considered to
be superseded by the more comprehensive study in the same
laboratory.> However, the reason for the difference between
the results of Connell and Howard” and the preferred value
is unknown. The room-temperature value in that study is
consistent with earlier studies.!*"

It has been shown by Ravishankara ef al.,' by Jourdain
et al.,* and by Nelson et al.!* that within experimental error
the yield of NO, per HO removed is unity at 298 K. A similar
product distribution has been reported for 250 K.' There is
no evidence for production of H,0,.
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HO + HOzNOz—*HzO + 02 + NO, (1)
—H20; + NO; (2)

AH (1) = — 194 kI mol ™'
AH(2)= — 50kJ mol

Rate coefficient data (k = k, + k)

k /em® molecule ™" s~! Temp./K Reference Comments
Absolutc Ratc Cocfficients o

(5.9 &+ 0.4)x 1073 exp[(650 + 30)/ T} 240340 Smith ez al., 1984! (a)
(5.24 + 0.19)x 1072 295

Relative Rate Coefficients

(4.1 4+ 1.0)x 1072 295 Barnes ¢r al., 19812 {b)
Reviews and Evaluations

40x10~% 246-324 CODATA., 1982° (c)
1.3 10~ "2 exp(380/T) 240-340 NASA, 1982° (d)
1.3X 107 2 exp(300/T) 240-340 NASA, 1983° (d)

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984



1304

Comments

(a) Fiash photolysis—resonance fiuorescence detection
of HO in presence of excess [HO,NG,] at 760 Torr He.
HO,NQ, and impurity gas concentrations measured using
FTIR spectroscopy.

{b) Relative study at 1 Torr N, in 2 420 L reaction vessel
using FTIR spectroscopy. The following ratios were mea-
sured: k 7k {HG + C;H¢) = 0.268 + 0.026 and
k(HO + C;Hg)/k (HO + n-C,H,o) = 5.9 + 0.6.
k(HO + n-C,H,o)*° taken to be
cm’® molecule ™’ s 1.

{c) Based on Trevor e al.*°

{d) Based on Trevor et al.,'° Smith et a/.,' and Barnes ez

2.6 X107 12

al’?
Preferred Values
k =4.6X107"2 cm® molecule ™" s~ ' at 298 K.
k= 1.3X10""2 exp{380/7} cm® molecule ™' s™* over
range 240-340 K.
Reliability

Alogk= +02at298 K.

4(E/R)=ZIPK.
Comments on Preferred Values

The preferred Arrhenius expression is derived using an
unweighted least-squares fit to the data of Trevor et al.,'°
Smith er @l.,' and Barnes ef al.? Trevor e 2. in a low-
pressure (3- 15 Torr) lascr flash-photolysis resonance flu-
orescence study recommended a temperature invariant val-
ue over the temperature range 246-324 K but also reported

BAULCHET AL.

an Arrhenius expression with an E /R value of {193 4 194)
K. In contrast, Smith et al.’ report a negative temperature
dependence with an £ /R value of — (650 + 30) K. This dif-
ference may be due to the reaction being complex with differ-
ent temperature dependences at low pressure!® and at high
pressure.’ The error limits on the recommended E /R value
encompass the results of both studies. At 220 K, the values
deduced from the two studies differ by a factor of 3. Addi-
tional studies as a function of temperature and indentifica-
tion of reaction products are needed.
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HG: + NCG; + M—HOLNO, - M

AH = —97.7k] mol™!

Low-pressure rate coefficients
Rate coefficient data

-1

ko/cms”™ molecule ™' s Temp./K Reference Comments
Absolute Rate Coefficients
(2.3 2 0.6)x 1073(T 7300}~ *¢* '0[N,] 229-362 Sander and Peterson,

1984 (a)
(2.1 + 0.6} 10-34T 7300}~ *¢= 19[0]
Reviews and Evaluations
2.1% 10~ T /300)~5[N,] 200-300 CODATA, 19827 )
2.3% 107247 /300) ~ “¢[air] 200-300 NASA, 1982° (c)
2.3% 167 3T /300) - *4{air] 200-300 NASA, 19831 (c)

Commenis

{2} Flash photolysis—uv absorption study in the pressure
range 50-700 Torr. Extrapolation of failoff curves by the use
of the formalism by Troe, 1979.° Relative efficiencies of M,
N,: O,: He = 1.00: 0.92: 0.48. Strong enhancement of reac-
tion in presence of water vapor, suggested to be due to forma-
tion of HG,—H,Q compiexes.

(b) Based on data by Howard. 1977° and Graham,
Winer, and Pitts, 1978.7

J. Phys, Chem. Ret, Data, Vol. 13, No. 4. 1984

{c} Based on data by Sander and Peterson, 1984! and
Howard, 1977.¢

Preferred Values

ke=12.3x10 (77300} *"[N,] cm® molecule~! s’
over range 200-300 K.
ke=2.1>10 "7 23001 {0, cm® molecule ™! s™!

over range 200--300 K.
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Reliability

Alogky= +0.1at300K.

dn= + 1.
Comments on Preferred Values

New results in excellent agreement with earlier studies.
T and M dependences are well characterized. Pressure de-
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pendence in good agreement with the data on the reverse
reaction HO,NO, + M—HO, + NO, + M from Graham,
Winer, and Pitts, 1978.7 Combination of forward and re-
verse reaction data’ yields an equilibrium constant of
5.79 X 10728 exp(11280/7") cm® molecule™* s~ ! in reasona-
ble agreement with earlier data.

. High-pressure rate coefficient
Rate coefficient data

% /cm® molccuic~? 57!
«

Temp./K Reference Commenis

/;i)solute Rate Coefficients
(4.2 + 1.O)X 107 4T /3001022 ¢ 229-362 Sander and Peterson,

1984! (a)
Reviews and Evaluations
5x10-"12 200-300 CODATA, 19822 {a)
42x107 " 200-3C0 NASA, 1982° (a)
4.2x107" 200-300 NASA, 1983° (a)

Comments

(a} See comments for k.

Preferred Value

k, =4.2X107"4T /300)°% cm® molecule™' s~} over
range 200-300 K.
Reliability

Alogk, = +0.2at300K.

An= 4 1.
Comments on Preferred Value

See comments for k,; consistent extrapolation to k_
from several studies in good agreement.
Intermediate Falloff Range

Fit of falloff data to expressions from Ref. 4 leads to
F_. = 0.56 + 0.1 at 300 K in agreement with calculations by
Patrick and Golden.® The derived k_ value is based on

F, = 0.56. Representation in the form F, ~exp( — T /T*)
leads to T* = 517 K.
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O + CH;—HCHGC + H

AH = — 2854 k) mol™!

Rate coefficient data

k /em® molecule™ ' s~ !

Temp./K Reference Comments
Absolute Rate Coefficients
(1.14 2 0.29)» 100 295 Plumb aud Ryan, 1982° (a)
Reviews and Evaluations
1.4x 10710 200-300 NASA, 19622 {b}
1.3x10 *° 200-300 CODATA, 15827 {b}
1L.1x107%° 200-30C NASA, 1983* fc)

Comments

(a) Discharge-flow system with mass spectrometric
analysis of [O] and [CH,}; CH; generated from reaction

F + CH,—»HF + CH; and k determined from pseudo-first-
order decay of [CH,] under conditions such that [O]> [CH,].

{b) Based on data of Slagle, Pruss, and Gutman,” Wa-
shida and Bayes,® and Washida.”

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984
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(c) Weighted average of data of Washida and Bayes,”
Washida,” and Plumb and Ryan.'

Preferred Vaiue

k= 1.1x107"° cm® molecule™' s™! over range 200~
300 K.
Reliability

Alogk= +0.2at298K.

A(E/R)= +200K.
Comments on Preferred Value

Our previous recommendation® was based on the re-
suits of Slagle, Pruss, and Gutman,’ Washida and Bayes,®
and Washida.” All of these studies involved generating CH,
from the reaction G + C,H,. It has recently been shown,
however, that C,H,O is also a significant product of the
O + C,H, reaction.®"" It is not clear what effect this finding
may have on the rate coefficient of the O + CH, reaction and
consequently we have selected for the preferred value recent
data of Plumb and Ryan,’ which involves a more direct gen-
cration of CH; radicals.

BAULCH ET AL.
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G + CN—CO + N(2D) (1)
—CO + N(#S) (2

AH (1) = — 92 kJ mol™’
AH°(2) = — 322 kJ mol™!

Rate coefficient data

k /em® molecule™’

st Temp./K Reference Comments

Absolute Rate Coefficients

20x107" 298 Schacke, Schmatjko, and (a)
Wolfrum, 1973'

20+ 0.7)x10°Y ) 275-387 Albers et al., 19752 (b)

(1.6 + 0.5)x 10" 298 Schmatjko and Wolfrum, (c)
19777

(1.7+0.7)x 10~ " 298 Schmatjko and Wolfrum, (c)
1978*

Branching Ratios

ki/k =0.85+0.05 298 Schmatiko and Wolfrum, {c)
1977°

ki/k=0.8=0.1 298 Schmatjko and Wolfrum, (c}

: 1978%
Reviews and Evaluations
1.7x10~" 298 Baulch et al., 1981° (d)
Comments monitored by infrared absorption and [N} by vacuum ultra-

(a} Discharge-flash photolysis flow system. Decay of
[CN] monitored by kinetic absorption spectroscopy at 421
nm. No change in rate constant for CN vibrationally excited
uptov = 6.

(b) Flash photolysis flow reactor. First-order decay of
[CN] monitored by kinetic absorption spectroscopy at 388
nm.

{c) Fiash photolysis discharge fiow system. [CO(v)]

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

violet absorption.
{d) Recommended valuc is based on results of Albers ez
al.’ and other papers from sume laboratory.

Preferred Values

k=17%10 ""cm' molecule™ ¢ at 298 K.
ki/k=08at 208 K.



Relichilizy

dioghk= +C

4 \K,/l’ i= +Gla
Commnenits on Preferred Va

Preferred value accepts ihe value recommended in the
recent review of Baulch er al.” It is based on results near
room temperature by combined discharge fiow—fiash photo-
lysis techniques reported by Albers ef 217 and earlier results
from the same laboratory.” For details, see Baulch’s review.”
The branching ratio data of Schmatjko and Wolfrum® is ac-
cepted; it mdicaies that reaction channel (1} is by far the
more important pathway.
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4.4, Qrganic Compounds

O(*B) +

Ch[—%HG

—,\QG?} + CH@

AT T
B omd
S Vs

SHO - CH,  (3)

—HCHO + M, {&}

—.CH4OH (5}
AR {(I)= — 179 kI mol™
AR (2}= — 183 kImol™'
AH (3= — 220 kimol™"’
AH (4= — 472k} mal
AF(5)= — 564 kI mol™!

Ratie coefficient data (K = &k, + h, + &; — &, + k.
i /em® molecule " s} Temp./K Reference V Comments
Brancn ing Ratios
ky/k = <0.040 - 26§ Wine and Ravishankara, 1982° ta)
Reviews and Evaluations
ky=14%XIG7" 200-300 NASA, 19827 (b}
ky=14%107" 200-300
k=15%10"1' 200-30C CODATA, 19827 {b}
ki/kE=0S 200-300
feo/b=0.1 200-30C
kot =0 200-300
k; 'i LX O""\ 200-300 NASA, 16827 (b}
: 200-300
Commenie ki/k=09 k,/k=01;k,/k =0 over range 200-300

48 nm laser fiash photolysis of G.:—CH ,~He mix-
me-resolved measuremeni of C V’“* by resonarc

ot
o
5
I
{ﬂ
- n 3 2

fiuorescence detection.
(o) Basec on daiz of Davidscn e @ T AMIMoo el
al®
Breferred Values
51070 em® melecule™ o7 ever rangs 200
300 K.

K.
Reliabiliry
Alogi= 012t 298 K; 4k,/k =4k,/k= +0.1.
A(E/E= + 100 K.
Commenis on Preferred Values
The new data’ on this reaction are in exceilent agree-
ment with the previous recommendartior” which is unal-
tered. Czsavecchiz ef ¢l.” have carried out a molecular beam
study which indicates an alternative reaction channel yield-
ing CH.G {or CEH,OH)] + H. Further work is needed to con-
firm this observation.
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HO + CH;—H,0 + CH;

AR = —60.4kImol™!

Rate coefficient data

-1 =1

k /em® molecule™" s Temp./K Reference Comments

Absolute Rate Coefficients

(5.5 + 1.50)x 10~ exp[{ — 1970 + 100}/T] 278-473 Jeong and Kaufman, (a)

19821

(7.9 4+ 0.5)x 107 1% 297

{7.66 &+ 0.64)x 10773 298 Husain, Plane, and (v)
' Slater, 1982

Relative Rate Coefficients

(1.38 + 0.7) X 107 ' exp[{ — 2440 + 225)/7] 413-693 Bauich er al., 1983* . (c)

3.8%xi0™ " 298*

Reviews and Evaluations

3.2% 107197 %* exp( — 1060/T) 200-2000 Cohen and Westberg, 1983*

24X 107" exp( — 1710/T) 200-300 NASA, 1982* (d)

2.4X 107 P exp( — 1710/T) 200-300 CODATA, 1982° : {d)

24X 107 2 exp({ — 1710/T) NASA, 19837 {d)

200-300

Comments

(a} Discharge-flow system; HO generated from
H + NO, and {HOJ monitored by resonance fluorescence.

(b) Flash photolysis-resonance fluorescence study; HO
from H,0.

(¢} HO from steady-state photolysis of H,0 at 184.9 nm;
relative rate coefficients, k /k (HO 4 CO), obtained from
measurements of CO, yields as function of [CH,}/[CO];
based® on k (HO + CO)/cm® molecule ™ s—*

= LIX 107" exp(9.07 X 10™%)T; temperature coefficients
quoted above obtained from least-mean-squares analysis of
authors’ rate coefficients.

(d} Based on data of Davis, Fischer, and Schiff.?

Preferred Values

k =280X107" cm® molecule™! s~ at 298 K.

k=24X10""exp{ — 1710/T) cm® molecule~!s~!
over range 200-300 K.,
Reliability

Aloghk= +0.1at298K.

AE/R)= +200K.
Comments on Preferred Values

Recent experimental data'~* and z detailed evaluation®
of this reaction confirm that the Arrhenius plot for this reac-
tion is markedly curved over & wide range of temperature.
For the Jow-temnperature region (200-300 K our previous

J. Phys. Chem. Ref. Data, Vol. 13, Nc. 4, 1984

recommendation® based on the data of Davis er al.® still
stands. This is consistent with the new data’~® and with the
previous results of Greiner,'® Margitan et al.,"’ Zellner and
Steinert,’? and of Tully and Ravishankara.!?
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HO + C;H; + M—C,H,OH + M (1)
—CH,CO+H+M (2)
AR ()= — 126 kI mol .
AH(2)= — 109 kI mol "
Low-pressure rate coefficient
Rate coefficient data
ky/cm® molecule™' s~ Temp./K Reference Comments
Absolute Rate Coefficients
(3 + 1)x 107 39(T /30C) * *°[Ar] 297, 429 Perry and
Williamson, 1982’ (a}
{6 4 3)X 10~ 3°[He] 298 Hack et al., 19832 (b)
Reviews and Evaluations
3.5X 10727 /300)~ >* {air] 220-300

NASA, 1983 (]

Comments

(a) Flash photolysis of H,0-C,H, mixtures with Ar di-
luent (20-400 Torr). Flow system used to avoid accumula-
tion of products. Pressure dependence of k observed in
agreement with earlier work by Perry, Atkinson, and Pitts*
and Michael ez a/.> Evaluation of fallout curve with roughly
estimated £, = 0.5 leads to the k, expression given here. No
information on the nature of products obtained.

{b) Discharge flow system with ESR detection of HO
radicals, or mass spectrometric product identification. Pres-
sures around 2 Torr were used. By determination of the stoi-
chiometry 4 [HOJ/4 [C,H,] S 4 of the reaction under these
conditions, the rate coefficient k£ of the primary reaction
could be deduced. By the use of data from Ref. 1 and
F_, = 0.5, afalloff analysis of the measure k leads to the given
kq value. Identification of the primary products showed that
the adduct (15 + 5%} and CH,CO + H are the only pro-
ducts of the reaction at pressures around 2 Torr and at room
temperature. This is in agreement with earlier resnits by
Kanofsky er al., 1974° at lower pressures.

(c) Based on data from Refs. 1, 4, and 5, and a calcula-
tion in terms of unimolecular rate theory. Typical relative
efficiencies of N, versus Ar were used. This calculation ap-
parently neglects the increase of k, with temperature which

probably has to be attributed to a small barrier for complex
formation.

Preferred Values

ko = 2% 10™2%(T /300)~ 3 [N,]
over range 200-300 K.
Reliability

Alogky= +0.5at 298 K.

an= 4 2.
Comments on Preferred Value

The preferred absolute value is a compromise between
the NASA evaluation and the measurement of Ref. 2, as-
suming typical relative efficiencies of N, versus He. The
high-pressure parts of the falloff curves measured in Refs. 1,
4, and 5 can be well reasonably related to the preferred k&,
value and the low-pressure measurement of Ref. 2 if the cur-
vature of the k versus pressure plot is slightly modified. The
preferred temperature coefficient is derived from the sum of
the preferred temperature coefficient of k _ , accounting for a
small barrier for complex formation, and the NASA?3 tem-
perature coefficient of k,, apparently calculated neglecting
this barrier. The temperature coefficient from Ref. 1 is not
taken into consideration since these measurements require a
long extrapolation of the falloff curves towards low pres-
sures.

cm?® molecule—! g~!

High-pressure rate coefficients
Rate coefficient data

k. /cm® molecule™ ' 57! Temp./K

Reference

Comments

Absolute Rate Coefficienis
{6.91 + 0.90)x 10~ * 297 Perry and

Williamson, 1982° (a)
Reviews and Evaluations
6.5% 1072 exp{ — 650/7) 200410 CODATA, 19827 (b}
7.3x1071 298
8.0 10~ 3T /300) * 2© 200-300 NASA, 19833 (b}

J. Phys. Chem. Ref. Data, Vol. 13, Nc. 4, 1984



1310

Comments

(a) See comment (a) to k,. Given value for 400 Torr of Ar
in agreement with earlier value.* New value for 429 K at 400
Torr slightly lower than earlier value.? Falloff corrections at
429 K may be necessary.

(b) Based on data from Michael ez al.®

Preferred Value

k., =6.5X10" " exp( — 650/T) cm® molecule™! s’
over range 200-300 K.

k., =7.3X107" cm® molecule s~ at 298 K.
Reliability

Alogk_ = +03at298K.

A(E/R)= +350K.
Comments on Preferred Value

The new data from room temperature are consistent
with the previous preferred value. The temperature coeffi-
cient remains uncertain. There appear two possibilities? ei-
ther highly non-Arrhenius behavior as for HO 4+ CO or a
nearly straight Arrhenins plot Tt appears that, at 1 atm and

BAULCHET AL.

room temperature, the adduct C,H,OH is the main reaction
product (>95%), CH,CO + H being the decomposition
products of this adduct at low pressures when collisional
stabilization becomes too slow.
Intermediate Falloff Range

The preferred k,and & values are based on an estimat-
ed value of F, = 0.5.
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HO + C,Ha + M—C,H,OH + M )
—H2CO +~ CH; + M (2)

—CH;CHO +H+ M (3)

HC 4+ 02H4-——>H20 + C;H; (4)

AH(1)= — 123.4kJ mol~*
AH°(2)= — 54.1 kI mol~!
AH(3) = — 39.3 kJ mol~"
AH (4) = — 47.9 kJ mol™"

Low-pressure rate coefficients
Rate coefficient data

ky/cm® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
3.5% 10~ *°[He} 208 Farquharson and

Smith, 1980’ (a)
3.5X 10~ %[He] 298 Tully, 19832 {b)
5.5% 10~ [Ar] 296 Zellner and Lorenz,

1984° (c)
Relative Rate Coefficients
(9.5 7 22)x 10~ fair] 295 Klein ef al., 1984 (d)
(5.9 39)x 10~ *°[Ax] .
Branching Ratios
ky/kg=0.56 at [M]—0 295 Bartels, Hoyermann,

and Sievert, 1982°> (e)
ka/ko~0.44
ko/ky<0.03 at 2 Torr
Reviews and Evaluations
3.7x 107 24T /300) = > [air} 200-300 NASA, 1983 )]

Comments

(a) Discharge fiow-resonance fluorescence study at
0.4-0.7 Torr. Lindemann~Hinshelwood analysis of results

J. Phys. Chem. Ref. Data, Vol. 13, Nc. 4, 1984

Jeads 10 k&, = (3.1 +0.5)X 10~ ?°[He] cm® molecule™'s~1.
Higher value given here based on reevaluation with
1w 07,

(b} Laser flash photolysis of N,O-H,O mixtures for HO
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generation, laser induced resonance fiuorescence detection
of HO. Higher end of the falloff curve at 50-600 Torr mea-
sured. Combined with earlier data by Howard” and Ref. 1, a
consistent falloff curve for M = He can be derived. Tem-
perature range 291-591 K.

{c) Laser flash photolysis for generation of HO, reso-
nance fiuorescence for detection of HO; pressure range 3—
100 Torr, temperature range 296~524 K. Falloff extrapola-
tion using F, = 0.8.

(d) HO,NQ,—NO system used as source of HO radicals.
Reaction of HO with C,H, studied in 420 L glass reactor
relative to HO + n-hexane, where the latter reaction was
calibrated against absolute measurements of the reaction
HO + n-butane [k (295 K)=2.53x107" cm® mole-
cule™ ! s7']. Pressure range 1-760 Torr, falioff curve con-
structed with F, = 0.7.

{e) Discharge flow study at 0.1-2 Torr. Quantitative
product analysis by mass spectrometry using molecular
beam sampling. Measurements at 2 Torr give k;: k,: k5
k, = 0.21: 0.44: 0.35: 0.025. Assuming k,—0 for [M]—0,
the given ratios are estimated.

(f) Theoretical prediction of k.
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Preferred Values

ko =9.5%107%(T/300)~ *! [N,]cm® molecule ' s~!
over range 200-300 K.

k,/ky=~0.56.

ky/kg=~0.44.
Reliability

Alogky= +0.3at298 K.

An= +2.
Comments on Preferred Values

The new measurements,’™ together with older data,
give a consistent set of falloff curves as demonstrated in Refs.
3 and 4. The data of Klein et al.* show particularly little
scatter permitting the best extrapolation to 4. The tempera-
ture coefficient calculated in the NASA evaluation® is adopt-
ed here. Although rate coefficients at pressures above 10
Torr are relatively insensitive to k,, the quality of the data
now appears sufficiently good to allow for a reliable extrapo-
lation toward k,,.

Iligh-pressurc rate cocflicicnt
Rate coefficient data

-1

k. /cm® molecule™} s Temp./K Reference Comments
Absolute Rate Cgegéienls h
(8.47 - 0.24)x 107 12 291 Tully, 19832 (a)
(3.3 + 1.3)X 10~ exp[{320 + 150)/T] 296-524 Zellner and Lorenz, ]

1984° {b)
9.7x 10712 298
Relative Rate Coefiicients
(8.48 = 0.39)x 10~ ** 299 Atkinson et al., 19827 {cl
(8.5 0.6)x 107 " 295 Klein ez al., 1984° id)
Reviews and Evaluations
2.2 107 exp{d400/T) 250-500 CODATA, 1982° (e)
8.0x10712 298
8.8x 10712 200-300 NASA, 1983° if)

Comments

(a) See comment (b} for k,. Negative temperature coeffi-
cient of k. suggested. It does, however, appear more prob-
able to attribute this effect to falloff effects.

{b) See comment (c) for k,. Extrapolating to & at high
temperatures less certain because of increasing extent of fall-
off in the pressure range studied.

{c) Smog chamber study at atmospheric pressure; HO
generated from photolysis of CH;ONC in presence of air
containing NO; relative rate coefficients determined from
rate of disappearance of hydrocarbon reactants measured by
gas chromatography. k& /k(HO + cyclo-CH,,) = 1.12
+ 0.05 evaluated with k£ (HO + cyclo-CH,,} = 7.6 10712
cm® molecule ™! s~ at 299 X.

(d) See comment {d) for k.

" (e} Vaiue from several studies at 1 atm, minor falloff
correction neglected.

(f) Based on the same data as CODATA, 1982,% ac-
counting for falloff effects. Positive temperatures coefficient
of k, considered improbable because of high value of k _ at
298 K.

Preferred Values

k., =9x107"2 cm® molecule = s
300K.
Reliability v

Alogk_ = =+ 0.3 over range 200-300 K.
Comments on Preferred Value

There is good agreement between older and recent stud-
ies of the falloff curve. The preferred value is based on the
recent data,”” and the earlier evaluations.®® The tempera-
ture coefficient of k. remains uncertain because of extensive
falloff at temperatures above 300 K. None of the studies
provided a sufficiently broad pressure range to account satis-

—¥ over range 200-

J. Phys. Chem. Ref. Data, Vol. 13, Nc. 4, 1984
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factorily for these effects. Therefore, we follow the NASA
evaluation® in assuming temperature independence of & _, .
‘Intermediate Falloff Range

The falloff curves for N, at 300 K are consistent with
F. =0.7. Expressed by F, = exp{ — I'/T*) this leads to
T*=840K.
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More, M. J. Molina, R. T. Watson, D. M. Golden, R. F. Hampson, M. J.
Kurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 {1983).
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Kinet. 14, 507 {1982).

SCODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
3. Crutzen, R. . llampson, J. A. Kcrr, J. Troc, and R. T. Watson, J. Phys.
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HO + CHg—CoHs + H,O

AH® = —89.5kImol~!

Rate coefficient data

k /cm® molecule —* s~* Temp./K Reference Comments

Absolute Ratc Coefficients

(2.6 +0.4)x 10~ 298 Leu, 19797 a)

(2.31 + 0.40)% 10~ 295 Lee and Tang, 19822 (a)

1.43% 10714 7195 exp( — 911/T) 297-800 Tully. Ravishankara. {b)
and Carr, 1983°

(2.59 + 021)x 10713 297

Relative Rate Coefficients

(4.7 4+ 1.3)X 10~ expl{ — 1700 + 170)/T] 403-683 Baulch ef al., 1983* ©)

1.6x10°1 . 298*

Reviews and Evaluations ’

3.7x1077 T exp( — 570/7) 300-2000 Cohen and Westberg, 1983° (d)

1.9% 10~ exp( — 1260/T) 200-300 NASA, 1982° )

1.9 10 exp( — 1230/T) 290-500 CODATA, 19827 . ®

1.9% 10~ exp| — 1260/T) 200-300 NASA, 1983 @

Comments

(a) Discharge-flow system; HO from H + NO,; [HO]
monitored by resonance fluorescence under pseudo-first-or-
der conditions.

{b) Flash photolysis of Ar—H,0-C,H, mixtures; [HO]
monitored by resonance fluorescence under pseudo-first-or-
der conditions; static reaction vessel.

(c) HO from steady-state photolysis of H,O at 184.9 nm;
relative rate coefficients, k /k {HO + CO) obtained from
measurements of CC, vields as function of [C,H)/[COl and
from Bauich and Drysdale® k (HO + CO)/cm® molecule ™!
571 = 1.1X107 B exp[(9.0x 10~4 T}, temperature coclli-
cient quoted above obtained from least-mean-sguares analy-
sis of authors’ rate coefficients.

(d) Based on data of Greiner,'® Overend, Paraskevopou-
los, and Cvetanovic,'! Howard and Evenson,'? and Tully,
Ravishankars, and Carr.>

(¢) Based on data of Greiner.° :

(f) Based on data of Greiner,'” Overend, Paraskevopou-
los, and Cvetanovic,'! and Howard and Evenson. '?

(g) k at 298 K is average of data of Greiner, ® Overend,
Paraskevopoulos, and Cvetanovic,’! Howard and Even-
son,'? Lee and Tang,” and Tully, Ravishankara, and Carr’;
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temperature coeffcient from data of Greiner,'® and Tully,
Ravishankara, and Carr.?

Preferred Values

k=2.7x107" cm® molecule™' s~" at 298 K.

k=19x10""exp( — 1260/T) cm’ molecule™'s™'
over range 295-500 K.

Reliability
Alogk= +0.06at 298 K.
AE/R)= +250K.
Comments on Preferred Vulues .

Recent experimental data®™ and a detailed evaluation
of this reaction® have confirmed that the rate coefficients
display non-Arrhenius behavior over a wide range of tem-
peratures. We have revised our recommended rate coeffi-
cient at 298 K by taking the mean of the rate coefficients of
Greiner,'® Overend, Paraskevopoulos, and Cvetanovic,!!
Howard and Evenson,'” Leu,' Lee and Tang,? and Tully,
Ravishankara, and Carr.” For temperatures up to 500K, the
Arrhenius equation is adequate and the recommended tem-
perature coefficient was derived® from the data of Greiner, '©
and of Tully, Ravishankaru, and Carr.?
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.CHCHO +H+M  (2)
—HCO + CoHs + M (3)

—CH3;COCH; +H+M (4

_LCH,CHO + CH, + M (5)
HO -+ CzHeg—CsHs + H O {6)

AH(1)= — 135kI mol ™!
AH{2)= — 285%k) mol™"
AH (3)= — 60.2kImol *
AH°(4)= — 58.4 k] mol™'
AH°(5)= — 79.8 k} mol~’
AH°(6) = — 136.1 kJ mol™*

Low-pressure rate coefficients
Rate coefficient data (kg = k5 + &3 + k4 + Ks)

ko/cm® molecule™' s~ * Temp./K Reference Comments
Absolute Rate Coefficients
8X 107 2¥[Ar] 258 Zeliner and Lorenz,
19842 (a)
Relative Rate Coefficients
8X 107 *"[Ar1] 298 Klein er al., 1984° (b)
8 10~ *'[air}
Branching Ratios
ky/ky=1:4{+ 1.5} a1 0.2—1.8 Torr 298 Hoyermann and
Sievert, 1979" (e)

k./ks=1:3.5(+ 1.5)at 0.2—1.8 Torr
ke/ko<0.05 at 1.8 Torr

Comments

{a) Laser flash photolysis generation of HO, resonance
fluorescence detection of HO; pressure range 1-13¢ Torr.
Falloff behavior detected, evaluated with F, = 0.8.

{(b) HO,NC,—-NG system used as source of HG radicals.
Reaction studied in 420 L glass reactor relative to HG + -
hexane, with the latier reaction calibrated against absolute
measvrements  of  the  reaction  HO 4 n-butane
{k = 253X 167 cm® molecule " s 7 at 295 K). Pressure
range 1-760 Torr; failoff effects could be detected. Evalua-
tion with F, = 0.5 gives the present &, value.

{c) Identification of reaction mechanism and product
vields in a nozzie reactor in the absence of wall or secondary

reactions. Products detected by mass spectrometry. Pressure
range <0.2 to 1.8 Torr. At 1.8 Torr adduct formation (1}
leading to C;H,0H could be demonstrated.

Preferred Value

ko= 8§X1077(T/300) >°[N,]
over range 200-300 K.
Reliability

Alog kg = + 1 over range 200-300 K.

4n= +1.
Comments on Preferred Value

In the pressure range 1-760 Torr at 298 K. the reaction

cm’ molecule ™' s~

d. Phys. Chem. Ref. Datg, Vol. 13, Nc. 4, 1984
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is close to its high-pressure limit. The falioff extrapolation,
therefore, is very uncertain. We prefer the data from Klein ez
al.? which show little scatter. The temperature coefficient is
estimated by analogy with the calculations for HO + C,H,,

BAULCHET AL.

taken into account the larger molecular complexity. While
the uncertainty in k,, is fairly large, this has little relevance to
k values near 1 atm. Nevertheless, at higher temperatures
falloff effects become increasingly important.

High-pressure rate coefficients
Rate coefficient data (k. = k,)

k. /cm® molecule ™' s~} Temp./K Reference Comments
Absolute Rate Coefficients
1.7x 10~ at 1 Torr 298 Morris, Stedman,
and Niki, 19714 a)
© 1.45x 107" at 20 Torr 298 Stuhl, 1973° (b)
50% 107" at 3 Torr 298 Bradley ez al., 1973° ()
5.0x 10~ "2 at 1 Torr 300 Pastrana and Carr, 19757 {a)
4.1% 10~ "2 exp(540/T) at 100 Torr 297-425 Atkinson and Pitts,
: 1975 (e)
2.5% 107" at 100 Torr 298
(2.63 £ 0.12)x 107" at 200 Torr 298 Ravishankara et al.,
1978° i
(2.47 £ 0.25)X 10 '*at1atm 297 Nip and Paraskevopoulos, 1979 ig)
{1.9 4 0.3)x 10~ " at 3 Torr 298 Smith, 1983'2 i (h)
3.0+ 0.5)x 107" 298 Zellner and Lorenz,
19842 (i)
Relative Rate Coeflicients
(2.9 + 0.6)x 10~ " at 1 atm 305 Lioyd et al., 1976 )
(24 +0.3)x10" " at I atm 300 Cox, Derwent, and
Williams, 1980 k)
(1.5 +0.2)x 107" at 1 Torr 295 Barnes et al., 1981'° {1
{2.92 + 0.1)x 10~ " at 1 atm 297 Ohta, 1983 (m)
3.0+ 02)x 107" 295 Kiein et al., 1984° |n)

Comments

(a) Discharge flow system with mass spectrometric de-
tection. Carrier gas He at pressure of 1 Torr. Near the high-
pressure limit; results fit falloff curve in Ref. 3.

{b) HO radicals generated by vacuum uv photolysis of
H,0. Detection of HO by resonance fluorescence. Results in
disagreement with falloff curve in Ref. 3..

(c) Discharge flow system with ESR detection at about 3
Torr. Rate coefficient divided by measured stoichiometry of
3. Results in disagreement with falioff curve in Ref. 3.

(d) Discharge flow reactor, carrier gas Heat 1 Torr. HO
generated by reaction H + NO,—~HGO 4 NO, HO followed
by resonance absorption. Stoichiometry n determined. Giv-
en value for n X k. Results in disagreement with falloff curve
in Ref. 3.

{e) Flash photolysis~resonance fluorescence study in Ar
over pressure range 25-100 Torr. Negative temperature co-
efficient probably due to increasing falloff at higher tempera-
tures.

(f) Flash photolysis-resonance fluorescence study in He
at 20 and 200 Torr.

(g) Flash photolysis—resonance fiuorescence technigue.
HG formed from flash photolysis of N,O-H, mixturesin Ar.

(h) Discharge flow-resonance fiuorescence technique;
carrier gas He in the pressure range 0.9-3 Torr; temperature
range studied 255-458 K. No pressure dependence of k ob-
served from 0.9 to 3 Torr in contrast to a prediction based on
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ko, =4X10""[He] com’®molecule™'s™! and F, =0.6.
Hence it was concluded that the high-pressure limit is estab-
lished at 3 Torr. While this conclusion is not confirmed in

. the falloff study of Ref. 3, the given rate coefficient fits well

to the falloff curve for M = He from Ref. 3. The temperature
dependence of k=23x10"'"YT/300)"** cm>®mole-
cule™' s}, measured between 255-458 K at a pressure of 3
Torr was attributed to falloff effects at higher temperatures.

{i} As comment (a} of k,. Measurements in the pressure
range 1-100 Torr of the carrier gas Ar lead to an extrapolai-
ed high-pressure value as given in the table {extrapolation
with F. = 0.8). The measurements at 1 and 100 Torr as well
as the derived value of k. are in good agreement with the
falloff curve from Ref. 3. :

(3) Smog chamber experiments at 1 atm of air. Measure-
ments relativeto OH + n-butane, evaluated with k (OH + n-
butane) = 3X 1072 cm® molecule™ ' s~ .

(k} HO generated from steady-state photolysis of
HONQO in air in presence of NO, NO,, and organic sub-
stances. Analysis of organic species by pas chromatography.
Measurements evaluated relative to HO + C,H, for which
k(HO + C,H,}=8x10 " tm’ molecule™" s™! was used.

(1) Thermal source of Ht) radicals provided by decom-
position of peroxynitric scid and subsequent reaction
HO, + NO-NO, + HO. Siudes in a 420 L glass reaction
chamber in the presence of hydrocarbon species using FTIR
spectroscopy for analvsis. HO 4 C,H, measured relative to
HO + n-C,H,, 1w 1 Ton, & (HO + C,Hg)/k(HO + n-

¢
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CH,))=59+0.6 was determined. Evaluation with
k(HO + n-CH o) = 2.6 X 10™* cm® molecule ™! leads to
value given in the table.

{m) HO generated by steady-state photolysis of H,0, in
presence of a mixture of two reactants, 10 Torr of O,, and
750 Torr of N,. Analysis by gas chromatography. Rate coef-
ficient measured relative to HO + 1,3-butadiene, evaluation
based on k (OH + 1,3-butadiene) = 6.85x 107! cm® mole-
cule™'s™,

(n) As commeni (b} of k,. Measurements over pressure
range 1-760 Torr in Ar or air gives a very smooth falloff
curve allowing satisfactorily for extrapolation to k. k(1
atm)~0.95 k.

Preferred Vaiue

k. =3.0X10""" cm® molecule ' s~ over range 200
300 K.
Reliability

Alogk_, = + 0.1 over range 200-300 K.
Comments on Preferred Value

There is now excellent agreement for k  at 298 K. Ear-
lier discrepancies were in part due to the neglect of falloff
effects, in part owing to complex secondary mechanism at
low pressures. Studies of the temperature dependence of &,
so far have been limited to narrow pressure ranges such that
falloff effects could not satisfactorily be separated from pos-
sible temperature coefficients of k. At present there is no
evidence of major temperature coefficients of k. Therefore,
we assume a temperature-independent & .
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Intermediate Falloff Range

Although falloff effects in the range 1-760 Torr at 298
K are more sensitive to &, than to F, a theoretical calcula-
tion of F_ should be undertaken. The presently preferred &,
and k_ values, together with an estimated F_ value of
F_ = 0.5, lead to a satisfactory representation of the major-
ity of recent results in the falloff range. A representation
F, =exp(— T/T*) gives T* =433 K.
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HC 4 C3Hg-—HL,0 + n-CH; (1)
—H0 + /"C3H7 (2}

AH ()= — 82.3kImol™’
AH°(2)= — 100.7 kI mol™'

Rate coefficient data {(k = k; + &}

k /cm® molecule ™' s~ Temp./K " Reference Comments

Absolute Rate Coefficients

(1.20 = 0.2)% 10" expl{ — 680 + 40}/ T 296497 Greiner, 1967, 1970" )

(1.4 + 02)x 1072 298

(8.3 +0.2)x 107+ 208 Bradley et al., 19732 (b)

(1.98 4 0.08)x 10~ 12 129 Harker and Burton. 1975% {c)

(2.02 + 0.10)x< 107 295 Overend, Paraskevopoulos, (d)
and Cvetanovic, 1975*

(22 +0.1)x1071 381 Gordon and Mulac, 1975° {e)

(1.9 + 0.1)x 1072 416

1.59% 10~ 13T exp( — 428/7) 297-690 Tully, Ravishankara, and ]
Carr, 1684°

(1.05 + 0.04) 10~ 2 297

Relative Rate Coefficients

2.1x107% 298 Gorse and Velman, 19747 (g

1.9%x 10" 926 Hucknall, Booth, and (h)
Sampson, 1975*

(1.50 + 0.22)x 1072 300 Darnall, Atkinson, and i)
Pitts, 1978°

8.7% 10712 753 Baldwin and Walker, 1979'° (i)

{1.22 + 0.05)x 107 2 299 Atkinson ez al., 1982" k)

(4.3 & 1.2)X 10~ " explj — 1340 4 140)/T1 428-696 Baulch e al., 1983 )

45%x107 1 298*

Reviews and Evaluations

1.6 107 ' exp{ — 800/T) 200-300 NASA, 1982" {m)

7.0%107% T4 exp{590/T) 300-2000 Cohen and Westberg, 1983 (n)

1.6 107" exp( — 800/T) 200-300 NASA, 1983%5 {m)

Commenis k (HO — CO) = 1.5X 107" cm® molecule ™' s 7' at 298 K.

(a) Flash photolysis of H,0-Ar-C H; mixtures at a

pressure of 100 Torr; [HO] monitored by uv absorption spec-
troscopy using photographic detection.

(b} Discharge-flow system; HQG generated from
H 4 NO,; [HO] monitored by ESR detection; stoichiometry
obtained from mass spectrometric anajysis.

(c) Molecular modulation spectroscopic study; HO gen-
erated from O + C,Hg; [HO! monitored by uv absorption at
307-309 nm; reaction studied cver pressure range 100-300
Torr.

(d) Flash photolysis of H,0-H,—C,H, mixtures at 50
Torr pressure; [HO] monitored by uv absorption spectrosco-
py.

(e) Pulse radiolysis of H,O (1 atm) in presence of smail
quantities of C;Hg; [HO] monitored by uv absorption spec-
troscopy.

(f) Flash photolysis of Ar-H,0~C,H; mixtures; [HO]
monitored by resonance fluorescence under pscudo-first-or-
der conditions; flow system.

{g) Static system photolysis of H,O in presence of O,—
CO-C;H,; end-product anaiysis for CO,; k/
k(HO + CO)=14.3 and from CODATA evaluation'

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1684

{h) Static system; boric acid-coated vessel; HO from de-
composition of H,O,; relative rate coefficients determined
from consumption of hydrocarbons; k /k (HO + C,H)

= 2.2 at 926 K; based’® on & (HO + C,H,) = 8.66x 10712
em® molecule 71 s™ ! at 926 K.

(i) Smog chamber study; HO generated from photolysis
of NG,-RH-air mizture; relative rate coefficients deter-
mined from rate of disappearance of hydrocarbons (gas
chromatography}); k /k (HO + n-C H,,) = 0.58; based” on
k(HC + n-C,H,o) = 2.58x 107 ** cm® molecule™'s™! at
300 K. .

(i} Static system; small amounts of C,H, added to slowly
reacting mixtures of H, + O,; reaction rates following by
consumption of C;Hg (gas chromatography} and by pressure
change; relative rate coefiicient &k /(HO + C;Hg)/
k(HO & H,) = 9.9; based " on i (HO + H,) = 8.79x 107 1*
cm® molecule ™" s at 733 K

{k) Smog chamber study; HO generated frem photolysis
of CH;ONO-RH NO -air mixture: relative rate coefficients
determined from rate of disappearance of hydrocarbons (gas
chromatographyl: & 7k {HO -+ n-CHypj = 0.473 £+ 0.016;
based® on K(HO  #-C - 258X 1072 ¢m® mole-
cule™ s at A0 K
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(1) HO from steady-state photolysis of H,O at 184.9 nm;
relative rate coefficients, & /k (HO + CO) obtained from
measurements of CO, yields as function [C,Hg}/[CO];
based’” on k (HO + CO)/cm? molecule™*s~!
= 1.1X 107 % exp[(9.07 X 10~ #)T']; temperature coefficient
quoted above obtained from least-mean-squares analysis of
authors’ rate coefficients.

(m) ko is average of data of Greiner,' Bradiey ez al.,
Tully, Ravishankara, and Carr,? and Gorse and Volman’;
temperature coefficient from data of Greiner,’ and Tully,
Ravishankara, and Carr.?

(n) Based on data of Greiner® and of Baldwin and Walk-

er.'®

Preferred Vaiues

k =1.2X10""2 cm® molecule ™! s~ ' at 298 K.

k=1.6x10"""exp(—800/T) cm® molecule™
over range 290-500 K.
Reliability

Alogk= +0.3at298K.

AE/R)= +250K.
Comments on Preferred Values

The room-temperature rate constants for this reaction
arc not in particularly goud agreement, ranging from
0.83X 1072 to 2.2X 107" cm® molecule ™' s~*. The rec-
ommended rate coefficient at 298 K is the simple average of
the values determined by Greiner,’ Bradley ez al..> Tully,
Ravishankara, and Carr,® Darnall, Atkinson, and Pitts,® and
Atkinson et al."’ The temperature coefficient for tempera-
tures up to 500 K was derived” from a linear least-squares
analysis of the rate coefficients of Greiner,’ and of Tully,
Ravishankara, and Carr,® with adjustment of the 4 factor to
allow for the recommended rate coefficient at 298 K. The
Arrhenius plot is markedly curved over a wide range of tem-
perature.*’>'* The recommended room-temperature rate

i 1

5~
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coefficient is also in agreement with the value predicted from
the  equation k= {Nyim X6.5X107" + N, X 5.8
X107 4 N X2.1X 107 '2) cm® molecule™!s™! at 300
K, where N, , N, and NV, are the numbers of primary,
secondary, and tertiary C-H bonds in the alkane which react
with the HO radicals.®'°
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HO + HCN—products

Rate coefficient data

-l;;cm5 molecule™!s™! Temp./K Reference Comments
Absolute Rate Coefficients

1.6x 10" "1 7~ exp( — 1860/T) 298-563 Phillips, 197" {a)
1.0x 1071 298

See comment 373 Phillips, 19782 {b)
1.2X 16713 exp( — 400/7T’) . 296-433 Fritz e al., 1983% (¢}

(3 + 1)x 107 298

Reviews and Evaluations

1.2X 1071 exp| — 400/T) 200-300 NASA, 1983 (d)

Comments

{a} Discharge flow-resonance fiuorescence technique.
Total pressure of 10-15 Torr He or Ar with no observed
dependence of k on total pressure. Data analysis required
numerical integration of complex set of rate equations for
[OH] and [O].

(b) Discharge flow—resonance fluorescence technique.
Strong falloff in value of k observed for pressures below 15
Torr down to about 3 Torr He or Ar. Mechanism involving a
stabilized addition complex proposed. These experiments
followed those reported in Phillips 1979.}

{c) Flash photolysis-resonance absorption technique.
Total pressure varied over range 10-350 Torr N,. Significant
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pressure dependence observed. Expression given is for high-
pressure limit. Over the stated temperature range, a weak
temperature dependence is observed, but a much stronger
temperature dependence is observed at higher temperatures.

Preferred Values

k =3%107* cm® molecule ™' s7! at 298 K (1 atm).

k=12X10"" exp{ —400/T) cm® molecule™’ s~
over range 296433 K (1 atm).
Reliability

Aloghk= +05.

A(E/R)= + 300.
Comments on Preferred Values

The preferred value accepts with widened error limits
the recent results of Fritz er al." Significant dependence of
the rate coefficient on pressure was observed in this study,
and the values given refer to the high-pressure limit. The

authors conclude that the predominant pathway at low tem-
peratures consists of the formation of an HCNOH complex
by an addition process which is exothermic by at least 60
kJ mol . At higher temperatures (7> 500 K), a strong tem-
perature dependence is observed which is suggestive of a
change in mechanism. The earlier results of Phillips’* at low
pressures were not considered in the derivation of the pre-
ferred value.
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3B. Fritz, K. Lorenz, W. Steinert, and R. Zellner, Oxid. Comm. {to be
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AH® = — 110kJ mol™!

Rate coefficient
k /ecm?® molecule™' s~! Temp./K Reference Comments
Absolute Rate Coefficients
5.86X 101 exp[ — (755 + 125)/T1] 297424 Harris, Kleindienst, and {aj
{4.94 + 0.6)x 10~ 297 Pitts, 1981
6.28% 10713 exp( — 1030/T} 250-363 Kurylo and Knable, (b}
(1.94 + 0.37)% 10~ ¢ 298 19842
Reviews and Evaluations
4.5x 107 "3 exp{ — 750/T) 200-300 NASA, 1983 {c)

Comments

(a) Flash photolysis-resonance fluorescence technique.
First-order decay of [HO)] monitored. Total pressure of 50
Torr Ar.

(b) Flash photolysis-resonance fiuorescence technique.
First-order decay of [HO) monitored. Rate coefficient inde-
pendent of pressure over range 20-50 Torr Ar or 50 Torr
SF,.

(c} Based on result of Harris et al.’ and unpublished
room-temperature result of Zellner.

Preferred Values

k =3.4X107" cm® molecule " s~ ' at 298 K.
k=6.7X10"" exp(— 890/7) cm®molecule™!s™!

over range 250420 K.
Reliability
Aloghk= £+03

AE/R)= +300K.

J. Phys. Chem. Ref. Daia, Vol. 13, No. 4, 1984

Comments on Preferred Values

The results of Harris e al.! are approximately a factor
of 2 greater than those of Kurylo and Knable? over the com-
mon temperature range, and a least-squares fit to the indi-
vidual data points results in an unrealistically high tempera-
ture dependence. The preferred value of £ /R is the mean of
the two reported values'? and the A factor is derived from a
fit to the preferred value of & at 298 K, which is taken as the
mean of the room-temperature values reported in these stud- .
ies.
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HO 4+ COG—H + CO,
AH = — 104.0kFmol~!
Rate coefficient data
k /cm® molecule ™' s~’ Temp./K Reference Comments
;bsolme Rate Coefficients
(1.5 +0.6)x 10713 298 Dreier and Wolfrum, 1981° (a)
(1.46 4 0.12)x 10~ " 298 Husain, Plane, and Slater, (b)
19822
exp( — 30.03 4+ 1.22x1073T) 250-1040 Ravishankara and Thompson, {c)
1983°
(1.4 +0.12)x 101 298
6.14X 10" + 5.65x 10~ '%(P  /Torr) 298 Paraskevoponlos and Trwin, (d)
4.1+4+92X 10_4(PN: /Torr) 1984*
Relative Rate Coefficients
1.5X 107 3[1 4 0.4(P /atm]] 298 DeMore, 1984° {e)
2.49x1071 299 Niki et al., 1984° {f)
Reviews and Evaluations
1.35% 10731 + P /atm) 200--300 NASA, 19827 (e}
1.5% 107 (P < 100 Torr) 200-300 CODATA, 1982% (h)
1.5X 10731 + 0.6P /atm) 298 . NASA, 1983° (1)

Comments

(a) Discharge flow system: HO from H + NO,; rate co-
efficients determined from CO, yields with corrections for
HO loss by other reactions; above 4 is for a total pressure of 3
Torr; HO + CO(p)—H + CO, reaction also studied by gen-
erating CO(v) from reaction N,(v = 1) + CO—N, 4 CO(v).

{b) Flash photolysis-resonance fluorescence study us-
ing flow system; HO from photolysis of H,0-He mixtures;
total pressure ~ 1.2 Torr.

(c) Flash photolysis-resonance fluorescence using flow
system; HO from pulsed photolysis of H,O-Ar at 165 nm;
measurements at 100 Torr of Ar with varying CO pressures.

(d) Flash photolysis-resonance absorption system; HO
from photolysis of H,0 in presence of He, N,, CF,, and SF,
in pressure range 20-700 Torr; relative third body efficien-
cies estimated to be H,0:SF,:CF,:N,:He

= 1.0:0.5:0.3:0.1:0.02. Addition of small amounts of O,
caused HO decay to become nonexponential and slower, ex-
plained by reactions of HG, formed in the presence of O..

(€) Photolysis of H,O-Ar or He mixtures; steady-state

[HO] measured by laser resonance fluorescence values of & /
k(HO, + HO,)'* obtained. k calculated using % (HO,
+ HO.) values, corrected for pressure and [H,0] depen-
dence, which are in close agreement with CODATA recom-
mendations. '

{f) FTIR study of HO generated from photo-oxidation
of RONO in presence of 700 'Y orr air in a competitive systern
with *C %0 or 2C G and C,H,; rates measured from
decay of C,H, and formation of CO., k/
kHO+ C,H,)=35954+095 for *C'®C and k/
k (HO + C,H,) = 36.30 + 0.84 for '*C '*Q and based on
k(HC + C,H,) = 9xX107'? cm® molecule ™' s~ ' a1 298 K
(CODATA evaluation).

(g} Based on data of Overend and Paraskevopoulos,'”

Perry, Atkinson, and Pitts,'’ Biermann, Zetzsch, and
Stuhl,'? Cox, Derwent, and Holk,'* and Butler, Solomon,
and Snelson. !

(h) As for comment (g} along with data of Sie, Simonai-
tis, and Heicklen'® and Chan er al.'®

(i) Rate coefficient at zero pressure as for note (g) along
with data of Dreier and Wolfrum,' Husain, Plane, and
Slater,? and Ravishankara and Thompson.’

Preferred Values

For pressures <100 Torr, & = 1.5X 107" cm® mole-
cule™! s~ over range 200-300 K.

For pressures 100-760 Torr (air), k = 1.5x 1073
{1 + 0.45 (P /atm]] at 298 K.

Reliability '

4 log k = 4 0.05 for low-pressure value at 298 K.

4 log k = 4 0.1 for 760 Torr (air) value at 298 K.
Comments on Preferred Values

The recent measurements of Dreier and Wolfrum,' of
Husain, Plane, and Slater,” and of Ravishankara and
Thompson,® are in excelient agreement with our previous
recommendation® for this reaction in the low-pressure re-
gion.

The effect of pressure on the overall rate of oxidation of
CG to CO, by HO has been reinvestigated by Paraskevopou-
los and Irwin® and our preferred data for the pressure range
100-760 Torr are based on their measurements, which are in
good agreement with the results of DeMore.® In addition
these studies*>'” have confirmed that pressure effects on the
rate coefficient are observed in the absence of O,.

Dreier and Wolfrum' report data on the reaction
between HO and vibrationally excited CO; thus for vibra-
tional temperatures.of 1400 and 1800 K the rate coefficients
for the reaction HO + CGfy)—H + CO, at a total pressure
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of 3 Torr were found to be 1.4X 107" and 1.3%x 1073
cm® molecule ™! s 77, respectively. This indicates that vibra-
tional enhancement can be ruled out as an explanation of the
non-Arrhenius behavior of this reaction which has been con-
firmed from the recent study of Ravishankara and Thomp-
son® over a wide range of temperature. As before, however,
the temperature coefficient, for conditions relevant to atmo-
spheric modeling, can be considered to be zero.®
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HO; + HCHO—products

Rate coefficient data

k /em® molecule ™' s~ ! Temp./K

Reference Comments

Absolute Rate Coefficients

1.0x 107 298 Su ez al., 1979'; Su, Calvert,
and Shaw, 19797 {a)
7.5x 107 298 Veyret, Rayez, and Lesclaux, 1982° {b)
Reviews and Evaluations
45x10™ : 298 NASA, 1983° {c
Comments Reliability

(a) Photc-oxidation of HCHO-CI, mixtures in H,, O,,
and N, or in synthetic air {total pressure ~ 700 Torr) studied
by FTIR spectroscopy; transient species HOCH,O,H iden-
tified and ascribed to the mechanism; HO, + HCHO—
HO,CH,0—HOCH,0,, HO, + HOCH,0,—0,

-+ HOCH,O,H; k derived from computer modeling of com-
plex sysiem; for the reverse reaction, HO,CH,O
—HO, + HCHGQ, k = 1.5 5™ was estimated at 298 K.

{b) Flash photolysis of HCHO-O,-NO mixtures at to-
tal pressures of 62-230 Torr; kinetic analysis based solely on
+ d[NOQ,]/ds; k& derived from computer modcling of com-
plex system. »

{c) Average value of data of Su ez al.,"»? and Veyret et al.?
with large assigned error limits (4 log k = + 1.0).

Preferred Vaiue
k=45%X10"" cm® molecule™ " s~ ' at 298 K.

J. Phys, Chem. Ref. Data, Vol. 18, No. 4, 1964

Alogk= + 1.0.
Comments on Preferred Value

While the evidence for the occurrence of the HO, addi-
tion reaction to HCHO appears to be reliable, the rate coeffi-
cients derived from computer modeling studies of complex
systems are inconsistent. We have adopted the recommenda-
tion of the NASA Panel for the preferred rate coefficient at
room temperature, which is the average of the data of Su ez
al.,*? and Veyret et al.®
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CH; + 0, —»HCHO + HO
AH® = — 215k} mol™’
Rate coefficient data
k /cm® molecule ™ s™! Temp./K Reference Comments
Absolute Rate Coefficients
<3x 1071 295 Plumb and Ryan, 1982’ (a)
<1x1077€ 298 Selzer and Bayes, 19832 (®)
Reviews and Evaluations
<1x107% : 298 NASA, 1982° ©
<5%10°7 298 CODATA, 1982 (d)
«3x1n 298 NASA, 19835 (¢}
Comments Comments on Preferred Value

(a) Discharge-fiow system with mass spectrometric
analysis of [CH.; CH,; generated from reaction
F + CH,—HF + CHj;; upper limit & based on the absence
of HCHO, within the limits of detectability, in the products
of CH, + O, reaction.

(b} Laser fiash photolysis; [CH,} monitored by pho-
toionization mass spectrometry; total pressure varied
between 0.5 and 6 Torr; virtual absence of reaction
CH; + O,—HCHO + HO, was inferred from the plot of k
(CH; + O, + M—CH.0, + M) as function of pressure,
which passed through the origin.

{c) Based on data of Baldwin and Golden’ and Klais ez
al®

. {d) Based on data of Baldwin and Golden’ and Klais ez
al.

{e) As for comment (d) together with data of Plumb and
Ryan? and Selzer and Bayes.?

Preferred Value
k<53X107Y cm® molecule ™! s~ ! at 298 K.

The recent studies of Plumb and Ryan’ and of Selzer
and Bayes” confirm that this is a very slow reaction and they
are in agreement with our previous recommendation which
is unaltcred.
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CH; + O, + M—-—)CH302 +M

AH® = — 129.6 kJ mol~!

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule ™' s~ Temp./K Reference Comments
Absolute Rate Coefficients -
(3.4 + 1.1)x 10~3'[He] 295 Plumb and Ryan, 1982’ (a)

4.5 X 107N, ] 296 Selzer and Bayes, 19837 (o)
Reviews and Evaluations

2.6 X 107*(T /300:3[N,] 260-34C CODATA, 19827 {c)

2.2X 10734 T /300)~ 2 [air} 200-300 NASA, 1982° fc)

6.0 10~ T /300, 3[air] 200-306 NASA, 1983° (d}

Comments

(a} Flow reactor with mass spectrometric sampling. He
bath gas concentrations of (2.5-25)% 10'® molecuie cm’.

Falloff curve constructed with F, = 0.51 collision efficien-
cies B, = 0.3,and k. = 2X 107 cm® molecule ™! s~ .

{b} Laser flash photolysis of nitromethane with pho-
toionization mass spectrometer detection of CH. Pressures
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in the range 0.5-6 Torr. Lower end of falloff curve observed
with no sign of two-body reaction CH; + Q,—CH,O
<+ OH. A falloff extrapolation should be applied. Relative
efficiencies of M, N,: Ar: He = 1.00: 0.91: 0.58.

(c) Based on earlier data by Basco, James, and James®,
Parkes,’ and Washida and Bayes,® which were obtained at
higher pressures and with Lindemann—Hinshelwood falloff
extrapolations. This procedure underestimates the limiting
rate coefficients.

(d) Based on data from Refs. 1 and 2.

BAULCHET AL.

Preferred Vaiue

ko =6X10"34T/300)"%[N,]  cm® molecule™!s~!
over range 200-300 K.
Reliability

Adlogky= +0.3at298 K.

An= + 1.
Comments on Preferred Values

The higher preferred value of this evaluation is based on
the recent low-pressure data.'> A full falloff curve can now
be constructed with the confirmed &, value.

High-pressure rate coefficient
Rate coefficient data

k. /em® molecule™'s™! Temp./K Reference Comments
Absolute Rate Coefficients
(1.8 +0.4)x107"2 298 Hippler, Ravishankara,
. and Troe, 1984° (a)
Reviews and Evaluations
2x10™12 200-400 CODATA, 1982° (b)
2% 107 3T /300)~ 7 200-300 NASA, 1982*
2X 10~ 4T /300)~ 7 200-300 NASA, 1983° (c)

Commenis

(a) Laser flash photolysis study using azomethane as
CH; source and following CH; by uv absorption. Bath gases
N, Ar, and O, varied between 0.1 and 160 atm. Nearly pres-
sure-independent k& at pressures above 10 atm.

(b) Based on earlier data at pressures below 1 atm by
Van den Bergh and Callear,'® Basco, James, and James,®
Parkes,” Hochanadel ez al.,'! and Laufer and Bass.??

(c) As (b), temperature coefficient estimated.

Preferred Value

k. = 1.8X 107 cm® molecule™' s over range 200—
300 K.
Reliability

Alogk, = + 0.3 over range 200-300 K.
Comments on Preferred Value

The new data up to 160 atm are in good agreement with
the earlier extrapolated value. In contrast to the NASA eva-
luaticn® we estimate negligible temperature coefficient of
k.
Intermediate Falloff Range

The estimated value of F, — 0.51 from Plumb and
Ryan' is consistent with the measured falloff curve. Ex-

4. Phiys. Chem. Ref. Data, Vol. 13, No. 4, 1684

pressed by F, = exp( — T /T *) this leads to T* = 446 K.
From the preferred k, and k_ values one derives
[N,]c = 3x 10" molecule cm 3.
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CH; 4 G;—products
Rate coefficient data
k /em® molecule™'s™! Temp./K Reference Comments
Absolute Rate Coefficients
(5.4 + 1.5)X 107 "% exp[ — (216 + 8U)/ 7| 243-384 Ogryzlo, Paltenghi, and {a)
Bayes, 1981*
{2.61 +0.23)x 10~ %2 298
Relative Rate Coefficients A
2,610 12 221 Simonaitis and Heicklen, {b)
1975°
4.8x10-" 298
561013 298 Washida, Akbnoto, and {c}
Okuda, 1980°
Reviews and Evaluations
5.4 10~ 2 exp( — 220/T) 200-300 NASA, 1983* )
Comments Reliability

(a} Flash photolysis of CH,NO, at 193 nm in flow sys-
tem with the carrier gas at ~2 Torr; [CH,] monitored by
photoionization mass spectrometry under pseudo-first-or
der conditions; no analysis of products.

(b} Steady-state photolysis of O; in presence of CH,-O,
mixtures at tota] pressures of ~760 Torr; kinetic analysis of
quantum yield measurements for the disappearance of O,
yielded & /k [CH; + O,( + M)}>CH,0,( + M)] = 1.07 at
221 K and 2.17 at 298 K; k [CH; + O, + M}—CH,0,
(+M)] =2.2x10"2cm® molecule™ 7 s~ (CODATA eva-
luation).

{c) Fast-flow system; CH; generated from O + C,H,;
observed effect of O, on steady-state [CH,] (photoionization
mass  spectrometry)  yielded  k/k [CH, + O(P)]

=51X107% k[CH;+ OFP)]=1.1X10"" cm®mole-
cule™' s~ (CODATA evaluation).

{d) Based on data of Ogryzlo, Paltenghi, and Bayes.’

Preferred Vaiues

k=2.6X10""2 cm® molecule™ s~ at 208 K.
k=54X10""" exp(— 220/T) cm® molecule™!s™!
over the range 240400 K.

Alogk= +03at298 K.

AE/R)= +200K.
Comments on Preferred Values

The preferred values are taken from the direct measure-
ments of Ogryzlo, Paltenghi, and Bayes.! The relative rate
coefficients of Simonaitis’and Heicklen? and of Washida,
Akimoto, and Okuda,” are discounted since they are derived
from complex systems. In the case of the system of Washida
et al.,’ the generation of CH, radicals from the reaction
O + C,H, is now known to introduce complications.>®

The products of this reaction have yet to be established;
on the basis of thermochemistry, several channels seem pos-
sible, e.g., (i) CH;0 + O, and (ii) HCHO + H + O,.
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°R. J. Buss, R. J. Baseman, G. He, and Y. T. Lee, J. Photochem. 17, 389
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CN+0,-»NCO+0 (1)
—CO0+NO (2)

AH*(1)= — 26 kI mol~*
AH(2) = — 455k] mol™!

Rate coefficient data (k = &, + &,)

k /cm® molecule™' s~ ! Temp./K Reference Comments

Absolute Rate Coefficients

7.6X10712 298 Basco, 1965° (a)

1.0x 107" 298 Schacke, Schmatjko, and (b)
Wolfrum, 1973°

5.3x 107 eap[ — (500 & 170)/7] 275-398 Albers e al.. 19757 ()

1.0x 107" 298

(20+0.)x 107" 298 Li, Sayah, and Jackson {d)
1984*

Branching Ratios

ko/k = 0.06 & 0.02 298 Schmatjko and Wolfrum, (e)
1978°

Reviews and Evaluations

4.0Xx 107" exp( — 450/T) 290-400 Baulch ez al., 1981¢ 0

Comments Reliability

{a) Flash photolysis. Decay of [CN] in excess O, moni-
tored by kinetic absorption spectroscopy at 388 nm.

{b) Flash photolysis flow reactor. Decay of [CN] moni-
tored by kinetic absorption spectroscopy at 421 nm. Rate
constant shown to decrease monotonically with increasing
vibrational excitation of CN.

{c} Flash photolysis flow reactor. First-order decay of
[CN] monitored by kinetic absorption spectroscopy at 388
nm; [NCO]J monitored at 398 nm.

" (d) Pulsed laser photolysis of C,N, at 193 nm. First-
order decay of [CN] monitored by laser induced fluores-
cence from individual rovovibronic level. Slightly higher
rate constant reported for CN in v = 1 level.

(e) Product CO vibrationally excited up to » = 4 mea-
sured by resonance absorption spectroscopy.

{f) Recommended value is based on results of Albers et
al.’ and other flash photolysis results at room temperature.
Preferred Values

k=15X10""" cm® molecule™"' s~ ' at 298 K.

=7.0x 10" " exp( — 450/T) cm® molecule ! s™!
over range 290400 K.
k,/k —0.94at 208 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Alogk= +03at298 K.

A(E/R)= +450K.

Ak,/k)= +0.02.
Comments on Preferred Vaiues

The preferred value averages the recent room-tempera-
ture value of Li et al.* with the value recommended in the
review of Baulch et al.® The latter is based on fiash photolysis
results at room temperature from Basco’ and Schacke et al.”
and the temperature-dependent results of Albers et al.> The
branching ratio data of Schmatjko and Wolfrum?® is accept-
ed; it indicates that reaction channel (1) is the predominant
pathway.
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HCG + 0,—CQO 4+ HG,
AH = —137.5kImol™’
Rate coefficient data

k /cm® molecule ™! s7? i Temp./K Reference Comments
Absolute Rate Coefficients
(4.0 + 0.8)x 10~ 298 Reilly et al., 1978 {a)
44 1)x10™" 298 Nadtochenko, Sarkisov, and

Vedeenev, 1979% {b)
(4.2 +0.7)x 1072 298 Gill, Johnson, and Atkinson,

1981° ()
55X 1071 7o 04=03 268-503 Veyret and Lesclaux, 1981% (d)
(5.6 4+ 0.6)x 107 ¢ 298
Reviews and Evaluations
3.5% 10~ 12 exp(140/T) 200-300 NASA, 1982° e)
5.1x107"2 298 CODATA, 1982° )
3.5 107" exp(140/T) 200-300 "NASA, 1983 te)

Commenis

(a) Laser fiash photolysis of CH,CHO; [HCO] moni-
tored by time-resolved intracavity dye laser detection.

{b) Flash photolysis of CH,CHO and HCHO; [HCO]
monitored by time-resolved intracavity dye laser detection.

(c) Flash photolysis of CH,CHO; [HCO] monitored by
time-resolved intracavity dye laser detection.

(d) Flash photolysis; HCO generated from photolysis of
HCHO and CH CHO; [HCO] monitored by laser absorption
under pseudo-first-order conditions.

{e) Average data of Washida, Martinez, and Bayes,’
Shibuya er al.,” Veyret and Lesciaux,” and Langford and
Moore.!! :

{f) Average data of Washida, Martinez, and Bayes,? Shi-
buya et al.,” and Clark, Moore, and Reilly.'°

Preferred Values

k =5.6X10"" cm® molecule ™' s~ at 298 K.

k =3.5% 107" exp(140/T) cm> molecule ' s~ over
range 300-500 K.
Reliability

Allogk)= +0.2at298 K.

AE/R)= +150K.
Comments on Preferred Values

Therecommended rate constant at 298 K is the average
of the results of Washida, Martinez, and Bayes,® Shibuya et
al.® and Veyret and Lesclaux. The recommended tempera-
ture dependence is essentially that measured by Veyret and
Lesclaux.® These recommendations discount the measure-

ments of the rate coefficient based on the intercavity dye
laser technique (Reilly et al.,' Nadtochenko, Sarkisov, and
Vedeenev,” and Gill, Johnson, and Atkinson®). As pointed
out in the NASA evaluation,’” the consistently lower valucs
of k derived by this technique could arise in several ways: (a)
the relationship between [HCO] and laser attenuation might
not be linear; (b} there could have been depletion of O, in the
static systems used*; (c) the experiments were primarily de-
signed for photochemical rather than kinetic studies.
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CH30 + NO,—HCHO + HNO,
CH;0 + NO2( + M)—CH;ONO( + M)

(1)
(2
AH(1)= —235.9k] mol™’

AH (2)= — 167.5%] mol !
Rate coefficient data (k = k, 4 &)

k /ecm® molecule~'s™! Temp./K Reference Comments

Relative Rate Coefficients

ky,=1.1x107" 363 Phillips and Shaw, 1965' (a)

k,=74x10"" 403 Baker and Shaw, 1965° {b)
- ky=15%x10"" 298 Wiebe et al., 1973° [c)

ky={1.0+ 0.5)x 1071} 392420 Batt and Rattray, 1979* {d)

Branching Ratios

ki/ky=0.1 403 Baker and Shaw, 1965° {b)

ki/ky = 0.40 303 Chao and Jatte, 1972° ()

ki/k=0.1+0.01 298 Wiebe et al., 19733 : {c}

ky/k=09+0.1 298

k,/ky = 0-0.5 384424 Batt and Rattray, 1974* {d)

Reviews and Evaluations

k,=33x107% 300 Demerjian, Kerr, and Calvert 1]

1974¢
Ky/ky=0.1 300

Comments

(a) Thermat reaction in static vessel between CH;CHO
and NO-NO, mixtures in presence of MeC, at a total pres-
sure of 50-250 Torr; relative rate coefficients based on analy-
sis of CH;ONO and CH,ONO, by gas chromatography;
k{(CH;0 + NO—~CH,ONO}/k, = 1.8 at 363 K;
k (CH;0 + NO—CH,ONO) =2Xx 10~ cm® mole-
cule™ ! s~ over range 200-400 K {CODATA evaluation).

{b} Static reaction vessel; CH,O generated from thermal
decomposition of CH;OO0CH, in presence of NO-NO, mix-
tures; at total pressure of 83-140 Torr; same approach as
comment (a); & (CH;0 + NO—CH,ONQ)/k, = 2.7 at 403
K; k(CH;0 + NO—CH,ONO)=2X10""" cm> mole-
cule™ ! s~ over range 200400 K (CODATA evaluation).

{c) Steady-state photolysis of CH;ONO in presence of
NO-0, and NO-NO,~N; mixtures at 8-350 Torr; relative
rate  coefficients derived from ¢ CH,ONO,;
k(CH,O + NOY/k, =13 at 298 K; k{CH,0+ NO
—CH,;ONO) = 2x 107" cm® molecule~! s’ over range
200400 K (CODATA evaluation).

(d) Static rcaction vesscl; CH3;0 from pyrolysis of
CH;00CH; in presence of NO-NQO,-CF, at total pressure
of ~513 Torr; relative rate coefficients determined from
end-product analysis of CH;ONO and CH,ONO, {gas chro-
matography); k (CH;0 + NO—CH,ONO/k, = 2.03

+ 047 over range 392-420 K; k(CH;0+ NO

~—>CH,0NO) =2X 107" cm® molecule™* s’ over range
200 400 K (CODATA cvaluation). k,/k,, dctermined from
pyrolysis of CH;O0CH, in presence of NO, and N,, and
shown to be pressure dependent.

{e) Static reaction vessel; thermal reaction between NQ,
and C,H, in presence of N, at total pressureof 1 atm; relative

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

rate coefficient based on rate of disappearance of NO, (spec-
trophotometry) and end-product analysis (gas chromato-
graphy) but no details of calculation given.

{f) The value of k, was selected to give the ratio
k (CH;0 + O,—HCHO + HO,)/k, consistent with yields
of CH,ONO, found in smog chamber experiments.

Preferred Values

k, =1.2x10""" cm® molecule ~' s~ over range 298-
400 K.
Reliability

Adlogk= +03at298 K.

A(E/R)= +200K.
Comments on Preferred Values

The preferred value of &, is the simple average of the
data of Phillips and Shaw,' Wiebe et al.,® and Batt and Rat-
tray,* with an assumed zero temperature coefficient. Direct
measurements of this rate coefficient would be desirable.
Batt and Rattray* have shown that the branching ratio k,/k,
is pressurc dependent but does not cxcced the value of 0.05
within the temperature range 380425 K.
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AR = —112.8 kI mol™!

' Rate coefficient data
k /em® molecule™! s™! _:J:C];lp./K Reference Comments
Abs;lute Rate Coefficients
<2x107% 298 Sanders et al., 1980’ {a)
1.05% 10~ 13 exp( — 1310/T) 413-628 Gutman, Sanders, and Butler, 19822 {b)
1.3x1071 208*
Reviews and Evaluations
1.2x 10" "2 exp( — 1350/T) 200-300 NASA, 1982% (c)
1.3% 107 '3 exp( — 1350/7T) 298-450 CODATA, 1982¢ (d)
1.2X 1072 exp|{ — 1350/T) 200-300 NASA, 1983° (c)

Comments

{a) CH;0 generated from puised 266 nm photolysis of

CH;ONO and [CH,;O] measured by laser induced fivores-
cence; k measured directly under pseudo-first-order condi-
tions. Arrhenius parameters calculated from k over range
413-628 K and k at 298 K from study of Cox et al.®

(b} Same experiment procedure as note (a) but with a
heated reaction vessel.

(c) Based on data of Gutman, Sanders, and Butler.?

(d) Based on data of Cox er al.®

Preferred Values

k=1.3X10"" cm® molecule~' s~ ' at 298 K.
k=1.1x10""exp(— 1310/7} cm® molecule™}s~!
over range 298-630 K.
Reliability
dlogk= +0.7at298 K.
A(E/R)= *1%%
Comments on Preferred Values
The two recent direct studies 2 of this reaction are con-

sistent and in good agreement with previous indirect data®®
at 400 K. The recommended Arrhenius. parameters are
those reported by Gutman ¢t 2l.2
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CH;0; + NO—CH;0 + NO,

AH = —59kJI mol™!?

Rate coefficient data

Reference

k /cm® molecule™ ¥ s~! Temp./K Comments

Absolute Rate Coefficients

(2.1 &+ 1)X 10~ " exp[(380 + 250)/T] 218-365 Simonaitis and Heickien, (a)
1981"'

(7.7 +£ 0.9)x 102 296

(8.6 +2.0)x 10712 295 Plumb ez al., 1981° (b)

Reviews and Evaluations

4.2X 1072 exp{180/T) 200-300 NASA, 1982° (c)

7.4% 1071 206-300 CODATA, 1982° |d)

4.2%107 2 exp(1806/T) 200-300 NASA, 1983° (c}
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Comments

(a) Direct study of CH;0, radicals produced from fiash
photolysis of Cl, in presence of CH, and O,; [CH;0,] moni-
tored by ultraviolet absorption at 270 nm; k independent of
pressure within range 70-600 Torr.

(b) Discharge-flow system; CH,0, generated from
Cl + CH,/0, reactions and monitored by mass spectrom-
etry.

(c) Average value of the data of Cox and Tyndali,® Sand-
er and Watson,® Ravishankara er ¢/.,” Simonaitis and Heick-
len,’ and Plumb et a/.?

(d) Average value of data of Sander and Watson,® Ravi-
shankara et al.,” Plumb et al.,’ and Cox and Tyndall.?

Preferred Values

k =7.6Xx 10~ 2 cm® molecule ™’ s~ at 268 K.

k =4.2x10"'? exp(180/T) cm® molecule ™' s~ over
range 240-360 XK.
Reliability

Aloghk— 1+ 0.1at298 K.

A(E/R)= + 180K.
Comments on Preferred Values

The recent data of Simonaitis and Heicklen' and of
Plumb et al.? are in good agreement with our previous eval-
uation.* The recommended rate coefficient at 298 K is the
average of the data of Sander and Watson,® Ravishankara ez
al.,” Cox and Tyndall,® Plumb ¢z @/.,2 and Simonaitis and
Heicklen.! We have recommended the slight negative tem-

BAULCH ET AL.

perature dependence of the rate coefficient, obtained® by a
least-squares analysis of the results of Ravishankara ez al.”
and by Simonaitis and Heicklen." Ravishankara ez al.” have
shown that the reaction channel leading to NO, accounts for
at least 80% of the reaction. This result along with the indi-
rect evidence of Pate et al.'® confirms that NO, is the major,
if not the only, reaction pathway.
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CH;0; + CH30,—>CH;OH +HCHO + O, (1)

—2CH;0 + O, (2)
—CH2,00CH; + O; (3)
AH(1)= — 341 kI mol~’
AH(2) = — 3 %I mol™’
AH(3)= — 158 kJ mol ™’

Rate coefficient data (k = k, + k, + k)

k /cm® molecule ~* s~ Temp./K Reference Comments
Branching Ratios

ky/ky, =187 297 Niki ez al., 1981 a)
ky/ky377

Reviews and Evaluations

1.6 107 *° exp{220/1"} 200-300 NASA, 19827 )}
37x107" 298 CODATA, 1982° {c)
1.6 1072 exp(220/ T} 200-300 NASA, 1983 (b)

Comments

{a) FTIR study of the
CH;N = NCH; and Cl-initiated oxidation of CH, at 700
Torr; direct monitoring of products CH,OH, HCHO, and
CH,O0,H; the ratio &,/k; is based on an upper limit for the
detection of CH,OOCH,,
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photo-oxidation of

{b) k at 298 K 1s average of data reported by Hochanadel
et al.,” Parkes.” Anastasi, Smith, and Parkes,” Kan ef al.,®
Sanhueza. Simonaitis, and Heicklen,® and Sander and Wat-
son'™; the temperature coefficient is that measured by Sand-
er and Watson. "

(¢} Recommended & was obtained from data of Kan and
Calvert.t! Sanhucza, Simonaitis, and Heicklen,” Kanez al.,®
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Cox and Tyndall,'? Sander and Watson,'*'* Adachi, Basco,
and James,'* Hochanadel ef al.,”> and Parkes.® '

Preferred Values

k =3.7x10"" cm® molecule ™' s~ at 298 K.
ky/k =0.35; k;/k<0.08 at 298 K.

Reliability
Alogk= +03at298K
Ak,/k = +0.15.

Aky/k = +0.075.
Comments on Preferred Values

There have been no further reports either of the total
rate coefficient for this reaction or of the temperature coeffi-
cient and our previous evaluation still stands.

The FTIR studies of Niki er al.,' concerning the
branching ratios, are in reasonable agreement with the pre-
vious findings of Kan, Calvert, and Shaw,'® and of Parkes.'®
The recommended branching ratios are based on the data of
Niki ez al.,’ Kan, Calvert, and Shaw,'* and Parkes. ¢
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C2Hs + 0,—C;H,; + HO,

AH = —449%kJI mol™!

Rate coefficient data

k /cm® molecule ™' s~! Temp./K Reference Comments
Absolute Rate Coefficients o
{2.1 +£0.5)x 10713 295 Plumb and Ryan, 1981’ [2)
Relative Rate Coefficients
2.5x 10712 896 Sampson, 19637 (b)
1.4 10~ 13 713 Baldwin, Walker, and Langford,
1969 o)
1.3x107 " 813 Baldwin, Pickering, and Walker,
1980° (d)
Comments k(C,H; + C,H;,CHO)=41 at 713 K and taking®

(a) Discharge-flow system with He carrier gas; C,H;
generated from Cl + C,H,; [C,H,] and [C,H,] measured di-
rectty by mass spectrometry; rate coefficient
k (C,H; + 0,—~C,H, + HO,) determined from vyields of
C,H,; k found to be independent of the pressure (0.6-10
Torr).

(b) Flow system for studying O,~C,H, thermal reaction
with analysis of C,H, product; rate coefficient derived from
rate of formation C,H,, and calculated [C,H,}; very indirect
determination.

{c) Static reaction system; oxidation of C,H;CHO in
aged boric acid-coated vessels; relative rate coefficients ob-
tained from end-product analysis of C,H, and C,H,; k /

k{C,H; + C;H;CHO) = 3.3X 10~ *cm?® molecule ™' s~ 'at
713 K.

(d) Static reaction system; addition of C,H, to mixtures
0f2,2,3,3-tetramethylbutane-O, and of H,~O,; end-product
analysis of C,H,, C,H,0 and n-C,H,; relative rate coeffi-
cient at 813 K, k/k'*2C,Hs—n-CH,) =3.2X10~8

(cm® molecule s ‘}/*  and  taking®  k(2C,H.—
n-C,H,o) = 1.7X 107" em® molecule "' s,  Arrhenius.
equation, k=14X10""2exp(—1950/T) cm® mole-

cule™' s™', obtained from measured k (813K)and kat 713K
of Baldwin er al.’ quoted as kK =9.1X 10" cm® mole-
cule™'s™" and presumably calculated from k/
k {C,H; 4+ C,H;CHO) = 41 and taking® nonreferenced data
for k (C,H, + C,H,CHO).

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984
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Preferred Value

k =2X10"" cm® molecule ™ s~ at 298 K.
Reliability

Alogk= 4£03at298 K.
Comments on Preferred Value

The first direct measurements of this rate coefficient at
room temperature by Plumb and Ryan' are in reasonable
agreement with earlier indirect studies by Baldwin and co-
workers™* at much higher temperatures. Confirmation of
the room-temperature rate and measurement of the tem-
perature coefficient are required. In the meantime, we rec-

BAULCH ET AL.

ommend the rate coefficient of Plumb and Ryan' with suit-
ably adjusted error limits.

References
'I. C. Plumb and K. R. Ryan, Int. J. Chem. Kinet. 13, 1011 (1981).
R. J. Sampson, J. Chem. Soc. 5095 (1963).
*R. R. Baldwin, R. W. Walker, and D. H. Langford, Trans. Faraday Soc.
65, 806 {1969).
“R. R. Baldwin, 1. A. Pickering, and R. W, Walker, J. Chem. Soc., Faraday
Trans. 176, 2374 (1980).
*R. K. Brinton and D. H. Volman, J. Chem. Phys. 22, 929 (1954).
°H. Adachi, N. Basco, and D. G. L. James, Int. J. Chem. Kinet. 11, 995
{1979).

C.Hs + O, + M—C,Hs0, + M

AH’ = — 15k mol™!

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule=* s~! Temp./K Reference Comments
Absolute Rate Cocfficicnts

(7.5 + 2)x 10~ ?*[He] 295 Plumb and Ryan, 1981’ {a)

7.5 10~ 2°[He} 298 Slagle, Feng, and Gutman, 1984? {b)

Comments

(a) Discharge flow system with carrier gas He, C,H,
generated from Cl 4 C,H,, C,H,, and C,H, followed by
mass spectrometer. Measurements at 2 X 10'°-3.4x 10"7
molecule cm ™2 extrapolated to k, and k _ with F, = 0.85.

(b} Flow system with mass spectrometric detection,
radicals generated by CO, laser photolysis; experiments
from 294 to 1002 K giving branching ratios for
CH: + 0, + M—C,H;0. + M and C,H, + 0,—C,H,
+ HO,. Carrier gas He varied between 1.6 10'® and
2.4 X107 molecule cm 2. Data in agreement with values
measured by Plumb and Ryan.!

Preferred Value

ko =2.0%10"2(T/300)~ >3[N,] cm? molecule— ! 5~!
over range 200-300 K.
Reliability

Alogky= +0.3at298K.

An= + 1.
Comments on Preferred Value

Calculated rate constants' from theory by Troe, 1979,
assuming collision efficiencies £, for N, and O, which arc
twice those measured for He. In order to obtain a “reasona-
ble” B, value of 0.3 for N,, AH° ~ — 133kJ mol~* had to be
used. Measurements for M = N, and better information on
the heat of formation and frequencies of C,H;0, are re-
quired. '

High-pressure rate coefficients
Rate coefficient data

k. /cm® molecule™' s Temp./K Reference Comments
Absolute Rate Coefficients

(44 +0.5)x107 2 295 Plumb and Ryan, 1981* {a)
4.4x10"12 300 Slagle, Feng, and Gutman, 19842 {b)
Reviews and Evaluations

6.9% 10~ 298 CODATA, 1982° )

Comments

(a} See comment {a) for k.
{b) See comment (b) for k,,.
{c) Based on the earlier study by Dingledy and Calvert,

1963,° indicating no pressure dependence between 4.8 and
103 Torr.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Preferred Value
k., =5x10"" cm” molecule "' s™! over range 200~
300K.
Reliability
dlog k. = 4 0.3 over range 200-300 K.
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Comments on Preferred Value

The falloff extrapolation from Plumb and Ryan' has
been slightly changed assuming a higher F,, value of F, ~0.7.
Negligible temperature dependence of &, is assumed.
Intermediate Falloff Range

From the preferred k, and k_ values one obtains
[N,]. = 2.5 10"® molecules cm~>. The given limiting rate
coefficients are consistent with F, = 0.7, representation of
F, =exp|— T/T*)leads to T *~840 K.

References

'1. C. Plumb and K. R. Ryan, Int. J. Chem. Kinet. 13, 1011 (1981).

2. R. Slagle, Q. Feng, and D. Gutman, J. Phys. Chem. 88, 3648 (1984).

3J. Troe, J. Phys. Chem, 83, 114 {1979).

*CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).

°D. P. Dingledy and J. G. Calvert, J. Am. Chem. Soc. 85, 856 (1963).

CH;sCO + O( + M)—-CH;CO5( + M)

Rate coefficient data
k /cm® molecule =’ 5! ) Temp./K Reference Comments
Absolute Rate Coefficients
(2.0 + 04)x 10712 298 McDade, Lenhardt, and Bayes, 1982' (a)
Relative Rate Coefficients
74X 448 Neiman and Feklisov, 1961% )
2.5%x10"% 309 Pearson, 1963° (c)
4.1x107 12 373 Hoare and Whytock, 1967° (d)
6.2x107 " 423
22310712 423 Hoare and Whytock, 1967° (e)
Reviews and Evaluations
6.8 10~ 12 300

Comments

{a) Flow system with CH,CO generated from pulsed
photolysis of CH,COCH,; or CH,COCH,COCHj;;
[CH,CO] monitored by photoionization mass spectrometry
and kinetics obtained from pseudo-first-order decays of
CH,;CO; pressure range 1-4 Torr.

(b) Steady-state photolysis of CH;**CHO in presence of
C,H,, and O,; relative rate coefficients obtained from yields
of CO and CO,; k (CH,CO—CH,; + CO)/
k (CH,CO + O,) = 9.0X 10" molecule cm ™~ at 448 K and
k(CH,CO+ 0O,) based on k(CH,CO—CH;+ CO)/
s71=3.2x10"® exp( — 8660/T).

(c) Steady-state photolysis of CH;COCHj; in presence of
O, relative rate coefficients obtained from @g;
k (CH,CO—CH, + COY/k {(CH,CO + O,) = 8.67x 10**
molecule cm ™3 at 309 K and & {CH,;CO + O,) bascd on
k{CH,CO—CH; + CO)/s™ ' = 3.2 X 10" exp( — 8660/T ).

(d) Steady-state photolysis of CH;COCHj, in presence
of O,; relative rate coefficients obtained from yields of CO
and CO,; k (CH,CO—CH; + CO)/
k (CH,CO + O,) = 6.5 10" molecule cm~2 at 373 K and
6.6 10" molecule cm—3 at 423 K; k (CH,CO + O,) based
on §(CH3CO——>CH3 + CO)/s~ ! — 3.2 10" exp( — 8660/
T).

(e) Steady-state photolysis of CH,COC,H; in presence
of Q,; relative rate coefficients obtained from yields of CO
and COy; k (CH,CO—CH; + CO)/k (CH; + O,)
= 1.9% 10" molecule cm™2 at 423 K, k{CH,CO 4+ Q,)
based on  k(CH;CO—CH,+ CO)/s™ ' =3.2x10"
exp( — 8660/T).”

Demerjian, Kerr, and Calvert, 1974°

Preferred Values

k=2.0%10""2 cm® molecule™'s~! at 298 K at 1-4
Torr.

k_ = 5.0x10~*cm® molecule ! s~ over range 200~
300K. :
Reliability

Alogk, = +05at298K.
Comments on Preferred Values

The recent direct measurements’ of this rate coefficient
confirm that this is a fast reaction. Some of the earlier indi-
rect studies involving compétition with the reaction
CH,CO—CH, + CO are in substantial agreement with the
direct measurement when more recent’ data are taken for
the reference reaction. Confirmation of the directly mea-
sured rate coefficient is required. There may be some falloff
cffects, which have not been accounted for, such that the
value at 1 atm is higher than at a few Torr. Comparison with
the C,Hs;+ 0,»C,H,0, reaction (k, =35x10""
cm?® molecule ~! s, this evaluation) suggests the preferred
value. The value of & at 1 atm is probably close to & _ .

References

!C. E. McDade, T. M. Lenhardt, and K. D. Bayes, J. Photochem. 20, 1
(1982).

2M. B. Neiman and G. 1. Feklisov, Russ. J. Phys. Chem. 35, 521 (1961).

3G. S. Pearson, J. Phys. Chem. 67, 1686 (1963).

“D. E. Hoare and D. A. Whytock, Can. J. Chem. 45, 865 (1967).

D. E. Hoare and D. A. Whytock, Can. J. Chem. 45, 2741 {1967).

K. L. Demerjian, J. A. Kerr, and J. G. Calvert, Adv. Environ. Sci. Technol.
4,1(1974).

K. W. Waikins and W. W, Word, Int. J. Chem. Kinet. 6, 855 (1974).
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C2H50 + 02—->CH3CHO - H°2

AH° = —139kImol™!

Rate coefficient data

k /cm® molecule ™! s~! Temp./K Reference Comments

Absolute Rate Coeflicients

8.0x10™% 296 Gutman, Sanders, and Butler, 1982’ {a)

9.8%x 1071 353

Reviews and Evaluations

No recommendation CODATA, 1982° (b}
Comments Reliability

{a) C,Hs generated from pulsed 266 nm photoly51s of
C,H,ONO and [C,H,;0] measured by laser induced fluores-
cence; k measured directly under pseudo-ﬁrst—order condi-
tions. On the basis of an 4 factor, estimated from the data for
the analogous reaction, CH,0O 4+ O.—HCRHO + HQ,, and
the measured room-temperature rate coefficient, the follow-
ing temperature coefficient was calculated; k=7.0
10~ * exp( — 650/T) cm® molecule™ s™' over range 296~
353 K.

(b) Consideration of experimental data of Batt.”

Preferred Value

k = 8.0 107" cm® molecule ™' s~ at 298 K.

Alogk= 40.5at298 K.
Comments on Preferred Values

The first direct studies of this reactlon are in accord
with data for the analogous reaction CH,O 4 O,—
HCHO + HO,. Confirmation of the rate coefficients and
any temperature dependence are desirable.

References
D Gutman, N Sanders, and 1. F. Rutler, J. Phys: Chem. 86, 66 (1982).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).
3L. Batt, First European Symposium on Physica-Chemical Behaviour of
Atmospheric Pollutants, Ispra, Italy, October 1979, Comm. Europ. Com-
munities, EUR 6621, 1980.

C.Hs0, + NO—C,H50 + NO, (1)
C2Hs02 + NO( + M)—C,HsONO2( + M) (2)

AH(1) = — 74.5kJ mol ™’
Rate coefficient data k = &, + k,

k /7cm® molecule 's Temp./K Reference Comments
Absolute Rate Coefficients
(2.7 +0.2)x 10712 298 Adachi and Basco, 1979 (a)
8.9 +3.0)x10~*2 295 Plumb et al., 19822 (b)
Branching Ratios
k,/k>0.80 295 Plumb er al., 19822 (b)
k,/k>0.99 299 Atkinson ef al., 19823 {c)
Reviews and Evaluations
7.4%x10712 298 CODATA, 1982° (d)

Comments C,Hs0," ions could not be detected; & based on compiex

(a) . C,HsO, generated from flash photolysis of

- C,HsN = NC,H; in presence of O,; {C,HsO,] monitored by

ultraviolet absorption at 250 nm; k obtained from pseudo-
first-order decay of [C,H;0,] in presence of NO.

{b) Discharge-flow system with mass spectrometric

analysis; C,H,O, generated from Cl + C,H,/O, reactions;

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

analysis of rate of formation of NO,, with account taken of
reaction HO, + NO—HO + NO,; branching ratios based
on amount of NO, produced.

{c) Smog chamber study of photo-oxidation-of C2H6 in
NQO, —air mixture at atmospheric pressure, reactions initiat-
ed by HO generated from photolysis of CH;ONO; branch-
ing ratio determined from gas-chromatographic analysis of
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C,H;ONOQ; (presumed to be formed from the reactions
C,H;0, + NO + M—C,H,0,NO*—C,H,ONQ,) relative
to the rate of consumption of C,Hj.

(d} Based on rate coefficient of the analogous reaction
CH,0, + NO—CH,0 + NO,.

Preferred Value

k=289%10"" cm® molecule ™' s~ ' at 298 K.

k,/k>0.80.
Reliability

Alogk= +03at298 K.
Comments on Preferred Values

The discrepancy between the data of Adachi and
Basco’ and of Plumb e al.? remains unexplained. Since,
however, the technique of Adachi and Basco’ gave alow rate
constant for the analogous reaction CH;0, + NO—CH,O
4+ NO, it seems likely that the results of these authors are in
error. It has been suggested® that, for the CH,O, + NO sys-
tem of Adachi and Basco,’ the formation of CH sONO could

lead to interference at the wavelength used to measure the
CH;0, absorption and hence to a low value of k.

A similar argument can be applied to the data of Adach1
and Basco' for the C,H,O, + NO reaction.

Further work is needed on this reaction to confirm the
rate coefficient and also to confirm the branching ratio. The
branching ratio reported by Atkinson ez a.> assumes that
their observed ethyl nitrate product is formed in the reaction
sequence C,H,0, + NO + M—C,H,0,NO*, C,H;0,NO*
—C,H;ONQ,. This conclusion requires further confirma-
tion.

References

'H. Adachi and N. Basco, Chen. Phliys. Lett. 64, 431 (1979).

?1.C.Plumb, K. R. Ryan, J. R. Steven, and M. F. R. Mulcahy, Int. J. Chem.
Kinet. 14, 183 (1982).

°R. Aikinson, S. M. Aschmann, W. P. L. Carter, A. M. Winer, and J. N.
Pitts, Jr., J. Phys. Chem. 86, 4563 (1982).

“CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).

*S. P. Sander and R. T. Watson, J. Phys. Chem. 84, 1664 {1980).

C2Hs0; + NO2( + M)—C,H50,NO,( + M)

AR ~ — 80 kJ mol~*

Rate coefficient data

No experimental data

Preferred Vaiue
k., =5X%107" cm® molecule ™! s~! over range 200~
300K.
Reliability
Alogk, = 4+05at208K.

Comments on Preferred Value

This value is chosen in agreement with the values for
CH,0, + NO,—~CH,0,NO, and CH,0, + NO,
—C;H,0,NO, of this evaluation. The reaction at 1 atm
should be close to the high-pressure limit.

CZHgoz —|— CZH502 >CZH5OH + CH3CHO -+ 02 (1)

—C,Hs00C H; + O, (3)
AH (1})= — 417kImol™!?
4H°(2) = — 49 kI mol™!
Rate coefficient data (k = k, + &, + k)
k /cm® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
(1+0.1)x10° " 298 Adachi, Basco, and James, 1979* (a)
Branching Ratios
k. /k, = 0.76 298 Niki ei al., 19827 (b)
k,/k.>4.6
Comments

(a) Flash photolysis of C,HN = NC,H; in the presence
of O; and Ar at total pressures of ~67C Torr; [C,H.0,]

monitored by absorption spectroscopy; & derived from com-
puter simulation of measured absorbance and kinetic analy-
sis of complex mechanism. :

{b) FTIR study of the photo-oxidation of

J. Phys. Chem. Ref. Data, Voi. 13, No. 4, 1954
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C,H;N = NC,H; and Cl-initiated oxidation of C,H at 700
Torr; direct monitoring of products, CH,CHO, C,H;OH,
and C,H;0,H; the ratio k,/k; is based on an upper limit for
the detection of C,H;OO0C,H..

Preferred Values

k= 1X10"" cm® molecnie~* s~ ! at 298 K.
ko/k = 0.52; ky/k<0.09 at 298 K.

Reliability
Alogk= +05at298 K.
Adk,/k= +0.15.
Aky/k= +0.09.

Comments on Preferred Values
‘The overall rate coefficient for the interaction of ethyl-

BAULCHET AL.

peroxy radicals measured by Adachi, Basco, and James,’
seems reasonable and is in line with the trend observed in the
liquid phase,® that the rate coefficient decreases with in-
creasing alkyl substitution in the peroxy radical.

Both the rate coefficient and the branching ratios re-
quire further confirmation.

References
'H. Adachi, N. Basco, and D. G. L. James, Int. J. Chem. Kinet. 11, 1211
(1979).
?H. Niki, P. D. Maker, C. M. Savage, and L. P. Breitenbach, J. Phys. Chem.
86, 3825 (1982). _
*J. E. Bennett. D. M. Brown, and R. Mile, Trans. Faraday Soc. 66, 386
(1970).

n-CyHy 4+ 05 + M—)ﬂ‘CgH-,Oz + M

High-pressure rate coefficients
Rate coefficient data

k. /cm® molecute ™! s~ Temp./K Reference Comments
Absolute Rate Coefficients
(5.5 + 0.9)x 10~ 2 at 14 Torr 298 Ruiz and Bayes,

1984! ()
>3%1072at 1.5-6 Torr 400 Gutman, 19842 (b)

Comments

(a) Flash photolysis with photoionization mass spec-
trometer detection of radicals, bath gases He and N, at 14
Torr. No pressure dependence of k detected. k. between the
corresponding values for  C,H;+ 0,—C,H,0,
(k. =5x10"" cm®molecule~ s ?) and #-C,H, + O,
—n-C;H 0, (k,, =7.5x107"? cm® molecule=! s, data
for Lenhardt, McDade, and Bayes, 1980°).

{b} Flow system with mass-spectrometric detection.
Radicals formed by CO, laser photolysis. Carrier gases He
and N, at 1.5-6 Torr. Experiments at 400-635 K showing
increasing falloff contributions. Therefore, the value ob-
tained at 400 K should be considered a lower limit.

Preferred Value

k, = 6Xx107" cm® molecule ™" s~! over range 200—
300K.
Reliability

4log k., = + 0.3 over range 200-300 K.
Comments on Preferred Value

Data from Ruiz and Bayes' are chosen. Limited faltoff
corrections appear necessary.

References
'R. P. Ruiz and K. D. Bayes, J. Phys. Chem. 88, 2592 {1984).
D Gutman (unpublished work, 1984).
3T. M. Lenhardt, E. E. McDade, and K. D. Bayes, J. Chem. Phys. 72, 304
(1980).

~CsHy + 0, + M—)i-C3H7°2 +M

High-pressure rate coefficients
Rate coefficient data

k. /cm® molecule™!s~? Temp./K Reference Comments
Absolute Rate Coefficients
(14.1 + 2.4)X 107 ** at 1-4 Torr 298 Ruiz and Bayes, 1984’ {a)
Comments corresponding values for CH,+ 0,—-C,H.0,
(a) Flash photolysis with photoionization mass spec- (ko =5x107"cm? mole(_:u}e_l s“‘)ands-C‘,ng— 0,—s-
CH0, [k, = 166%X10"" cm®molecule™!s™'; data

trometer detection of radicals, bath gases He and N, at 1-4
Torr. No pressuredependence of k detected. k_ between the

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

from Lenhardt, McDade, and Bayes, 19807).
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Preferred Value

k., = 1.5x 107" cm® molecule " s~ over range 200-
300K.

Reliability
Alogk_ = + 0.3 over range 200-300 K.
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Comments on Preferred Value
The data need confirmation since they are from a single
laboratory only.

References
'R. P. Ruiz and K. D. Bayes, J. Phys. Chem. 88, 2592 {1984).
>T. M. Lenhardt, E. E. McDade, and K. D. Bayes, J. Chem. Phys. 72, 304
{1980).

n-C;H;0, + NO—C3H;0 + NO, (1
n-C;H,0, + NO + M—n-C;H,ONO, + M (2)

Rate coefficient data (k = &, + k)

—1—1

k /cm® molecule™' s Temp./K Reference Comments

Branching Ratios

ky/k =0.04 298 Carter et al., 1979 {a)

ky/k = 0.036 + 0.005 299 Atkinson et al., 1982? {b)
Comments Reliability

(a) Smog chamber experiments. Computer modcling of
smog mechanism giving + 20% agreement with major and

=+ 30% with minor constituents.

(b) Photolysis of methyl nitrite—-NO-n-alkane mixtures
or of Cl,-NO-n-alkane mixtures at 735 Torr of air. Deter-
mination of fraction of alkyl nitrate formation versus NO,
formation by abstraction.

Preferred Value

k, =2.9%10" 3 cm® molecule ™ s’ at 298 K and at 1
atm of air.

Alog k,= +0.5at 298 K and 1 atm of air.
Comments on Preferred Value

The branching ratio measurement by Atkinson et al.2
agrees with that by Carter er al.! The overall absolute rate
coefficient is assumed to be similar to those of the methyl
peroxy and the ethyl peroxy reactions with NO.

References
'W. P. L. Carter, A. C. Lioyd, J. L. Sprung, and J. N. Pitts, Int. J. Chem.
Kinet. 11, 45 (1979).
R. Atkinson, S. M. Aschmann, W, P. L. Carter, A. M. Winer, and J. N.
Pitts, J. Phys. Chem. 86, 4563 (1982).

i-C3H;0, + NO, + M—/-C3H,0,NO, + M

High-pressure rate coefficients
Rate coefficient data

k. /em® molecule™ ' s~!

Temp./K Reference Comments
Absolute Rate Coefficients
(5.6 + 0.2)x 10~ 12 298 Adachi and Basco,
1982! (a)

Comments

{a) Flash photolysis with detection of the isopropylper-
oxy radical via absorption at 265 nm. Mixtures of azoisopro-
pane, O,, and NO, photolyzed at total pressures of 55—400
Torr. No dependence of rate coefficient on total pressure was
detected.

Preferred Value

k. =5.6X107 2 cm® molecule ™! s~ ' over range 200~
300 K.

Reliability

Alogk, = + 0.5 over range 200-300 K.
Comments on Preferred Value

The only available experimental value is in good agree-
ment with the related value for CH;0,+ NO,
—CH,;0,NO, from the CODATA evaluation.? No major
falloff effects are expected above 50 Torr.

References
'H. Adachi and N. Basco, Int. J. Chem. Kinet. 14, 1243 (1982).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).
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CH3;CHO -+ Av—products

Primary photochemical transitions

Reaction " AH /KJ mol ™! A threshold /NI
CH,CHO + iv »CH, + CO (1) — 254
—CH, +HCO {2) 3414 350.1
CH,CO+H (3) 354.1 337.5

Absorption cross section

Wavelength range/nm Reference Comment
290-331.2 Horowitz and Calvert, 1982’
Quantum yield data [¢ = ¢, + &, + ¢s]
Measurement Wavelength/nm Reference Comments
¢, =0.063, ¢,=0.887, ¢;=0076 290.0 Horowitz and Calvert, 1682! {a)
¢, =0011, ¢,=00930, ¢,=0.059 - 300.0 Horowitz, Kershner, and {a)
) Calvert, 19822
6, =0018, ¢,=0924, ¢,=0.055 313.0 {a)
#,—0.079, ¢,—0.470, 4, —0.00 320.0 {a)
$,=0.035, ¢,=0051, ¢,=000 331.2 (a)
¢, =046, ¢,=031 260 Meyrahn, Moortgat, and {b)
Warneck, 19823

¢ =042, $,=032 265
$, =031, ¢,=0.39 270
#, =016, ¢,=0.51 275
$, =005 ¢,=0.58 280
$, =002, ¢,=057 . 285
¢, —0.01, $,—0.53 290
¢, =0.005, ¢,=0.48 295
$,=00, ¢,=043 300
$,=00, $,=037, ¢5=007 305
$,=00, ¢,=028 310

#,=0.05 313
$, =00, ¢,=0.10 320
$,=00, ¢,=004 325
$,=00, ¢,=0.00 330

Comments photolysis of 100 ppm CH;CHO in air or N, at a total pres-

(a) Quantum yields of CH,, CO, and H, determined
from the photolysis of CH,CHO alone and in mixtures with
CO,, i-C4H,, and O, at 298 K. The quantum yields of the
primary processes were shown to be pressure dependent; the
tabulated data refer to low pressures.

(b) Quantum yields of CH, and CO determined from the

dJ. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

sure of 1 atm. H, was found in trace quantities only and
hence ¢, was concluded to be negligible. Quantum yield data
based on the assumption that ¢, + ¢, + ¢ o = 1, where ¢ o
refers to the quenching reaction CH,CHO* +~ M—CH,
CHO + M. Quantum yield data at 1 atm pressure were
found to be independent of the diluent, N,, or air. & -, both
in air and N, increased as the total pressure was lowered.
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Preferred Values
Absorption cross sections and quantum yields for CH;CHO photolysis (¢, and ¢, for 1 atm air).

Wavelength 10%° o/cm? ¢,
200 0.77

210 0.31

220 <0.1

240 . 0.42

250 1.0

260 2.0 0.46 0.31
210 3.4 0.31 0.39
280 4.5 0.05 0.58
290 4.9 0.01 0.53
295 4.5 0.0 0.48
300 43 0.43
305 34 0.37
315 2.1 0.17

320 1.8 Q.10

325 1.1 0.04

330 0.69 0.0

335 0.38

340 0.15

345 0.08

Comments on Preferred Values

The measurements of the absorption cross section re-
ported by Horowitz and Calvert’ agree well with those given
in our previous evaluation® and the preferred values are
therefore unchanged.

The recent measurements of the quantum yields of the
primary processes at atmospheric pressure made by Meyr-
ahn, Moortgat, and Warneck,? are in agreement with the
values reported by Horowitz and Calvert! based on their
own work'? at lower pressures and in the presence of CO,,
and on the earlier quantum yield measurements of Weaver et
al.® Horowitz and Calvert! also present evidence that pri-
mary process {2) occurs from the decay of a vibrationally rich
triplet state of the molecule while process (1) occurs from
high vibrational levels of the excited singlet state of
CH,CHO.

The values of the photodissociation rates of CH,CHO
in the atmosphere, based on the above values of o and ¢, are
approximately a factor of S lower than those given by
Weaver ef al.®
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4.5. Sulfur Compounds
O+ CH;SCH;.—»CH;SO -+ CH3
AH° = — 125.6kI mol™!
Rate coefficient data
k /cm® molecule ™' 5™’ Temp./K Reference Comments
Absolute Rate Coefficients
(1.11 + 0.12) X 10~ *! exp[(460 + 41)/T)) 296-557 Nip, Singleton, and Cvetanovic, 1981° \a)
5.11x 107" 297
Relative Rate Coefficients
(5.51+042)x 10~ 298 Nip, Singleton, and Cvetanovic, 1981! {b)
Reviews and Evaluations
1.3X 10~ 1 exp(390/T) 270-500 CODATA, 19827 c}
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Comments

(a) Modulated Hg photosensitization of N,O used as
source of O(*P), which is detected by chemiluminescence
with NO. First-order rate constants for phase shift technique
in presence of excess CH,SCH,.

(b) Product analysis in Hg photosensitization of N,O-
butene-1-CH,SCH; mixtures. Relative to k [O[*P) 4 bu-
tene-1] = 4.0 107"? cm® molecule ™' s~%* % /k (O + bu-
tene-1) = 13.8 4 0.9. 95% confidence limits given for k.

(c) Based on data of Lee et al.**

Preferred Values

k=5.0x10"" cm® molecule~! s~ ! at 298 K.
k=1.3x10"" exp(409/T) cm® molecule™* s~ over
range 270-560 K.
Reliability
Alogk= +0.1at298K.
AE/R)= + 100K.

'BAULCHET AL.

Comments on Preferred Values

The new data of Nip et al.” are in excellent agreement
with both studies of Lee ez al.,** upon which the previous
evaluation was based, over the whole temperature range.
The preferred values of k at 298 and (E /R ) are obtained from
a least-squares fit of the data from those three studies. Re-
cent product studies® show that at high pressures 300-1200
Torr, the reaction proceeds almost entirely by addition fol-
lowed by rapid fragmentation to CH, + CH,SO.
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0+CS,—»80+CS (1)
—CO + S, (2)
—0CS+8 (3)

AH°(1)= — 89k mol™! -
AH°(2) = — 348 kJ mol~"
AH°(3) — — 231 kI mol™!

Rate coefficient data (k = k; + k, + k)

k /cm® molecule ™! s™!

Temp./K Reference Comments
Absolute Rate Coefficients
3.3+ O.B)X 10— 12 298 Talrose er al., 1978! (a)
Relative Rate Coefficients
ky/k = (0.6 + 0.2)X 10~2 ) 298 Tairose et al., 1978’ (a)
ks/k=(0.6 +0.2)x 1072 298
Reviews and Evaluations
5.8X 10" exp({ — 700/T) 200-500 CODATA, 19822 ' {b)
3.2X 107" exp( — 650/T) 200-300 NASA, 19823 {c})
3.2X 107" exp( — 650/7) 200-500

NASA, 1983* {c)

Comments

(a) Diffusion cloud technique; mass spectrometric de-
tection of CS, in excess O from discharge. 5-20 Torr pres-
sure.

(b) Based on the work of Westenberg and de Haas,® Cal-
lear and Hedges,® Slagle ez al.,” 'Wei and Timmons,® and
Graham and Gutman.®

(c) Bascd on Refs. 5-9 and also work of Callear and
Smith'® and Homann et al."!

Preferred Values

k =3.6x10""? cm® molecule™? s~ at 298 K.
k=32X10"" exp{— 650/T) cm® molecule~'s~’
over range 200-500 K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

k,/k>0.90 over range 200-500 K.
Reliability

Alogk= +0.2at298 K.

A(E/R)= + 100K.
Comments on Preferred Values

The numerous determinations of k at 298 K cover a
range of approximately a factor of 2. The data of Talrose er
al.} supports the lower valucs, and is in good agreement with
the NASA recommended value* of k=3.6Xx10"12
cm’® molecule ™' s~ ' at 298 K, which is 50% lower than rec-
ommended by CODATA previously.® The weight of evi-
dence seems to favor the lower values at 298 K and, at least
for the temperature range stated, the slightly lower activa-
tion energy favored in the NASA evaluation, the Arrhenius
expression-from which is adopted here.
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The branching ratio k;/k from Ref. 1 is much lower
than earlier measurements of Gutman et a/.” and the value
of k,/k is inconsistent with an carlicr valuc reported by Hsu
et al'? At this stage our only recommendation for the
branching ratio is that &,/k>0.90.
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O + CH3SSCH3-»CH3;SO -+ CH3S

AH = — 141 k¥ mol™*

Rate coefficient data
k /cm® molecule™* s™! Temp./K Reference Comments
Absolute Rate Coefficients
{4.35 + 0.70) X 10~ exp{(25] + 61)/T] 298-571 Nip, Singleton, and Cvetanovic, 1981° {a)
5.11x107" 298
Relative Rate Coefficients
(9-82 +0.61)x 10~ 298 Nip, Singleton, and Cvetanovic, 1981’ (b)
Reviews and Evaluations
2.1x10~" 270-330 CODATA, 19822 (c)

Comments

{a) Modulated Hg photosensitization of N,O-O(*P) de-
tected by chemiluminescence with NO. First-order rate con-
stants from phase shift technique in presence of excess
CH,SSCH..

(b) Product analysis in Hg photosensitization of N,O-
butene-1-CH,SSCH; mixtures. Relative to k£ [O(*P) +- bu-
tene-1] = 4.0X 1072 cm?® molecule™*s™!; % /k{O + bu-
tene-1) = 24.5 + 1.5. 95% confidence limits given for &.

{c) Based on data of Lee and Tang.*

Preferred Values

k= 1.3x107'° cm® molecule ™' s~ at 298 K.

k =55%10"" exp(250/T) cm® molecule ™! s~ ! over
range 290-570 K.
Reliability

dlogk= i 0.3at29¢ K.

4(E/R)= + 100K.
Comments on Preferred Values

The data of Nip et al., are about a factor of 2 lower than
the earlier discharge flow-resonance fluorescence study of

Lee and Tang,* who reported no temperature dependence
over the rather limited range 270-329 K. The cause of the
discrepancy between the two measurements is not clear. The
preferred value at 298 K is an average of the new data’ with
the earlier measurements.* The temperature dependence is
that from Nip ez al.. with the 4 factor adjusted to yield the
preferred value at 298 K.

Recent product studies® show that at high pressures,
300-1200 Torr, the reaction probably proceeds mainly by
addition followed by rapid fragmentation to
CH,S + CH,SO0.

References
!W. S. Nip, D. L. Singleton, and R. J. Cvetanovic, J. Am. Chem. Soc. 103,
3526 (1981).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982). :
®D. L. Singleton and R. J. Cvetanovic, J. Am. Chem. Soc. 98, 6812 (1976).
“J.H.Lee, I.N. Tang, and R. B. Kiemm, J. Chem. Phys. 72, 5718 (1980).
*R. J. Cvetanovic. D. L. Singleton, and R. 8. Irwin. J. Am. Chem. Soc. 103,
3530 (1981).

J. Phys. Chem. Ref. Data, Voi. 13, No. 4, 1984



1340

BAULCHET AL.

HO + H,S—H.0 + HS

AH° = — 114k mol™!

Rate coefficient data

k /cm® molecule™ s~ Temp./K Reference Comments
Absolute Rate Coefficients

{6.4 + 1.3)X 10~ 2 expl( — 55 + 58)/T] 244-367 Wine et al., 1981 {a)
(5.13 £ 0.57)x 10~ *2 297

5.9% 10~ exp{ — 89/T) 228-518 Leu and Smith, 19822 (b}
3.9+0.7)x107"2 298

(5.11 + 0.39)x 10~ 12 228 Michael ez al., 1982 {©)
(4.42 + 0.36)x 1012 298

(5.57 + 0.48)x 10~ 12 437

(7.8 £ 2.6)X 107 " exp[{ — 146 + 105)/T] 239425 Lin, 1982° {d)
{4.42 + 0.48)x 10~ 12 295

Reviews and Evaluations

11X 10~ exp( — 225/T) 250-400 CODATA, 1982° (e)
5.9% 10~ 2 exp{ — 65/T) 200-300 NASA, 19826 il
5.9x 10~ exp{ — 65/T) 200-300 NASA, 19837 )

Comments

(a) Flash photolysis of H,O-resonance fluorescence de-
tection of HO. Pressure 40-120 Torr Ar. Pseudo-first-order
conditions.

(b) Discharge flow—resonance fluorescence detection of
HO under pseudo-first-order conditions 0.75-4.0 Torr.
Mass spectrometry used to determine HS and other secon-
dary products and to measure stoichiometry. Alternative
expression for temperature dependence of the rate coeffi-
cient  k=234x107" T exp(725/T) cm® mole-
cule™ ! s™ gave a good fit to the data.

(c) Flash photaolysis of H,O-resonance fluorescence de-
tection of HO under pseudo-first-order conditions.

(d) Based on earlier data of Westenberg and de Haas,’
Perry et al.®

(e) Based on least-squares fit to data from Refs. 1-3, 8,
and Cox and Sheppard.'®

1

Preferred Values

k =4.8%107"? cm® molecule ™" s~ ! at 298 K.

k=63x10""exp(—80/7) cm’molecule™’ s~
over range 200-300 K.
Reliability

dlogk= +0.08at298 K.

A(E/R)= + 80K.
Comments on Preferred Values

The new data’™ are all in very good agreement with
each other and with the earlier data.®° The studies reported
in Refs. 2-4 showed a slightly parabolic temperature depen-
dence with a minimum value of & near 300 K. Considering
the experimental errors, all other studies are consistent with

1

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

this non-Arrhenius behavior with the exception of the earlier
data® which showed a much larger temperature coefficient
above 300 K. The non-Arrhenius behavior can be rationa-
lized in two parallel mechanisms for the overall reaction of
HO with H,S.

The preferred value at 298 K and the Arrhenius expres-
sion are obtained from a least-squares fit of the data from
200-300 K given in Refs. 1-4, 8, and 9. An alternative
expression describing the parabolic temperature dependence
can be used for 200-520 K: k = 2.69 X 10~*° T** exp(725/
T) cm® molecule ™' s~'. Ths is the expression given by Leu
and Smith? but with the preexponential factor adjusted to
give the preferred 298 K value.
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HO 4 CH3SCH;—products
Rate coefficient data

k /em® molecule™'s™! Temp./K Reference Comments
Absolute Rate Coefficients
(6.8 + 1.1)x 10~ 2 exp[( — 138 + 46)T'] 248-363 Wine et al., 1981" (a)
{4.26 + 0.56)x 1012 298
{9.2 4+ 0.6)x 1072 393 MacLeod, Poulet, and Le Bras, 19832 (b}
(7.8 + 1.0)x 10712 593
Reviews and Evaluations
5.5% 10~ 12 exp(150/7) 200-500 CODATA, 1982° ()

Comments

{a) Flash phatolysis—resonance flnarescence detection
of HO. Pseudo-first-order kinetics. 50 Torr pressure.

{b) Discharge flow—EPR detection of HO. 1 Torr pres-
sure. '

{c) Based on data of Kurylo,* Atkinson ez al.,” and Cox
and Sheppard.®

Preferred Value

k = 7.8x 1072 cm® molecule ™' s~ * at 298 K.
Reliability

Alogk= +02at298 K.
Comments on Preferred Value

The new data’ disagrees with the earlier body of data on
which the previous recommendation® was based, inasmuch
as k at 298 K is a factor of 2 Jower and the rate exhibits a
positive rather than a negative temperature coefficient. On
the other hand, the new EPR data” at higher temperature
appear to support the earlier measurements. The study re-
ported in Ref. 1 appears to be the most rigorous in excluding

possible sources of error. Possible sources of error in earlier
work are (a) impure reagents, (b) use of wider band vacuum
uv flashlamps in the flash photolysis experiments,*> and (c)
the possible interference by O(*P) reaction in the relative rate
study,® all leading to higher apparent values of .

In view of the uncertainties in the measurements and
the contradiction of the reported values of kX we are unable to
recommend an expression for the temperature dependence
of this reaction. The preferred value at 298 K is a mean of
values from Refs. 1 and 4-6 with error limitscovering all the
values.
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HO + CS,—products
Rate coefficient data

k /cm® molecule ™' s™! Temp./K Reference Comments
Absolute Rate Coefficients
<7TX107** 298 Leu and Smith, 1982’ (a)
<3X10™1 520
<5% 1071 298 Biermann, Harris, and Pitts, 19822 {b)
Relative Rate Coefficients
(1.7 + 0.9)x 10~ (1 atm air) 298 Jones et al., 19823 {c)
<10~ {0, =0) 298
(2.7 + 0.6) X 107 2(1 atm air) 293 Barnes ez al., 1983* (d)
(1683 £ 013102} O, = ]00Tm-r§ 703
{401 + 0.74)x 102 N, = 100 Torr 278
(5.57 + 0.45)x 10712 . 264
<5%10"%  (0,=0) 293
Reviews and Fvahiations
<lsx10™*" 298 CODATA, 1982° le)
<15x10-15 298 NASA, 1982° i
2.0% 10" '® exp(2200/T) % P /Torr NASA, 1983 g

220-298
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Comments

{a) Discharge fiow—resonance fluorescence detection of
HO and mass spectrometric detection of products. Mea-
sured values of k at 298 and 530 K were (4 4+ 3)xX 107" and
(2.1 4+ 0.7)X 107" cm® molecule™" s~ !, respectively, but
heterogeneous components may have been present and
therefore only upper limits are quoted. OCS and SO, were
detected as products. CS,0H (m/e = 93) was not detected.

(b) Discharge flow-photoionization mass spectrometric
detection of CS, in the presence of known amounts of HO
produced by H + NO, reactions.

(c) Photolysis of HONO-CS,-N,—O, mixtures at 1 atm.
CS,, OCS, and SO, measured; k relative to k(OH

+ HONO) = 6.6x10~"* cm® molecule 's '® Overall
rate coefficient dependent on [O,] increasing from < 1074
cm® molecule™" s~ at [0,] =0 to 2.1X 10?2 cm® mole-
cule™ ' s~ at {0,] = 380 Torr. Reaction products OCS and
SO, in equal amounts.

(d) HO generated by photolysis of CH;ONO-O, mix-
tures and thermal decomposition HO,NO, in presence of
NO. CS,, OCS, and SO, measured. & relative to x (HO +
n-CH,o} = 1.76 X 10~ exp( — 570/T) cm® molecule™
s71.° k found toincrease with [O,], decrease with increasing
temperature [E /R =~ — (2000 + 800)K], and increase with
total pressure at constant {O,]. Reaction products OCS and
S0, in equal amounts.

(e) Based on “low” values of Wine et al.'® and Subra-
monia-Iyer and Rowland.'’

(f) Based on data of Wine e al.*°

(g) Expression based on data of Jones et al.? and Barnes
et al.* Multiplying factor P = total pressure (in Torr) of an
N, + O, mixture containing 0.2 mole fraction O,. Recom-
mended value in absence of O, was unchanged from previous
NASA evaluation.®

1

Preferred Values
k= «<7.0x10"15
fO.]=0.
k =2.0x10"" cm® molecule™'s~' at 298 K; 1 atm
air.
k =28.8X10""®exp({ 4+ 2300/T) cm? molecule™* s~
over range 260-300 K in 1 atm air.

cm?® molecule™!s™! at 298 K;

BAULCHET AL.

Reliability

Alogk (1 atm air)= + 0.3 at 298 K.

A(E/R){l atmair)= + 500K.
Comments on Preferred Values

The new results from the relative rate studies** demon-
strate the pronounced effect of O, on the overall rate of the
HO; + CS, reaction. The temperature and pressure depen-
dences reported on Ref. 4 support the suggestion® that reac-
tion proceeds by addition followed by reaction of the adduct
with O,. The results from the flow systems™? confirm that
reaction is very slow in the absence of O, and the apparent
negative temperature dependence in the measured rates in
Ref. 1 and also in the earlier flash photolysis study of Wine er
al.'% support an addition mcchanism.

The preferred value in the absence of O, is the upper
limit given in Ref. 1. In air at 1 atm, the recommendations
are based on the mean of the 295 and 293 K values from Refs.
3 and 4, respectively, (2.2 X 10~ '2 cm® molecule ! s, 294
K)and the temperature dependence for O, = 100 Torr (total
pressure = 700 Torr), E /R = 2300 K, based on the data of

Barnes ef al.4
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HO + CHsSSCH;—products

Rate coefficient data

k /em® molecule™' s~}

Temp./K Reference Comments
Absolute Rate Coefficients
{5.9 4 3.3)x 10~ " exp( + 380 + 160/T) 249-367 Wine ez al., 1981 {a)
(1.98 + 0.18)x 10~ 1° 298
Reviews and Evaluations
2.2X10°1° 298

CODATA, 1982° {b)
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Comments

(a) Flash photolysis—resonance fluorescence study. 50—
200 Torr Ar.

(b} Based on relative rate study of Cox and Sheppard? at
room temperature.

Preferred Values

k=2.0X10"""cm® molecule~'s~* at 298 K.

k =6.0Xx10""" exp(380/T) cm® molecule™' s~ ! over
range 250-370 K.
Reliability

dlogk= +0.1a1298K.

A(E/R)= +300K.
Comments on Preferred Values

The new direct determinations of k! are in excellent
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agreement with the earlier room-temperature relative rate
determination.’ The preferred value at 298 K is a mean of all
individual determinations at 298 (4 from Ref. 1, 1 from Ref.
3). The temperature dependence from Ref. 1 is accepted with
the 4 factor adjusted to give the preferred value at 298 K.
The negative temperature dependences provides further
support that the reaction proceeds via addition to the S-S
linkage.

References

'P. H. Wine, N. M. Kreutter, C. A. Gump, and A. R. Ravishankara, J.
Phys. Chem. 85, 2660 (1981).

*CODATA Task Group on Chemical Kinetics, D. L. Bauich, R. A. Cox, P.
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HO + OCS—products

Rate coefficient data

k /em® molecule™! s~! Temp./K Reference Comments
Absolute Rate Cocfficicuts

(1.3 + 0.3} 10~ 2 exp[ — (2300 + 100)/T] 300-520 Leu and Smith, 1981! {a)

6x 1071 298

Revicws and Evaluatious

<9X10™1"* 298 CODATA, 19822 {b)
1.3% 10~ "2 exp( — 2300/T) 200-400 NASA, 19832 {c)
1.3X 10" 2 exp| — 2300/T) 200-300 NASA, 1983* {c)

Comments

(a) Discharge flow-resonance fluorescence detection of
HO and product identification by mass spectrometry. Spe-
cial precautions taken to remove H,S impurities. HS detect-
ed as primary product, HSO and SO, as secondary products.
Adduct OCS(OH) {m/I 77) not found.

(b) Based on work of Ravishankara et al.’

(c) Based on data of Leu and Smith.’

Preferred Values

k = 6X1071% cm® molecule ' s ! at 298 K.
k=13Xx10""? exp{ — 2300/7) cm® molecule='s~!
over range 200-520 K.
Reliability
dloghk= +03at298K.
A(E/R)= +250K.
Comments on Preferred Values
The new data are about a factor of 10 lower than those
from Ref. 4 obtained by flash photolysis, which formed the

basis of our previous cvaluation. The discharge flow tech-
nigue should be superior for this reaction, since it avoids the
problems of photodissociation of the OCS inherent in flash
photolysis. However, the most likely cause of the discrepan-
cy is considered’ to be the pressure of H,S impurity in the
OCS employed in the earlier study. The preferred values are
based on the results of Leu and Smith.’
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HO + SO; + M—HOSO, + M

AH® = — 223 kI mol™!

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule—’ s~ Temﬁ./K Reference Comments
Absolute Rate Coefficients
{2.54 + 0.33)X 1073 [N,] _ 298 Leu, 1982! {a)
{2.46 + 0.32)x 102! [0,]
(7.91 £ 0.24) < 107347 /298) ~ 285+ 021 [f]¢] 261414
1.6 1073 [N,] 297 Paraskevopoulos,

Singleton, and

Irwin, 1983 (b)
5.0 107347 /300) 33 [N ] 208 Wine et al., 19843 (c)
Reviews and Evaluations
3.0X 10~3T 7300}~ 2° [N,] 200400 CODATA, 1982° ) (d)
3.0 10737 /300)~*° [air] 200-300 NASA, 1982° (e)
3.0 10737 /300)~** [air] 200-300 NASA, 1983¢ 1]

Comments

(a) Discharge flow-resonance fluorescence technique,
pressures around 1 Torr. Relative efficiencies of M, N,: O,:
He: Ar: CO,: SO, = 1.00:0.97:0.31: 0.43:4.7: 4.5. Tempera-
ture coefficients for M = SO,:k, o (T /298) %78 (pressure
range 0.02-0.2 Torr).

(b) Flash photolysis of N,O-H, mixtures, HO detection
by resonance absorption. Pressure range 55-760 Torr. Fall-
off extrapolation using Lindemann-Hinshelwood express-
ion may be responsible for low value.

{¢) Flash photolysis-resonance fluorescence technique.
Temperature range 260420 K, pressure range 13-696 Torr,
bath gases He, Ar, N,, and SF,. Measurements in the falloff
region of the reaction, extrapolation to the low-pressure lim-
it using theoretical falloff expressions from Troe, 1979.7

(d) Following evaluation by Zellner, 1978.°

(e) Following CODATA, 1982.*

{f) Following CODATA, 1982.* Minor changes in the
temperature coefficient calculated by Patrick and Golden.®

Preferred Value

ko= 5.0X107>}T/300)" >* [N,]cm® molecule™* s™*
over range 200-300 K.
Reliability

Alogky,= +032at298 K.

4An= +0.5.
Comments on Preferred Value

The new but still unpublished values by Wine er al.®
suggest that Lew’s’ measurements have been made in the
falloff range such that a small value for k, was derived. The
theoretical evaluation of the new data leads to values of k,,
k., and F, which reproduce the low-pressure measure-
ments by Leu® reasonably well. Although the data by Wine
are unpublished and may be subject to further revision, we
feel that the earlier k, values have to be revised. For tropo.
spheric conditions, the new data appear to be lower thar.
earlier measurements by 10% to 30%. Because of the par-
ticularly careful experiments and evaluation, we prefer the
new data.

High-pressure rate coefficients
Rate coefficient data

k. /cm® molecule ™' s~ ? Temp./K Reference Comments
Absolute Rate Coefficients
1.2x10~12 297 Paraskevopoulos,

Singleton, and

Irwin, 19832 (a)
13X 1077 /300)~ 2 260420 Wine et al., 1984 (b}
Reviews and Evaluations
2X10° 12 200400 CODATA. 1982 {c)
2x10-12 200-300 NASA, 1982° d)
2x10712 200-300

NASA. 1983° {d)

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984
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Comments

{a) See comment (b) for k;. A Lindemann—Hinshelwood
extrapolation was used which may have led to unreliable
high-pressure limiting rate coefficients.

(b} See comment (c) for k,. The negative temperature
coefficient from the falloff extrapolation may indicate that
k. is still higher.

{c) See comment (d) for &

(d) See comment (e) for k.

Preferred Value

k. =2x10"" cm® molecule ™’ s~! over range 200-
300K.
Reliability

Alogk, = + 0.3 over range 200-300 K.
Comments on Preferred Value

More reliable values of k_ apparently can only be ob-
tained by measurements at pressures above 1 atm.
Intermediate Falloff Range

The theoretical evaluation of the falloff curves from the
measurements by Wineer al., 1984° leadsto F, = 0.45 at 300
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K. Represented as F, = exp( — T /T *), this corresponds io
T* = 380 K. Although for internal consistency kq, k  , and
F,_ values from one evaluation should be used, we feel that
the k_ value from Wine ez al., 1984° should be revised up.
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CH;0, + SO, »CH3;0 +S0; (1)

AH (1) = —92kJ mol~!

—CH30,S0, (2)

Rate coefficient data (k = k, + k,)

k /cm® molecule™! s~ ! Temp./K Reference Comments
Relative Rate Coefficients

ki<1x107%€ 298 Kan, Calvert, and Shaw, 1981} {a)
ky=(14+02)X 107"

Reviews and Evaluations

<EX16™T 298 CODATA, 1982° b)
<5x 1077 298 NASA, 1982,% 1983¢ {c}

Comments

{a) Product analysis by FTIR speciroscopy in the pho-
tolysis of azomethane-O,~SO, mixtures. Complex mecha-
nism proposed involving reversible addition of CH,0. to
SO, in reaction (2). k values dependent on several other reac-
tionrates but effectively relative to k {CH,0, + CH;0,). Ad-
duct formed in reaction (2) was trapped by reaction with NO
produced in situ from CH;ONO photolysis. The high overall
rate coefficient observed previously™® is probably due to re-
action of the adduct, CH,0,80,, with other radicals present.

(b) Based on results of Sander and Watson.”

{c) Based on results in Refs. 1 and 7.

Pretferred Vaiue
k;<5Xx 10677 cm® molecule ™' s~ at 298 K.
k, no recommendation.
Comments on Preferred Values
The preferred value is the upper limit given by Sander
and Watson.® The new data' may go some way to reconciling

the earlier fiash photolysis results obtained at high flash en-
ergies™® which gave values for &, a factor of 100 higher than
the upper limit reported in Ref. 6.
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HS 4 O,—products
Rate coefficient data

k /cm® molecule™' s~ Temp./K Reference Comments
Absolute Rate Coefficients

<32x107" ) 298 Tiee er al., 1981' (a)
Reviews and Evaluations

No recommendation CODATA, 19822

<32Xx107*7 29% NASA, 1982,° 1983* {b)

Comments

(a) Laser flash photolysis of H,S laser induced fluores-
cence detection of HS. Upper limit estimated from analysis
of nonexponential decay curves of HS.

(b) Based on results from Ref. 1.

Preferred Value

k<3X 10~ cm® molecule ™' s~ ' at 298 K.
Comments on Preferred Value

The single direct study of this reaction shows that it is
very slow at ambient temperature. The upper limit for k is a
factor of 100 lower than an earlier upper limit estimate of
Cupitt and Glass.* HO and SO are the normally formulated
-reaction products but addition of HS to O, is also possible.
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HS 4+ NO—products
Rate coefficient data

k /em® molecule~' s~ Temp./K Reference Comments
Absolute Rate Coefficients
5.6x107" T 298 Tiee et al., 1981’ (a}
Relative Rate Coefficients
1.0x10~12 298 Bradley et al., 19732 4 {b)
Reviews and Evaluations
6.3x107" 298 Baulch er al., 1976* {c)

Comments

(a) Laser flash photolysis of H,S; HS detected by laser
induced fluorescence. Pressure = 10 Torr Ar. Pseudo-first-
order decay of HS in excess NO. ‘ '

(b} Discharge flow-ESR dctcction of HS produced in
H + H,S reaction. Effect of added NO gave ratio k/
k{H+ HS)=2.5X10"2 Absolute value of k based on
k{H + HS)=4.2x10""" cm® molecule™' s~ obtained in
the same study. P = 1.3 Torr.

(c) Based on work of Bradley et al.,> but using their own
recommendation for & (H + HS) = 2.5%x10~"" cm® mole-
cule™'s™1,

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Preferred Value

k =5.9%10"" cm® molecule~’ s~* at 298 K.
Reliability

Alogk= +02at298 K.
Comiments on Preferred Value

Both the absolute and relative determinations of & are
in good agreement when the Baulch er al.. value® for the
reference reaction is employed. The direct study’ was only
reported briefly but appears to be free of complication. The
preferred value is a mean of the value given in Refs. 1 and 3.
At present there is no information on the reaction products
or mechanism.
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) References Soc. Faraday Trans. 1 69, 416 {1973).
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Lett. 82, 80(1981). Data for High Temperature Reactions {Butterworths, London, 1976); Vol.

?J.N. Bradley, S. P. Trueman, D. A. Whytock, and T. A. Zaleski, J. Chem. 3.

SO + 0,-80,+0
AH = —52.6kImol™!

Rate coeflicient data

-1 =1

k /em® molecule ™' s Temp./K Reference Comments
Absolute Rate Cocflicients

{1.07 + 0.16)x 107 298 Black, Sharpless, and Slanger, 1982} ()
(2.4233)X 107 P exp[( — 23701 28/ T } 230-420 Black, Sharpless, and Slanger, 19822 (a)
8.4x10~" 298

(1.007 951X 10~ exp[( — 2180+ 117)/T] 262-363 Goede and Shurath, 19832 b)
4.9x107"7 ) 298

Reviews and Evaluations

6 10712 exp{ — 3300/7T) 300-1000 CODATA, 1982¢ {c)
9x 10~ 298 NASA, 1982° (@
2.4 1072 exp| — 2370/T) 200-300 NASA, 1983° {e)

Comments

{a} Laser photolysis of 8O, at 193 nm—SO detected by
chemiluminescence from SO 4 O, reaction. Pseudo-first-
order decay in excess O,. Pressure 100-500 Torr O, + He.

{b) SO produced from O -+ OCS in flow system. Con-
trolled admission to static volume where pseudo-first-order
decay of SO in excess O, followed by SO + O, chemilu-
minescence. Total pressure 1-200 m Torr O,.

(c) Based on high-temperature data of Homann e a/.

(d) Extrapolation from high-temperature data.’

(e) Based on work of Black et al.’*?

Preferred Values

k= 6.7x10""" cm® molecule™! s~ ' at 298 K.

k= 1.4x10"" exp( — 2275/T )overrange 230-420K.
Reliability

Alogk= +0.15at 298 K.

AE/R)= +500K.
Comments on Preferied Values

The new data'~> are the first measurements of this rate
coefficient at room temperature and below. The reaction is
very slow und measurement of & is subject o error due to
impurities. For this reason Black et al.'? favor their lower
values of k at 298 K obtained in the temperature dependence
study.? The Goede and Schurath values are systematically

lower than those from Ref. 2 by about 35%, but appear to
have less experimental uncertainty at temperatures < 300K.
The previous preferred value was based on an extrapolation
of high-temperature data and results in estimates of k at 298
K which are a factor of 10 or more lower than the measured
values. The preferred value for k at 298 K and for E /R are
mean values from Refs. 2 and 3. The 4 factor is adjusted to
give the preferred value at 298 K.
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SO -+ 03——)302 -+ 02

AH' = — 645k) mol™’

Rate coefficient data

k /em® molecule™ ! s ™! Temp./K Reference Comments
Absolute Rate Coefficients

(1.06 + 0.16)x 10712 298 Black, Sharpless, and Slaager, 1982 {a)
(4.8355)X 107 Zexp[(— 11702 53,/ T ] 230-420 Black, Sharpless, and Slanger, 1982% {a)
.46 1014 208

Reviews and Evaluations

3.2X 1072 exp( — 1100/7) 220-300 CODATA, 19823 b)
3.2X 10" 2 exp( — 1100/7) 200-300 NASA, 1982¢ (b}
3.6X10~ "2 exp| — 1100/T) 200-300 NASA, 1983 ic)

Comments

(a) Laser flash photolysis of SO,~QO; mixtures at 193
nm—S0, detection by chemiluminescence from SO + O,
reaction. Excess O, determined by uv absorption. Pressure:
200 Torr He. '

(b) Based on results of Halstead and Thrush® and Ro-
bertshaw and Smith.”

{c] Averaged data from Refs. 1, 2, 6,-and 7.

Preterred values

k =18.9%10"" cm® molecule ™' s~ ' at 298 K.

k = 4.5X10" " exp( — 1170/T ) overrange 230-420K.
Reliability

Adlogk= +0.10at 298 K.

4{E/R)= +150K.
Comments on Preferred Values

The new data of Black ez al.”? are in good agreement
with the earlier work. The preferred value at 298 K is the
simple mean of all four measurements from Refs. 1, 2, 6, and

7. The temperature dependence from Black et al.? is accept-
ed since this study covered a much larger temperature range
than the earlier work,® which nevertheless gave a value of E /
R within the experimental error of the later study.?
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A. R. Ravishankara, JPL Publ. 82-57 (1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photachemical
Dazia for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, M. J. Molina, R. T. Watson, D. M. Golden, R. F. Hampson, M. J.
Kurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 (1983).

°C. J. Halstead and B. A. Thrush, Proc. R. Soc. London Ser. A 295, 380
{1966).

7J. S. Robertshaw and 1. W. M. Smith, Int. J. Chem. Kinet. 12, 729 (1980).

SO + NO,—S0, + NO

AH’ = — 245k mol™!

Rate coefficient data

k /cm?® molecule ™' s~

s7F Temp./K Reference Comments
Absolute Rate Coefficients
(1.48 £ 0.20)x 107" 298 Black ez al., 1982 ()
Reviews and Lvaluations
1.4x10™"" 298 CODATA, 19822 (b)
1.4%107" 298 NASA, 1982, 1983* (c)

Comments

(a) Laser flash photolysis of SO,~—SO detected by che-
miluminescence from SO + O, reaction.
{b) Based on work of Clyne and co-workers.*>
1 {c) Based on data of Clyne and MacRobert® and Black ez
al.
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Preferred Value

k=1.4X10""" cm® molecule ™' s~ at 298 K.
Reliability

Aloghk= + 0.1at298K.
Comments on Preferred Value

The new data agrees well with previous results for this
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reaction. The preferred value is unchanged from the pre-
vious CODATA value but the error limits are reduced. In
the absence of experimental information on the temperzaiure
dependence of k, no recommendation for £ /R can be made.

References
'G. Black, R. L. Sharpless, and T. G. Slanger, Chem. Phys. Leti. 96, 55
(1982).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr,J. Troe, and R. T. Watsen, I Phys
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Chem. Ref. Data 11, 327 (1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, W. B. DeMore, R. T. Watson, D.
M. Golden, R. F. Hampson, M. J. Kurylo, C.J. Howard, M. J. Molina, and
A.R.Ravishankara, JPL Publ. 82-57 {1982).

“NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, M. I. Mclina, R. T. Watson, D. M. Golden, R. F. Hampson, M. 1.
Kurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 (1983}.

“M. A. A. Clyne, C. 1. Halstead, and B. A Thrush, Proc. R. Soc. London
Ser. A 295, 355 (1966).

SM.A A Clyneand A.T MacRabert, Int. . Chem. Kinet. 12, 79 (1980).

CS; + hv—products

Primary photochemical transitions

Reactions AH §/K) mol™! A threshota /DM
CS, + hv—CS3 M >281
—CS +SP) (2 426 281
—CS+S('D) (3) 537 223
B Absorption cross-section data
Wavelength range/nm Reference Comment )
280-360 Wine, Chameides, and Ravishankara, 1981’ (a)
318-330 Wu and Judge, 1981° o)
T ‘ Quantum vield data
i/leasurement ‘Wavelength range/nm Ret‘ere;;e Comment
Docs = 0.012 281-350 Jones, Cox, and Penkett, 1983° fc)
Comments 321.5 nm. Temperature = 294 K. Synchrotron continuum

(a) Spectral resolution 0.4 nm. 8,,,,, ~1X 107! cm? at
320 nm. Temperature variation over range 250 < T < 325K
produced little change in averaged o values. 298 K values
shown in graphical form.

{b) Spectral resolution 0.06 nm o,,, = 1.1 X107 at

source. Spectrum shown in graphical form.

(c) Quantum yield for OCS formation in overal! photo-
oxidation of CS, in wavelength region indicated. From
steady-state photolysis of low partial pressures of CS, in air
at 1 atm. CS¥ -+ O, is source of OCS.

Preferred Values
Absorption cross sections at 298 K

107" 6/cm®

A /nm 10" o/cm? A /nm

295 9.6 335 5.3
305 46 345 2.6
313 72 335 0.5
325 48

Quantum yield.

@ ocs = 1.2 X 1072 for 290-360 nm region in ] atm air.
Comments on Preferred Values

The new studies confirm the structured nature of the
absorption in the near uv band {290-350 nm). Since there is
insufficient energy to dissociate CS, at 4 <281 nm the pho-
tochemical reaction yielding OCS and SO, products, repori-
ed by Jones et @l.® and in earlier work,*® must arisc from
reactions involving excited CS, molecules. The guantum
yield reported by Jones ez a/.® is in good agreement with that
estimated for CS, photolysis in air at 1 atm by Wine ez a/.’
from earlier data of Wood and Heicklen® (i.e., @ s = 0.01-

0.015). The preferred valuc is based on Ref. 3 but should be
considered an upper limit since the observed slow oxidation
of CS, could have been due at least in part to other mecha-
nisms.
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'P. H. Wine, W. L. Chameides, and A. R. Ravishankara, Geophys. Res.
Lett. 8, 543 (1981).

*C.Y.R. Wu and D. L. Judge, Geophys. Res. Lett. 8, 769 (1981).

3B.M. R. Jones, R. A. Cox, and S. A. Penkett, . Atmos. Chem. §, 65{1983).
“W. P. Wood and J. Heickler, J. Phys. Chem. 75, 854 (1971).

M. DeSorgo, A. 1. Yarwood. O. P. Strausz, and H. E. Gunning, Can. J.
Chem. 43, 1886 {1965).
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OCS -+ h—products
Primary photochemical transitions
Reactions AH 3 /k3 mol ™! A threshota /NI
ocs + hv—CO + SP) (1) 303 394
—CO +S('D) (2) 414 288
Absorption cross-section data
Wavelength range/nm Reference Comment
200-270 Rudolf and Inn, 1981’ {a)
185-300 Molina, Lamb, and Molina, 19817 (b)
Quantum yield data (@ = &, + D,)
Measurement Wavelength range/nm Reference Comment
@=0.72+0.08 214-253.7 Rudolf and Inn, 1981 (c)

Comments

(a) Spectral resolution 0.01 nm. Temperature 297 K and
195 K. 0,0, = 3.13X 10~ cm? at 223.5 nm and 297 K.
With a decrease in temperature from 297 to 195 K, o in-
creased by ~5% at 4 <226 nm but at 4> 226 nm o de-
creased with cooling. 297 K data were tabulated. Residual
absorption at A < 280 nm with 0= 2 X 107 ** cm* also report-
ed, extending at least to 300 nm. The results first reported in
Turco ez al.?

(b} Spectral resolution 0.2 nm. Temperature 295 and
225 K. Data given in figures and tables showing values aver-
aged over 1 nm and averaged over wavelength intervals gen-
erally used in stratospheric photodissociation calculations.

Omax = 327X 107" cm? at 223 nm. Temperature effects
similar to Ref. 1 and earlier work. The cross sections at
A <280 nm are significantly lower than those proposed by
Rudolf and Inn.’

(c) Quantum yields for CO formation using resonance
fluorescence detection of CO in the fourth positive system of
CO centered at 172.9 nm. Light sources were deuterium
lamp (220, 225.8, and 230 nm), Zn lamp (214 nm) and Hg
lamp (253.7 nm) with appropriate filter systems. Tempera-
ture = 297 K. ¢ independent of A over this range. Value
based on the assumption that all the S atoms produced (*P
and ‘D) react with OCS to produce CO for which earlier
work*® provides support.

Preferred Values
Absorption cross sections at 295 and 225 K

10%' o/cm? 10 g/em?
A/nm 295K 225K A/nm 295K 225K
240 813 59.3
300 0.0009 235 153.6 123.7
295 0.0023 0.0013 230 2438 211.8
290 0.0077 0.0035 225 3104 2830
285 0.0218 0.0084 220 304.8 287.5
280 0.0543 0.0206 215 241.6 236.2
275 0.1504 0.0607 210 150.8 151.6
270 0.376 0.156 205 82.0 825
265 0.960 0.423 200 393 39.3
260 2.52 1.16 195 20.2 18.9
255 6.64 3.46 190 39.7 26.8
250 16.5 9.79 185 190.3 135.7
245 38.2 25.1

Quantum yields. (¢ = @; + P,).

@ = 0.80 over wavelength region 215-260 nm.

D,/P =0.74.
Comments on Preferred Values

Thercis good agreement between all of the recent cross-
section data for A <280 nm. At 4 > 280 nm the data of Mo-
lina ez al.? appear to be the most accurate. The higher values

J. Phys. Chem. Ref. Data, Val. 13, No. 4. 1984

in Ref. 1 may be due to the presence of CS, or other unidenti-
fied trace contaminants or alternatively dimerization of OCS
in the pressurized cell employed. The preferred values are 5
nm averages based on the Molina ez a/. data.”

The preferred overall quantum yicld of 0.80 is an aver-
age of results of Rudolf and Inn' and the earlier work of
Sidhu er al*® which gave slightly higher values
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(@, 4+ D, =0.9), with @,/P>0.72. Breckenridge and
Taube’ obtained ®,/® = 0.74 + 0.04 and their results sug-
gest strongly that S(*P) production accounts for the balance.
They did not, however, determine absolute values for the
quantum yields. There is currently no evidence for fluores-
cence from OCS. This is difficult to reconcile with a photo-
dissociation yield significantly less than unity.

References

'R.N. Rudolfand E. C. Y. Inn, J. Geophys. Res. 86, 9891 {1981).

2L. T. Molina, J. J. Lamb, and M. J. Molina, Geophys. Res. Lett. 8, 1008
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4.6. Fluorine Compounds

O('D) + COF;—CO, + F, (1)
‘ —O0FP) +COF, (2)
AR (1)= — 197 kI mol ™!
AR (2)= — 190kJ mol™’
Rate coefficient data (k = k| + k)
k /em?® molecule=1 ¢~ Temp./K Reference Connucnts

Absolute Rate Coefficients

(4.6 + 0.4)x 10~'° 208 Fletcher and Husain, 1978} {a}

(7.4 + 12)x 1071 298 Wine and Ravishankara, 19832 (b}

Relative Rate Coefficients

48x 10~ 11 . 208 Jayanty, Simonaitis, and (€)
Heicklen, 1976°

k,=34x10"" 298 Atkinson et al., 1976* {d)

Branching Ratios

ky/k =0.71 £ 0.07 298 Wine and Ravishankara, (b}
19832

Reviews and Evaluations

8.0x 10" 200-300 'NASA, 1982 fe)

74x10"Y 200-300 NASA, 1983° 0]

Comments molecule™' s~! (CODATA evaluation).

(a) Flow system. [O('D)] monitored by time-resolved
resonance absorption at 115 nm. Data analysis used modi-
fied Beer-Lambert law.

(b) Pulsed laser photolysis of O; at 248 nm [O{*P)] moni-
tored by time-resovled resonance fluorescence. Relative im-
portance of deactivation determined by comparison of
[OFP)] with N, as dominant quencher to that with COF, as
predominant quencher.

{c) Photolysis of O,—~N,0-COF, mixtures at 254 nm.
Rate of formation of N, measured. Value of k derived from
measured ratio, k /k [O(D) + N,O] = 0.41 and
k[O('D)+ N,O] = 1.16 X107 1° cm® mojecule™* s~
(CODATA evaluation). Evidence presented for some chemi-
cal reaction.

(d) Photolysis of NO, at 229 nm. [COF,] and [N,O]
monitored by infrared absorption spectroscopy. Value of &,
derived from measured ratio, k,/k {O('D) 4+ N,O] = 0.29

+004 and k[O('D)+ N,0]=1.16X10"1° cm?

{e) Based on preliminary report of results of Wine and

Ravishankara.

{f) Based on results of Wine and Ravishankara.?

Preferred Values

ky=2.2x10"" em® molecule ' s~ at 298 K.

ky=35.2X107" cm” molecule™' s~ ' at 298 K.
Reliability

Alogk,=Alogk,= +0.2.
Comments on Preferred Values

The preferred value for &, and k, are based on the re-
sults reported in the recent study of Wine and Ravishankara,
1983 which is much more direct than the other studies.
Both the overall rate and the branching ratio reported in this
study are accepted. The technique of Fletcher and Husain’
has given problems in the past for well-studied similar reac-
tions, and the value reported appears unacceptably high.
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AH' = — 66kImol™!

Low-pressure rate coefficients
Rate coefficient data

k,/em® molecule™! 5~! Tewp./K Reference Comments
Absolute Rate Coefficients

(1.0 + 0.3)xX 1073%0,] 208 Chebotarev, 1979} (a)
Reviews and Evaluations

1.6X 10737 /300)~ 25[N,] 220-360 CODATA, 19822 (b}
1.6>¢ 10~ 3%7",/300) ~ 25 [air] 200-300 NASA, 1982° (c)
1.6 X 10734 T /300) = '*{air] 220-300 NASA, 1983* {d)

Comments

{a) Laser flash photolysis near 200 nm of WF~H,-He
mixtures in presence of O,. Detection of HF infrared absorp-
tion using an HF laser as backgronnd source. Relative effi-
ciency of M, O,: Ar = 1.4: 1.0 reported.

(b) Average of data by Zetzsch,” Arutyunov et al.®
Chen et al.,” and Shamonina and Kotov.?

(c) Based on Ref. 2.

(d) Rate coefficient at 300 K based on Ref. 2. Tempera-
ture coefficient from calculations by Patrick and Golden®
which were based on a different 4 H° value.

Preferred Value

ko= 1.3X107%4T /300)~ **[N,] cm® molecule ™! s~
over range 200-300 K.
Reliability

Alogky= +90.3at300K.

An= +1,
Comments on Preferred Vailue

‘The preferred value averages the new data with older

values. The temperature coefficient is taken from the NASA
evaluation.”
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F 4+ H,O0—HF 4+ HO

AH' = —72.0kJ mol™'

Rate coefficient data

k /em® molecule~ ! s~ !

Temp./K Reference Comments
Absolute Rate Coefficients
(4.2 + 1.0}X 16" % exp[ — (400 = 70)/7] 243-369 Walther and Wagner, 1983' (a)
(1.1 +0.3)x 10~ 300
Reviews and Evaluations
2.2X 107" exp{ — 200/T} 240-360 CODATA, 1982° {b)
2.2X 107" exp( — 200/T"; 200-300 NASA, 19827 (b)
22X 10~ " exp( — 200/7’; 200-300 NASA, 1983¢ (b}
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Comments

{a) Discharge flow—mass spectrometric technique.
(b) Based on quotation in review by Jones and Skolnik’
of results of Zetzsch.®

Preferred Values

k= 1.1xX107" exp cm® molecule™' s~ at 298 K.
k=42x10"" exp( — 400/T} cm’ molecule™'s™*
over range 240-370 K.
Reliability
Alogk= 4+ 05at298 K.
A(E/RK)= +200K.
Comments on Preferred Values
The preferred values are the recent results of Walther
and Wagner.! They are the only published results and are

selected in preference to the earlier unpublished resulits of
Zetzsch® quoted in the review of Jones and Skolnik 6
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F -+ NO, + M—FONC + M

AH = — 176 kI mol™!

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
(9.8 + 1.6)X 107 31[N,} 295 Fasano and Nogar,

19831 {2)
Reviews and Evaluations
1.1 X107 3(T /300)~ **[air] 200-300 NASA, 19827 (b}
3.3% 107397 /300)~ 2°[air] 200-300 NASA, 1983° (b}
Comments Preferred Vaiues

(a} F generated by infrared multiphoton dissociation of
SF. Detection of IR fluorescence from competitive reaction
F + H,. Extrapolation of falloff curve to the limits using
F. =0.6.

{b) Caiculated rate coefficient from Patrick and Gold-
en* based on a collision efficiency of 5. = 0.3. It is assumed
that FONO is formed more rapidly than FNO,.

ko= 1.0X 10737 /300) ~2°[N,] over range 200-300

K.

Reliability .
Alogky= +0.5at300K.
An= 4 1.

Comments on Preferred Values

Because of the uncertainties in estimated 3, values, we
prefer the k, value from Fasano and Nogar.! The tempera-
ture coefficient from the NASA? evaluation is accepted.

High-pressure rate coefficients
Rate coefficient data

k. /em® molecule ™! ¢™! Temp./K

Reference Comments

{32 + 0.8)x 10~ 1 295

Reviews and Evaluations

1.0X 10717 /300)~ '° 200-300
2.0% 10717 /300)~ 10 200-300

Fasano and Nogar,

1983! {a}
NASA, 1982° (b;
NASA, 1983° (b
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Comments

{a) As comment (a) for k.
(b} Estimate by analogy to Cl + NO,.

Preferred Value

k =2.0%1071% cm® molccule ™" s~! over range 200~
300 K.
Reliability

4log k., = + 0.8 over range 200-300 K.
Comments on Preferred Value

The scatter of the falloff measurements in Ref. 1 is too
large to allow for a reasonable extrapolation of the measured

BAULCHET AL.

values to &, . For this reason the estimated NASA? value is
preferred assuming a large uncertainty. A value of F, = 0.6
is accepted from the calculations of Ref. 1 for the reaction (1).
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F + CH;—HF + CH,

AH’ = — 139.0kI mol~!
Rate coefficient data

k /em® molecule™! s ! Temp./K Reference Comments
Absolute Rate Coefficients
(5.72 £ 0.30)x 10! 298 Fasano and Nogar, 1982’ (a)
Reviews and Evaluations
3.0X 107 % exp( — 400/7') 250450 CODATA, 19827 (L)
3.0Xx 107" exp{ — 400/7) 200-300 NASA, 19823 (b)
3.0X 107 exp{ — 400/T") 200-300 NASA, 1983* {b)

Comments

(a) Infrared multiphoton dissociation of SF, in mixture
of CH,, D,, and Ar. First-order decay of [F] monitored by
chemiluminescence from either HF or DF. Dependence of
decay rate on mixture composition gives values for k and for
k(F + D,—DF + D). ’ '

{b) Based on absolute values of Wagner et al.,’ Clyne ez
al.,® and Kompa and Wanner,” and on relative results of
Foon and Reid® and Pollock and Jones.®

Preferred Values

k=8x10""" cm® molecule™’ s~ at 298 K.

k=3.0x10""?exp(—400/7) cm®molecule*s~!
over range 250450 K.
Reliability _

dlogk= £02at298K.

A4(E/R)= +200K.
Comments on Preferred Values

The preferred value is based on room-temperature re-
sults of Clyne ez a/.,°* Kompa and Wanner,” Pollock and
Jones,® and Fasano and Nogar,’ the 298-450 K results of
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Wagner et al.® and the 253-348 K results of Foon and Reid.®
Because the previous recommendation? was based on results
of five studies, inclusion of the new result of Fasano and
Nogar! (which agrees with the recommendation) in the aver-
aging procedure does not change the preferred value.
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COF; + hv—products
Primary photochemical transitions
Reaction AH /kJ mol™! A threshold /B
COF, + kv—CO+F, (I 518 231
—COF + F (2) 53¢% 222
—CO +2F (3) 672 178
—CF, +OFP) (4) 697 172

Absorption cross-section data

Wavelength range/nm Reference Conmunents

186-223.5 Molina and Molina, 1982' {a)

Quantum vield data

Measurement Wavelength/nm Reference Comments
@(CO)~0.25 206 Molina and Molina, 1982 (a)
Comments For quantum yield measurements, I, resonance lamp used to
{a) Measured at 298 K. Structured absorption spec-  Photolyze mixtures of up to 200 Torr COF, in 1 atm CH,,
trum; values reported are averaged over 500 cm ™ 'intervals.  [CO] measured by FTIR. HF also observed.

Preferred Values
Absorption cross sections for COF, photolysis at 298 K.

A/nm 10%° g/cm? A /nm 10%° o cm®
186.0 5.5 205.1 0.69
187.8 4.8 207.3 0.50
189.6 4.2 209.4 0.34
131.4 3.7 211.6 0.23
193.2 31 213.9 0.15
195.1 2.6 216.2 0.10
197.0 21 218.6 0.06
199.0 1.6 221.0 0.04
201.0 : 1.3 223.0 0.03
203.0 0.95
Quantum yields. References

No recommendations. 'L.T. Molina and M. J. Molina, Resul ed at 182nd National M
- T. Molina and M. J. Molina, Resuits presented at 182nd National Meet-
Comments on Preferred Values ing, American Chemical Society, New York, 1982.

The preferred values of the absorption cross sections *CODATA, Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
are those of Molina and Molina.! The values tabulated are J.Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Waison, J. Phys.

averaged over 500 cm ™ intervals. They are preferred over Chem. Ref. Data 11, 327 (1982).
the unpublished results of Chou et al. quoted in the previous
evaluation.” In view of the preliminary nature of the only
reported quantum yield data, no recommendation is made.
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4.7. Chlorine Compounds

O + HCI-HO + CI

AH = 4 3.4kimol™!

Rate coefficient data

k /cm® molecule ™’ s~! Temp./K Reference Comments

Absolute Rate Coeﬁ“xcients

(5.1 + 2.4)X 10~ exp[ — (3160 + 184)/ T 330-600 Singleton and Cvetanovic, a)
1981’

1.3x 107 298*

Reviews and Evaluations

11X 107" expt — 3370/T) 293-718 CODATA, 1982* (b}

1.0X 10" exp{ — 3340/T) 200-300 NASA, 19823 (c)

1.0X 10~ exp( — 3340/7) 200-300 NASA, 1983¢ ’ (c)

Comments

(a) Phase-shift technique. Oxygen atoms produced by
modulated Hg photosensitized decomposition of N,O and
monitored by chemiluminescent reaction with NO.

(h) Based on results of Wong and Belles,” Brown and
Smith,® Ravishankara er al.,” and Hack e al.®

(c) Based on results of studies cited in comment (b) and
also on results of Singleton and Cvetanovic.!

Preferred Vailues

k =1.4%107"® cm® molecule ™' s~ ' at 298 K.

k=1.0x10""" exp{ — 3340/7T) cm® molecule 's’
over range 293-718 K.
Reliability

dloghk= +03at298 K.

A(E/R)= +350K.
Comments on Preferred Values

The preferred value is based on the results of Wong and
Belles® (356~630 K), of Brown and Smith® (293440 K), of
Ravishankara ez al.” (350-454 K}, of Hack ez al.? (293-718

K), and of Singleton and Cvetanovic® (330-600 K). Inclusion
of the new data of Singleton and Cvetanovic® produces only
a minor change from the previous CODATA evaluation.?

References

'D. L. Singleton and R. J. Cvetanovic, Int. J. Chem. Kinet. 13, 945 {1981).

2CODATA Task Group on Chemical Kinetics, D. L. Bauich, R. A. Cox, P.
J.Crutzen, R. F. Hampson, ). A. Xerr, J. Troe, and R. T. Watson, ). Phys.
Chem. Ref. Data 11, 327 (1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).

“NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 {1983).
°E. L. Wong and F. R. Belles, NASA D-6495; Chem. Abstr. 76, 1832g
(1972).

SR. D. H. Brown and 1. W. M. Smith, Int. J. Chem. Kinet. 7, 301 (1975).

’A. R. Ravishankara, G. Smith, R. T. Watson, and D. D. Davis, J. Phys.
Chem. 81, 2220 (1977).

*W. Hack, G. Mex, and H. Gg. Wagner, Ber. Bunsenges. Phys. Chem. 81,
677 (1977).

QG 4+ Cl0—-0, + Ci

AH' = — 230 kI mol™!

Rate coefficient data

k /em?® molecule ™! ¢!

Temp./K Reference Comments
Absolute Rate Coefficients
{5.0 + 1.0)x 107" exp| — {96 + 20)/T] 236-422 Leu, 19841 (a)
(3.6 +07)x10° 1 296
(4.2 4+ 0.8)x 107" 241-268 Margitan, 19847 {b)
Reviews and Evaluations
7.5% 10" exp{ — 120/T) 220425 CODATA, 1982" {c)
7.7% 107" exp{ — 130/T) 200-300 NASA, 1982° )
7.7X 10~ " exp{ — 130/7T) 200-300 NASA, 1983° (c)
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Comments

(a) Discharge flow system. First-order decay of [O] in
excess [CIO] monitored by resonance fluorescence. Three
sources of ClO used (Cl + O, Cl + ClL,0, and Cl + OCIO};
results were independent of ClO source. v

(b) Flash photolysis system. Most experiments per-
formed at 10 Torr Ar, some at 30 Torr Ar. First-order decay
of [O] in excess [C1O] monitored by resonance fluorescence.
ClIO produced by Cl{excess) + C1,O; ClO dissociated ap-
prox. 1% by flash to give O atoms. [CIO] measured down-
stream by optical absorption and correction of up to 20%
made to allow for CIO loss by recombination.

{c) Based on 298 K results of Bemand ef al.,® the 220-
426 K results of Clyne and Nip,” and the 218-295 K results
of Zahniser and Kaufman.®

Preferred Values

k =4.3%x10"" ¢cm® molecule™' s at 298 K.
k= 6431071 cxp|{ — 120/7)
over range 220-370 K.
Reliability
Alogk= 40.1at298K.
AE/R)= +120K.

em?® molecule™! 57!

1357

Comments on Preferred Values

Preferred value is based on a least-squares fit to the data
below 370 K reported in the recent studies of Leu’ and Mar-
gitan’? and the earlier studies of Bemand ez al.,° Clyne and
Nip,” and Zahniser and Kaufman.® Values reported in the
newer studies are lower than those of earlier studies®’ and
resuit in a lowering of the preferred value at room tempera-
ture by about 15% from the value recommended previous-
ly?

References

'M. T. Leu, J. Phys. Chem. 88, 1394 (1984).

2. J. Margitan, J. Phys. Chem. 88, 3638 {1984).

3CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).

“NASA Panel fcr Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Xurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).

SNASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Moling, A. R. Ravishankaia, and R. T. Watsun, JPL Publ. 83-62 (1983).

SP. P. Bemand, M. A. A. Clyne, and R. T. Watson, J. Chem. Soc. Faraday
Trans. 169, 1356 (1973).

M. A. A. Clyne and W. S. Nip, J. Chem. Soc. Faraday Trans. 1 72, 2211
{1976).

®M. S. Zahniser and F. Kaufman, J. Chem. Phys. 66, 3673 (1977).

Cl + H,—HCI + H

AH’ = + 4.6kI mol™!

Rate coefficient data

k /cm® molecule™} s~

Temp./K Reference Comments
Absolute Rate Coefficients
(3.6 + 0.3)x 107 exp[ — (2310/7)] 200-500 Miller and Gordon, 1981! ia)
(1.5 +02)x 10~ 298
[6.0 + 0.5)x 107" exp[ — (2470 + 100)/T") 297-425 Kita and Stedman, 19822 (b)
(1.46 + 0.22)x 10~ 297
Reviews and Evaluations
4.7% 107" exp( — 2340/T) 210-1070 CODATA, 1982° {©)
3.7%x 107 " exp{ — 2300/T) 200-300 NASA, 1982°¢ (d)
3.7x 107" exp( — 2300/T) 200-300 NASA, 1983° (d)

Comments

(a) Flash photolysis-resonance fluorescence technique.
Also mcasurcd ratc cocflicients for reverse reaction by same
technique and found ratio to agree with equilibrium con-
stant data.

{b) Discharge fiow-resonance fluorescence technique.
Also measured rate coefficient for reverse reaction by same
technique and found ratio to agree with equilibrium con-
stant data.

(c) Based on data by Watson ez al.,° Benson er al.,” and
Steiner and Rideal.?

{d) Based on data below 300 K reported by Watson ez
al.,? Lee et al.,’ and Miller and Gordon.'

Preferred Values

k=1.6Xx10"" cm® molecule ' s~ at 298 K.

A =3.7x10"" eap{ — 2300/7) cus® molecule™ 57!
over range 200-300 K.
Reliability

Aloghk= +01at298K.

A{E/R)= +200K.
Comments on Preferred Values

The preferred value is derived from a least-squares fit to
data below 300 K reported by Watson e of.,® Lee ef al.,® and
Miller and Gordon.! The results of these three studies are in
excellent agreement below 300 K;; at higher temperatures the
data are in poorer agreement. After extrapolation, the re-

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984
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sults of Watson ef al.,° Milier and Gordon,’ and Kita and
Stedman® agree with the results of Benson ez al.” and Steiner
and Rideal.® Results of the new study by Kita and Stedman®
are in excellent agreement with this recommendation. Note
that the two newest studies*? have measured both the for-
ward and reverse rates and have shown that the ratio agrees
with equilibrium constant data.

References
'J. C. Miller and R. J. Gordon, J. Chem. Phys. 75, 5305 (1981).
. Kita and D. H. Stedman, J. Chem. Soc. Faraday Trans. 2 78, 1249
(1982).
3CODATA Task Group on Chemical Kinetics, D. L. Bauich, R. A. Cox, P.
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J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11,,327 (1982).

“NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. 1.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).

SNASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. }.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 {1983).
°R. T. Watson, E. S. Machado, R. L. Schiff, S. Fischer, and D. D. Davis,
Proceedings of the 4th CIAP Conference, DOT-OST-75, 1975.

’S. W. Benson, F. R. Cruickshank, and R. Shaw, Int. J. Chem. Kinet. 1, 29
(1969).

BH. Steiner and E. K. Rideal, Proc. R. Soc. London Ser. A 173, 503 {1939).
°J. H. Lee, J. V. Michael, W. A. Payne, L. J. Stief, and D. A. ‘Whytock, J.
Chem. Soc. Faraday Trans. 1 73, 1530 (1977).

Cl + HO>—HCI + O, (1)
—CIO + HO (2)

AR {1)= — 224 kI mol™!
AH° = +9kJmol™!

Rate coefficient data (k = &, + &,)

k /cm® molecule ™' s~ Temp./K Reference Comments
Absolute Rate Coefficients
(4.23 +0.07yx 10~ 1 250-414 Lee and Howard, 1982! (a)
Branching Ratios
-ky/k = 1.09 exp( — 478/T) 250-414 Lee and Howard, 1982! (a)
ko/k =021 4+ 0.02 297
Reviews and Evaluations
k,=4.8x10"" 274-338 CODATA, 19822 (b)
k, — 1.8 10~ exp(170/T") 200-300 NASA, 19823 (©
k,=4.1X10""" exp( — 450/T) 200-300
ky = 1.8X 10~ exp(170/7) 200-300 NASA, 1983¢ (c)
k;=4.1x 107" exp( — 450/T)
Comments Reliability

(a) Discharge flow system with laser magnetic reso-
nance detection of HO,, OH, and CIO. On basis of the over-
all rate and the temperature-dependent expression for the
branching ratio, the authors derived the following express-
ions for the individual rate coefficients: &, = (1.8 4 0.5)
X107 Vexp[(170 + 80)/T] and k,=(4.1+0.8)x 10~
expf — (450 4- 60)/T].

{b) Based on indirect studices of Leu aund DeMore,* Pou-
let ez al.,® Burrows et al.,” and Cox.?

{c) Based on direct study of Lee and Howard.'

Preferred Values

ky =3.2X10"" cm® molecule ! s~ at 298 K.

ky =9.1X 10712 cm® molecule ™" s~ ! a1 298 K.

k= 1.8X107"" exp(170/T) cm® molecule ' s~ over
range 250420 K.

ky=4.1%X10"" exp( — 450/T} cm® molecule™! s~
over range 250420 K.

J. Phys. Chem. Ref. Data, Voi. 13, No. 4, 1984

Alogk,= +0.2at298 K.

Alogk,= +0.3at298 K.

A(E\/R)=A4(E,/R)= + 250K.
Comments on Preferred Values

The preferred values for &, and &, are based on results
of the recent direct study by Lee and Howard. These expres-
sions were derived by the authors from data on the overall .
rate and the branching ratio. The total rate constant is tem-
perature independent with a value of (4.2 4+ 0.7)x 10~"
cm® molecule ' s over the range 250420 K. The contri-
bution of reaction channel 2 (21% at 298 K) is much higher
than estimated previously.” The value of k, when combined
with the value of & (C1O + OH—CL + HO,) gives an equi-
librium constant value of 1.0 which in turn gives a value for
the heat of formation of HO, at 298 K of 13.8 kJ mol~! in
reasonably good agreement with the value of 10.5 kJ mol~*
from Howard® (see also review by Shum and Benson.'°)
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Cl + H,CO—HCI + HCO

AR = — 67.4k) mol™!

Rate coefficient data
k /cm® molecule ™! 5! Temp./K Reference Comments
Relative Rate Coefficients
6.6 + 1.4)x10~ " 298 Poulet, Laverdet, and (@)

LeBras, 1981’

Reviews and Evaluations
7.9 10~ " cap( — 34/T) 200-300 CODATA, 1982° (b)
8.2X 10~ " exp( — 34/T) 200-300 NASA, 19823 c)
82X 10~ exp| — 34/T) 200-300

NASA, 19834 (c)

Comments

(a) Discharge flow—mass spectrometric study. Value of
k derived from measured ratio k /k (Cl+ C,H,) = 1 16 and
k(Cl+ CH)=57x10""  cm® molecule™'s (CO-
DATA evaluation).

(b) Based on studies as a function of temperature by
Michael ez al.,° and Anderson and Kurylo® and room-tem-
perature resuits of Niki ef al.” and Fasano and Nogar.?

{c) Based on all references in (b) and also on Poulet et al.!

Preferred Values

~Tat 298 K.
cm’ molecule

k =17.3%x10"" cm? molecule™

k=182X10"" exp(— 34/T)
over range 200-500 K.
Reliability

4log k = 4+ 0.06 at 298 K.

A(E/R)= 4+ 100K.
Comments on Preferred Values

The preferred temperature dependence is based on a
least-squares fit to the 200-500 K data of Michael e al.° and

—1 s-l

the 223-323 K data of Anderson and Kurylo.® The preferred
value of £ at 298 K is based on of these studies and also the
room-temperature results of Niki et a/.,” Fasano and Nogar,®
and Poulet ez al.," all of which are in good agreement.
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AH = —82kImol™!

BAULCH ET AL.

Rate coefficient data

k /cm® molecule ' s’

Temp./K Reference Comments
Absolute Rate Coefficients
(3.4 + 1.6)x 1071 298 Clark, Husain, and (a)
Jezequel, 1982}
(5.1 + 2.8)x 10~ 2 exp[ — (1700 +- 150)/T3 243-298 Kurylo, Knable, and {b)
Murphy, 1983“
{(1.6732)x 10714 298
Reviews and Evaluations
<7x1071% 298 CODATA, 1982° {c)
<1X10~" exp( — 2170/7) 200-300 NASA, 1982¢ (d}
<1.7x107 1 298 NASA, 1983° {e)

Comments

(a} Cl produced by repetitive pulsed photolysis of Cl,.
First-order decay of {Cl] monitored by time-resolved reso-
nance absorption at 139 nm.

(o) Flash photolysis of CCl,. First-order decay of [Cl}
monitored by resonance fluorescence.

(c) Based on assuming that the room-temperature value
of Leu and DeMore® represents an upper limit.

(d) Based on assuming that the room-temperature value
of Leu and DeMore® represents an upper limit. The preex-
ponential factor was estimated and the E /R value derived to
fit this upper limit at 298 K.

(e) Based on assuming that the room-temperature value
of Kurylo e al.% represents an upper limit.

Preferred Values

k< 1.7 107" cm® molecule ™! s~ ! at 298 K.
Comments on Preferred Values

The two ncw studies'? which monitored [Cl] decay 1c-
port values higher than those obtained in discharge flow—
mass spectrometric studies by Leu and DeMore® and by
Poulet ez al.” which monitored [HNO,] decay. The value of
E /R reported by Kurylo ez al.? (1700 K) for 243-298 K is

significantly lower than the value reported by Poulet e al.’
{4380 K} for 439633 K. The data of Poulet ¢z .7 arc not
directly applicable to stratospheric conditions and extrapo-
lation to room temperature may not be valid. The preferred
value is based on assuming that the 298 K data of Kurylo ez
al.” represents an upper limit. The higher value reported by
Clark et al." is based on data which exhibit significant scatter
and is not considered in deriving the preferred value.

References

'R. H. Clark, D. Husain, and J. Y. Jezequel, J. Photochem. 18, 39 (1982).

M. J. Kurylo, J. L. Murphy, and G. L. Knable, Chem. Phys. Lett. 94, 281
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1. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
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Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).

“NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 (1983).

‘M. T. Leu and W. B. DeMore, Chem. Phys. Lett. 41, 121 {1976).

G. Poulet, G. LeBras, and J. Combouriey, J. Chem. Phys. 69, 767 (1968).

Ci + CH;3CCl;—HCI + CH,CCl,

AH = —27kJI mol™?
Rate coefficient data
k /em® molecule=? s~ ! Temp./K Reference Comments
Absolute Rate Coefficients ‘
<2.4X107% 259 Wine, Semmes, and (a)
<3 7x107* 298 Ravishankara, 1982!

Reviews and Evaluations

<4x107' 298

NASA, 19837 (b)
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Comments

{a) Puised laser photolysis of Cl,. First-order decay of
[C1] monitored by resonance fluorescence. Experiments also
performed at 356 and 403 K. Nonexponential decay ob-
served at 403 K. Authors concluded that the presence of a
reactive impurity accounted for a significant fraction of the
{C1] decay, and therefore reported only upper limits for &.
(b) Based on results of Wine er al.’

Preferred Values
k<4x10~" cm® molecule's~ ' at 298 K.

Comments on Preferred Values

Preferred value is based on the only reported study® of
this reaction. The observed decay rate includes a significant
contribution from a reactive impurity and therefore only an
upper limit for & can be derived. This reaction is too slow to
be of importance in atmospheric chemistry.

References

'P. H. Wine, D. H. Semmes, and A. R. Ravishankara, Chem. Phys. Lett. 90,
128 (1982).

?INASA Panel for Dawa Evaluation, Chemical Kinetics and Fhotochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 (1983).

Ci + CIONO,—Cl, + NO;

AH = —77kJ mol™}

Rate coefficient data

k /em3 molecule ™1 51 Temp./K Reference Comments
Absolute Rate Coefficients

6.3% 107 % exp{150/T) 219-208 Margitan, 1083} ()
(1.04 + 0.04)x 10~ " 298

7.3X 10”2 exp{165/T) 220-296 Kurylo, Knabie, and Murphy, (b)
(1.20 £ 0.24)x 10" 296 19832

Reviews and Eveluations

1.7X 10~ exp{ — 610/T) 224-273 CODATA, 1982° ]
6.0X 10~ "2 exp{150/T) 200-300 NASA, 1982¢ (d}

6.8 1072 exp(160/7") 200-300 NASA, 1983°

(e}

Comments

{a) Flash photolysis of Cl, at 355 nm. First-order decay
of [CI] monitored by resonance fiuorescence. O-atom ab-
straction channel to give CIO + CIONO shown to be unim-
portant based on results of experiments with added NO, in
which Cl was not regenerated by the fast reaction CIO + NO
—Cl + NO,.

(b} Flash photolysis of CCl, or COCL,. First-order de-
cay of [Cl} monitored by resonance fluorescence. Results
supersede earlier results® from same laboratory.

{c) Based on results of Kurylo and Manning.®

(d) Based on results of Margitan.'

{e) Based on results of Margitan’ and Kurylo ez a/.?

Preferred Values

k=1.2X10"" cm’molecule™ s ' at 298 K.

k =6.8X 107" exp(160/T) cm® molecule ™' s~ over
range 219-298 K.
Reliability

Alogk= 4+0.12at298 K.

A(E/R)= +200K.

Comments on Preferred Values

The preferred value averages the recent results of Mar-
gitan' and Kurylo ez al.? which arein good agreement. These
results show that the rate constant for this reaction is two
orders of magnitude greater than was indicated by the only
earlier published study.® In that study it now seems likely
that the reaction actually being observed was the slower re-
action O + CIONO,. Margitan’ has shown that the reaction
proceeds by Cl atom abstraction rather than by O atom ab-
straction.

References

'3. J. Margitan, J. Phys. Chem. 87, 674 (1983).

M. J. Kurylo, G. L. Knable, and J. L. Murphy, Chem. Phys. Lett. 95, 9
(1983).

*CODATA Task Group on Chemical Kinetics, D. L. Bauich, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 {1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Daza for Usc in Stratospheric Modeling, Evaluation Nurnber 5, W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 {1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 (1983).

M. J. Kurylo and R. G. Manning, Chem. Phys. Lett. 48, 279 {1577).
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HO + HCI-H,0 + CI

AH’ = —67.4kI mol™’

Rate coefficient data

k /cm® molecule ™ s™! Temp./K Reference Comments
Absolute Rate Coefficients
(6.66 + 0.52)x 10~ 13 300 Husain, Plane, and Slater, (a)
1981!
Reviews and Evaluations
3.0X 107" exp| — 425/T) 210460 CODATA, 19822 (b}
2.8X 1072 exp| — 425/T) 200300 NASA, 19823 (c)
2.8 1012 exp| — 425/T) 200-300 NASA, 19834 {c)
Comments was derived by giving equal weighting to the temperature-

(a) Flash photolysis. First-order decay of [HQ) moni-
tored by resonance fluorescence.

(b) Based on results reported by Takacs and Glass,’
Zahniser et al., Smith and Zellner,” Ravishankara ez al.,?
and Hack et al.®

(c) Based on results in (b} and in Husain et al.!

Preferred Values
k=6.6X10"" cm® molecule™' s~ 'at 298 K.

k=2.8x10"" exp( — 425/T) cm3 molecule™'s~"

over range 210460 K.
Reliability

Alogk= +0.08at 298 K.

AE/R)= +100K.
Comments on Preferred Values

There is' good agreement between the room-tempera-
ture values reported in six studies' > and the preferred val-
ue is the average of the six values. The Arrhenius expression

dependent data reported in Refs. 6-8.

References
'D. Husain, J. M. C. Plane, and N. K. H. Slater, J. Chem. Soc. Faraday
Trans. 2 77, 1949 (1981).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, andR T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).
3NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More, R. T. Watson, D. M. Golden, R F. Hampson, M. J. Kurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).
“NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 {1983).
5G. A. Takacs and G. P. Glass, J. Phys. Chem. 77, 1948 (1973).
M. S. Zahniser, F. Kaufman, and J. G. Anderson, Chem. Phys. Lett. 27,
507 {1974).
I. W. M. Smith and R. Zellner, J. Chem. Soc. Faraday Trans. 2 70, 1045
(1974).
A. K. Ravishankara, G. Smith, R. T. Watson, and D. D. Davis, J. Phys
Chem. 81, 2220(1977).
®W. Hack, G. Mex, and H. Gg. Wagner, Ber. Bunsenges. Phys. Chem. 81,
677 (1977).

HO + CIO—-HO,+ClI (1)
—HCI+ 0, (2)

AR {1)= — 9kJI mol™!’
AH{2)= — 234kJ mol™!

Rate coefficient data (k = k, + k)

k /cm® molecule™'s~! Temp./K Reference Comments

Absolute Rate Coefficients

(1.17 + 0.33)x 10~ " 248-335 Ravishankara, Eisele, and {a)
Wine, 1983!

Reviews and Evaluations

9.1x10712 298 CODATA, 1982° {b)

5.1 10~ "2 exp(180/7) 200-300 NASA, 1982° c)

9.2X 10~ "2 exp|66/T) 200-300 NASA, 1983* (d)
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Comments

(a) Discharge flow system. First-order decay of [OH]
monitored by resonance fluorescence. Correction made for

regeneration of OH by reaction Cl + HO,—HO + ClO..

Authors recommend temperature-independent value given
above but also give expression: k ={9.2 + 6.5)x 10"
expf{66 + 200)/T].

{b) Based on results of Leu and Lin.®

(c) Based on preliminary, uncorrected results of Ravi-
shankara ez al. and on results of Leu and Lin.’

(d) Based on results of Ravishankara et al.! and correct-
ed results of Leu and Lin.’

Preferred Values

k=1.2x10""" cm® molecule ™' s~? at 298 K.
k=9.2X10""2 exp{66/T) cm®molecule™!s™! over
range 250-335 K.
Reliability
Alogk= +02at298 K.
AE/R)= +200K.
Comments on Preferred Values
The preferred values are based on results reported by
Ravishankara et al.! and the 298 K value of Leu and Lin.*

1363

The latter’s published value, when corrected for regenera-
tion of HO by reaction Cl + HO,—HO + CIO, becomes
1.14 X 107" em® molecule ™! s~! (private communication).
Leu and Lin also determined a lower limit of 0.65 for k,/k at
298 K. The approach was somewhat indirect, and the actuai
value may be unity. If this ratio is unity, then the value of &
and the value of & (Cl + HO,—HO + CIO) are consistent
with the value of 10.5 kJ mol ~" reported by Howard® for the
heat of formation of HO,.

References
'A. R. Ravishankara, F. L. Eisele, and P. H. Wine, J. Chem. Phys. 78, 1140
1983).

2(COD?ATA Task Group on Chemical Kinetics, D. L. Bauich, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 {1982).

3NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1982).

“NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 (1983).

*M.T. Leu and C. L. Lin, Geophys. Res. Lett. 6, 425 {1979).

¢C. ). Howard, J. Am. Chem. Soc. 102, 6937 (1980).

CIO + O;('4)—sym CIO;

AR = — 72.0kJ mol ™!

Rate coefficient data

k /cm® molecule™ ! s~ !

Temp./K Reference Comments
Absolute Rate Coefficients
<3x 10718 298 Zellner and Handwerk, 1983’ {a)

comments

(a) Flash photolysis—uv absorption technique. {C10] de-
cay monitored in presence of excess O,('4 ) and in its ab-
sence. Observation that decay rate is not accelerated in pres-
ence of O,{'A ) gives upper limit for k at pressure of 5 Torr.

Preferred Values
k<3x 107 cm® molecule=! s~ ! at 298 K.

Comments on Preferred Values

Preferred value accepts the recent results of Zellner and
Handwerk' in the only reported study of this reaction. This
reaction is too slow to be of any significance in atmospheric
chemistry.

References
'R. Zellner and V. Handwerk {unpublished, 1983).
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ClO + NO, + M—CIONO, + M

AH = — 109 kJ mol™!

BAULCHET AL.

Low-pressure rate coefficients
Rate coefficient data

ko/cm® molecule ™! s™! Temp./K Reference Comments

Absolute Rate Coefficients

(1.5 + 0.2)X 1073![N,] 298 Dasch, Sternberg, (a)
and Schindler, 1981’

(1.8 + 0.4} X 10~3'[N,] 270-295 Cox, Rurraws, and (b)
Coker, 19842

(1.6 + 0.2)X 10~ T /300)~ *°[N,] 264-343 Handwerk and Zellner, ©)
1984°

Reviewe and Evaluations

1.6X 10~3(T /300) - *#[N,] 250420 CODATA, 1982 d)

1.8 X 1073Y(T /300) ~>*]air] 200-300 NASA, 1982° (e)

1.8 10734 T /300) ~ >*{air] 200-300 NASA, 1983° [h)

Comments

{a) Laser flash photolysis generation of ClO radicals
from C1,0. ClO radicals monitored by absorption at 285.2
nm using a Xe arc lamp or a Mg-hollow cathode lamp as
light source. Pressure range 20~600 Torr. Results in good
agreement with falloff curve from earlier studies.*°

(b} Modulated photolysis of Cl,~CLO-NO,~N, mix-
tures. CIONO, formation followed by diode laser spectros-
copy. This study rules out the formation of isomers other
than CIONO,.

(c) Flash photolysis generation of ClO from C1,0. De-
tection of C1O via absorption at 256 nm. Pressure range 17—
790 Torr, experiments at 264, 298, and 343 K. Results in
good agreement with earlicr data in thc falloff range.*®

{d) Average of several measurements which all agreed
very well.

(e) As comment {d). In this evalvation the formation of
two different isomers was assumed. The value given here is
the sum of the two rate constants for these two isomers.

{f) As comment {d). The formation of a second isomer is
now being ruled out.

Preferred Values

ko= 1.7X1073YT 7300}~ >*[N,] cm® molecule ! s~ !
over range 200-300 K.
Reliability

Alogky= +0.1at298K.

An= + 1.
Cornments on Preferred Values

There is now excellent agreement between the various
studies of the reaction in the falloff region near to the low-
pressure limit. The preferred value is the average of ten dif-
ferent studies evaluated earlier® and in the present evalua-
tion. The formation of OCIONO or CIOONO, suggested in
order to explain discrepancies between recombination and
dissuciation rate data, apparently does not occur (see experi-
ments by Cox et al., 19832 and Margitan, 1983). The discre-
pancies now have to be attributed either to erroneous disso-
ciation rate measurements or to uncertainties in the
equilibrium constant. In the latter case, the factor of 3 dis-
crepancy would require® a change in the AH® value of the
reaction by about 4 kJ mol~".

High-pressure rate coefficients

Rate coefficient data
k.. /cm?® molecule™' s~! Temp./K Reference Comments
Absolute Rate Coefficients
(3—6)x1012 298 Dasch, Sternberg, and
Schindler, 1983' {a)

{lL.2243%x 10~ 264-343 Handwerk and Zellner,

. 1984° (b}
Reviews and Evaluations
2x10"1 200-400 CODATA, 1982* (c)
3X 107 "T/300)~ '° 200-300 NASA, 19825 id)
1.5%107*YT/300)~ **° 200-300 NASA, 1983 (e)
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Comments

(a) See comment (a) of k,. Extrapolation of k_ very
uncertain. F, unspecified.

{b) See comment (c) of k,. Extrapolation of k_ very
uncertain. Given k_, value based on theoretical prediction.
Using the given &, and &, values, and F, = 0.55, 0.50, 0.45
for 264, 298, 343 K, respectively, falloff curves are obtained
which are in good agreement with the majority of the avail-
able data.

(c) Based on a theoretical fit of experimental falloff
curves.

(d) Sum of £, values for the formation of two different
isomers. Probably this number was assigned erroneously
and one-half this value was meant.

(e) Assuming the formation of only one isomer. Cor-
rects the value commented in (d). k_ and its temperature
coefficient are based on theoretical modeling by Smith and

Golden, 1979.8

Preferred Values
k., =2X10"" cm® molecule ™' 's ™! over range 200—
300K.
Reliability
4 log k,, = + 0.3 over range 200-300 K.
Comments on Preferred Values :
Since there are no direct measurements of & at pres-

1365

sures above 1 atm, k_, cannot be established with certainty.
Theoretical predictions are no better than within a factor of
2. However, if the falloff curves below 1 atm are fitted with
the given ko, £, , and F, values, this uncertainty does not
influence the representation of the falloff curve in this range.
For this reason, we suggest an unchanged preferred value
with only a minor temperature dependence of k.
Intermediate Falloff Range

As before we prefer F, = 0.5 at 298 K. Representation
in the form F, = exp{ — T /T *) gives T* — 430 K.
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Data for Use in Stratospheric Modeling, Fvaluation Number 5. W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. J.
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°NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
Morc, M. J. Moling, R. T. Wawson, D. M. Golden, R. F. Hampson, M. J.
Kurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 (1983).
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HOCI + Av—products

Primary photochemical transitions

Reaction AH /kI mol™! A threshota /DM

HOCI + iv—HCl1 + 0OfP) (1) 230 520
—HO + Cl 2) 233 513
—ClO+H 3) 393 304
—HCI +O('D) (4 420 285

Quantum yield data
Measurement Wavelength/nm Reference Comments
&, =0.00 + 0.01 308 Butler and Phillips, 1983’ (a)
Comments Comments on Preferred Values

(a) Laser photolysis. Production of O atoms looked for
by resonance fluorescence at 130 nm. No evidence for 8]
atom production was observed and an upper limit of approx-
imately 0.02 (two standard deviations) can be placed on @,.

Preferred Values

Absorption cross sections.

The preferred cross sections are unchanged from values
tabulated in the previous CODATA evaluation.?

Quantum yields for HOCI photolysis.

D, = 1.0for A > 200 nm. :

Absorption cross sections.

See previous CODATA evaluation.?

Quantum yields.

The preferred quantum yields are unchanged from the
previous CODATA evauluation.® The upper limit for D,
reported by Butler and Phillips’ is consistent with the rec-
ommendation that photodissociation proceeds completely
by {2) to give HO + HCl.

References
'P. J. D. Butler and L. F. Phillips, J. Phys. Chem. 87, 183 {1983).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.

J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Cheny. Rel. Data 11, 327 (1982).
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CIONO; + hv—products
Primary photochemical transitions
Reaction AH /kJ mol~! A threshota /N
CIONO, + hv—ClO + NO, (1) 109 1100
—Cl + NO, 2 166 721
—CIONO + OfP) (3) 306 391
—CIONO + O('D) {4) 496 241
Quantum yield data
Measurement ) Wavelength/nm Reference . Comments
&, is predominant >200 Adler-Golden and {a)
@, <0.04 Wiesenfeld, 1981°
@, =0.55{+ 0.3, — 0.1} 249 Marinelli and Johnston, {b)
19822
@, =0.90+0.10 266,355 Margitan, 1983° (c)
®,~0.10
@, <0.2 »
@, =0.90 + 0.05 265,313 Knauth and Schindler, 1983* (d)
&, =0.10 + 0.02
@, <0.05
Comments The preferred cross sections are unchahged from values

(a) Flash photolysis at 1 > 200 nm. O atoms obscrved by
time-resolved resonance absorption at 131 nm. No reso-
nance absorption by Cl atoms observed; upper limit for &,
estimated to be about 4%. It was concluded that predomi-
nant photolysis channel is (3).

(b) Laser flash photolysis at 249 nm. [NO,] in its ground
vibrational state monitored by time-resolved tunable dye-
laser absorption at 662 nm and observed to be formed with
an initial quantum yield of ~0.55.

(c) Laser photolysis at 266 and 355 nm. Cl atoms and O
atoms observed by resonance fluorescence and signals com-
pared with that from photolysis of reference molecule (Cl, or
NOCI and NO,). Observation that no additional Cl were
produced upon addition of NO to photolysis mixture gives
upper limit of 0.2 on &,.

(d) Series of different experiments with product analysis
by mass spectrometry or by ultraviolet or infrared absorp-
tion. Photolysis at 265 nm and 253 K in excess 'SNO.;
CIO'NO, production looked for, giving @, < 0.05. O atom
production at 265 nm determined by addition of up to 10%
NO, and measurement of O, yield, giving @, = 0.10 + 0.02.
Low-temperature photolysis of CIONO,/NO, mixtures;
@ (N,0;) = 0.90 + 0.05 measured by infrared absorption.
N,O;s results from scavenging of photoproduced NO; by
NO,, thus ¢ (N,O;) = @,. Quantum yield for O, production
at 265 and 313 nm without any additive
@ (0,) = 0.43 & 0.02 independent of wavelength.

Preferred Values
Absorption cross sections.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

tabulated in the previous CODATA evaluation.’

Quantum yields for CIONO, photolysis:

@, = 0.90 for A > 260 nm.

@, = 0.10 for A > 260 nm.

Comments on Preferred Values

Absorption cross sections.

See previous CODATA evaluation.’

Quantum yields.

The preferred quantum yield value of 0.9 for @, and a
complementary value of 0.1 for @, are based on the direct
results of Margitan.> They are confirmed by the results of
Knauth and Schindler” based on final product analysis, and
also by the earlier results of Chang et al.” The fact that Adler-
Golden and Wiesenfeld' did not observe Cl atoms is under-
standahble on the basis that they were seavenged by CIONO,
before the time of observation with a rate coefficient now
known to be much faster than previously thought {see data
sheet on Cl + CIONO,). The interpretation given for the re-
sults of Marinelli and Johnston? is.erroneous because it too is
based on the very low reported value for this rate.coefficient.
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4.8. Bromine Compounds .
O + HBr—HO 4 Br
AH® = — 61.9kJ mol™*
Rate coefficient data
k /cm® molecule™* s~! Temp./K Reference Comments
Absolute Rate Coefficients
(6.7 + 1.9)x 10~ 2 exp[ — (1537 & 81)/T) 221-455 Nava, Bosco, and Stief, {a)
. 1983
(3.37 £ 0.35) 1071 298
Reviews and Evaluations
7.0X 10~ 2 exp( — 1560/T) " 250-400 CODATA, 19822 b)
7.6X 102 exp( — 1570/7) 200-300 NASA, 1982° (c)
6.6X 10" 2 exp(  1540/T} 200 300 NASA, 19834 {d)
Comments range 22 1-455 K provides the only data measured at stratos-

{a) Flash photolysis. First-order decay of [O] monitored
by resonance fluorescence. Slight curvature in Arrhenius
plot for T <298 K noted.

{b) Based on fit to data for 250400 K reported by Ta-
kacs and Glass,® Brown and Smith,® and Singleton and Cve-
tanovic.’

(c) Based on fit to same data as in (b) with preexponen-
tial factor fitted to value of k at 298 K.

(d) Based on fit to data of Nava et al.! and data of Single-
ton and Cvetanovic’ over same temperature range.

Preferred Values

k=3.7%x10"" cm® molecule "' s ' at 298 K.

k = 6.6<10712 cxp( — 1540/7) cm® molccule™'s~!
over range 220-455 K.
Reliability

Alogk= +0.12at 298 K.

AE/R)= +200K.
Comments on Preferred Values

The new study of Nava ef al.! over the temperature

AH = — 205.1 kJ mol~"!

pheric temperatures. The preferred value is based on a fit to
these data and the data of Singleton and Cvetanovic’ over
the same temperature range by a phase shift technique.
These results are less subject to complications due to secon-
dary chemistry than are the results of the discharge flow
studies™® at much lower ratios of [HBr], to [O]},,.
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O + Br,—BroO + Br

Rate coefficient data

-1

k /cm® molecule

57! Temp./K Reference Comments

Absolute Rate Coefficients
(8.7 +3.0)x10" "2 300 Clyne and Cruse, 1971" {a)
(l.4+02)x10 ! 298 Clyne, Monkhouse, and Townsend, 19/6% {b)
Relative Rate Coefficients
14x107" 306-405 Moin, Yurkevitch, and Drogo’itskii,

1976° {c)
Reviews and Evaluations
1.39x 107" 303 Baulch ez al.* (d)
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Comments

{a) Discharge flow-resonance absorption detection of
O(’P); excess NO present to convert BrO to Br and prevent
removal of O(P) by reaction with BrO product.
[Br,]y=~[O],, i.e., second-order kinetic conditions.

(b) Discharge flow-resonance fluorescence detection of
OFP) and Br(*P); decay of O(°P) in excess Br, and NO exhib-
ited pseudo-first-order kinetics. k measured from O*P) de-
cay and also from Br(*P} production, the two methods giving
the same result.

{c) Discharge flow; O monitored by EPR. Total pres-
sure=2.5 Torr. k measured relative to k{O+ Cl,
—ClO + Cl) by determination of the Cl, and Br, mass flows
required to achieve the same reduction in [O]. Authors give
k/k(O + Cl,) = 10%62°53 exp[ — (1310 + 45)/T]. Tem-
perature-independent value given in Table is based on the
analysis and preferred value for (O + CL,—CIO + CI)
=4.7X 10" exp( — 1368/T) cm® molecule™'s~! given
by Baulch ez 4/.,* using the authors’ original data.

(d) Based on the results in Refs. 2 and'3.

Preferred Values
k=14x10"" cm® molecule™! s~ ! at 298 K.

BAULCHET AL.

Reliability

Alogk= +0.2.
Comments on Preferred Values

The rate coefficient is reasonably well defined by the
results of Clyne, Monkhouse, and Townsend? and Moin ez
al® The earlier data’ was reinterpreted” giving a revised val-
ue of (1.2 4 0.4} 10™"" cm?® molecule~! s~ at 298 K. The
preferred value is based on the results from Refs. 2 and 3.
Since no measurements at temperatures below 298 K have
been reported we do not give a preferred value for the tem-
perature range of interest for the atmosphere. The results of
Moin et al.? suggest near-zero temperature dependence, as
expected for a fast reaction of this type.

References

'M. A. A. Clyne and H. W, Cruse, Trans. Faraday Soc. 67, 2869 (1971).
M. A. A. Clyne, P. B. Monkhouse, and L. W. Townsend, Int. J. Chem.
Kinet. 8, 425 {1976).

*F. B. Moin, Yu. P. Yurkevitch, and V. M. Drogo'itskii, Dokl. Akad. Nauk.
SSSR 226. 866 (1976).

“D. L. Baulch, J. Duxbury, S. J. Grant, and D. C. Montague, Evaluated
Kinetic Data for High Temperature Reactions, Vol. 4, Homogeneous Gas
Phase Reactions of Halogen- and Cyanide-Containing Species, J. Phys.
Chem. Ref. Data 10, Suppl. 1 (1981).

Br -+ HCHO—HBr—HCO

AH = —2.1kYmol™!

Rate coefficient data

k /em® molecule ™! s~

Temp./K Reference Comments
Absolute Rate Coefficients
{2.97 + 0.60)x 10~ "' exp[ — {1015 + 70)/T] 295-480 Poulet, Laverdet, and Le Bras, 1981 ()
{9.4 +0.8)x 10~ 12 295
Reviews and Evaluations
1.4X 107" exp( — 750/T') 223480 CODATA, 19822 (b)
1.7 107 exp( — 800/7) 200-300 NASA, 1983° : {c)

Comments

{a) Discharge fiow—mass spectrometic detection of
HCHO in excess Br; earlier data of LeBras ef al.4 shown tobe
in error due to secondary reaction of Br with HCO.

(b) Based on data from the flash photolysis—resonance
fluorescence study of Nava er al.®

(c) Arrhenius expression obtained by least-squares fit of
data from Poulet ez al.’ and Nava et 1.5

Preferred Values

k = 1.0X 10" "2 cm® molecule=! s~ at 298 K.
k=17Xx10"" exp(— 800/T) cm® molecule=? 5!
over range 223-480 K.
Reliability
dlogk= +0.15at298 K.
4(E/R)= +250K.

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

Comments on Preferred Values )

The new data’ are in good agreement with the earlier
work’ for the temperature range 295-480 K. The Arrhenius
expression recommended by NASA,’ obtained by least-
squares fit to the data from Refs. 1 and § is therefore accept-
<d for this cvaluation. The carlier data® covered a wider tem-
perature range 223-480 K and gave a lower activation
energy than the new data.” The authors® suggest that curva-
ture in the Arrhenius plot is not unexpected for this reaction
on theoretical grounds and expressions of the type
AT~ "2 exp( — E /RT) were shown to “fit” the data well.
The preferred value for & at 298 K is a simple mean of the
values at 295 and 298 K from Refs. 1 and 5.

References
'G. Poulet, G. Laverdet, and G. Le Bras, J. Phys. Chem. 85, 1892 {1981).
*CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
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J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).
3NASA Pancl for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, W. B. DeMore, R. T. Watson, D.

M. Golden, R. F. Hampson, M. 1. Kurylo, C. J. Howard, M. J. Molina, and
A. R. Ravishankara, JPL Publ. 82-57 {1982).
%G. Le Dras, R. Foon, and J. Combouricu, Chem: Phys. Lett. 73, 357 {1920).
5D. F. Nava, J. V. Michael, and L. J. Stief, J. Phys. Chem. 85, 1896 {1981).

HO + HBr—H,0 4+ Br
AH° = —132.6 k] mol ™ ‘
Rate coefficient data

k /cm® molecule™} s™! Temp./K Reference Comments
Absolute Rate Coefficients
9.2 +0.7)x 10712 298 Jourdain, LeBras, and (a)

Combourien, 1981}
(6.0 -+ 0.32)x 10~ 12 298 Husain, Plane, and Slater, (b)

19812
Reviews and Evaluations
8.5x 107 % 249416 CODATA, 1982° {c)
8.0x10~ "2 200-300 NASA, 1982° (d)
8.0%X 1071 200-300 NASA, 1983° (d)

Comments

(a) Discharge flow—EPR technique.

(b) Flash photolysis-resonance fluorescence technique.

(c) Based on results of Takacs and Glass® and Ravishan-
kara et al.”

{d) Based on results of Takacs and Glass,® Ravishan-
kara ez al.,” Jourdain et al.,! and Husain et al.?

Preferred Values

k = 8.0 107" cm® molecule ™! s~ over range 249-
416 K.
Reliability

Alogk= +02at298 K.

A{E/R}= 4+250K.
Comments on Preferred Values

There have been two measurements of this rate by the
discharge flow—EPR technique; Takacs and Glass® and
Jourdain et al." report values of 5.1 and 9.2 X 10~ '2.cm* mo-
lecule ™! s~ %, respectively. There have also been two mea-
surements by the flash photolysis—resonance fluorescence

technique; Ravishankara et al.” and Husain et al.? report
values of 11.9 and 6.0 10~ '? ¢cm® molecule* s, respec-
tively. The preferred value of k at 298 K is the mean of these
values. The temperature independence over the range 249-
416 K is based on the results of Ravishankara et al.”

References :

1. L. Jourdain, G. LeBras, and J. Combourieu, Chem. Phys. Lett. 78, 483
(1981).

?D. Husain, J. M. C. Plane, and N. K. H. Slater, J. Chem. Soc. Faraday
Trans. 2 77, 1949 (1981).

3CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 {1982).

“NASA Fanel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More, R. T. Watson, D. M.-Golden, R. F. Hampson, M. J. Kurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57(1982).

SNASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R. T. Watson, JPL Publ. 83-62 (1983).

5G. A. Takacs and G. P. Glass, J. Phys. Chem. 77, 1060 (1973).

A. R. Ravishankara, P. H. Wine, and A. O. Langford, Chem. Phys. Lett.
63, 479 (1979).

HO + Br,—HOBr + Br
AH = —38kImol™'
Rate coefficient data
k /cm® molecule ™! s~ ! Temp./K Reference Comments
Absolute Rate Coefficients
(4.2 +0.7)x 10~ 298 Poulet, Laverdet, and LeBras, 1983! (a)
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J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 {1982).

SNASA Pancl for Data Evaluation, Chemical Kinetics und Photochemical .

Data for Use in Stratospheric Modeling, W. B. DeMore, R. T. Watson, D.

M. Golden, R. F. Hampson, M. J. Kurylo, C. J. Howard, M. J. Molina, and
A. R. Ravishankara, JPL Publ. 82-57 (1982).
*@. Le Bras, R. Foun, and J. Combouricu, Chiwsu. Pliys. Lett. 73, 357 (1930).
D. F. Nava, J. V. Michael, and L. J. Stief, J. Phys. Chem. 85, 1896 (1981).

HO + HBr—H,0 + Br
AH® = —132.6 kJ mol™!? )
Rate coefficient data

k /cm® molecule™? s~ Temp./K Reference Comments
Absolute Rate Coefficients
9.2 +0.7)x 1072 298 Jourdain, LeBras, and (a)

Comhourieu, 10811
(6.0 +0.32)x 107" 298 Husain, Plane, and Slater, {b)

19812
Reviews and Evaluations
8.5x 1012 249416 CODATA, 1982° {c)
8.0x10~ 1 200-300 NASA, 1982° (d)
8.0x107 ¥ 200-300 NASA, 1983° (d)

Comments technique; Ravishankara ef @/.” and Husain et al.? report

{a) Discharge flow-EPR technique.

(b) Flash photolysis-resonance fluorescence technique.

(c) Based on results of Takacs and Glass® and Ravishan-
kara et al” _

(d) Based on results of l'akacs and Glass,® Ravishan-
kara et al.,” Jourdain et al.,' and Husain ez al.”

Preferred Values

k = 8.0X 10~ cm® molecule ™' s~! over range 249—
416 K.
Reliability

Alogk= +0.2at298 K.

A{E/R)= +250K.
Comments on Preferred Values

There have been two measurements of this rate by the
discharge flow—-EPR technique; Takacs and Glass® and
Jourdain ez al.’ report values of 5.1 and 9.2 X 10~ *2.cm® mo-
lecule™* 57, respectively. There have also been two mea-
surements by the flash photolysis—resonance fluorescence

values of 11.9 and 6.0 X 10~** cm® molecule ™ s, respec-
tively. The preferred value of &k at 298 K is the mean of these
values. The temperature independence over the range 249~
416 K is based on the results of Ravishankara et al.”

References v

'3. L. Jourdain, G. LeBras, and J. Combourieu, Chem. Phys. Lett. 78, 483
{1981).

2. Hnsain, I. M. C. Plane, and N. K. H. Slater, J. Chem. Soc. Faraday
Trans. 2 77, 1949 (1981).

3CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327{1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 5, W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. J.
Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 {1982).

SNASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, D. M. Golden, R. F. Hampson, C. J. Howard, M. J. Kurylo, M. J.
Molina, A. R. Ravishankara, and R: T. Watson, JPL Publ. 83-62 (1983).

¢G. A. Takacs and G. P. Glass, J. Phys. Chem. 77, 1060 (1973).

A. R. Ravishankara, P. H. Wine, and A. O. Langford, Chem. Phys. Lett.
63,479 (1979).

HO + Br,—HOBr + Br
AH = —38kImol™!
Rate coefficient data
k /cm® molecule ™! 57! Temp./K Reference Comments
Absolute Rate Coefficients
4.2+ 07)x 1071 298 Poulet, Laverdet, and LeBras, 1983} (a)
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Comments

(a) Discharge flow—HO measured by both EPR and la-
ser induced fluorescence, giving identical results. Measure-
ment of Br formed using EPR showed that reaction proceeds
exclusively by the above channel.

Preferred Value
k=42x10"" cm® molecule™' s~ ' at 298 K.

BAULCHET AL.

Reliability

Alogk= +03at298 K.
Comments on Preferred Value

This is the only reported kinetic measurement of the
HO + Br, reaction. The rate constant is consistent with the
similarly rapid reactions of O and H with Br,, and is expect-
ed to have zero or very small temperature dependence.

References
'G. Poulet, G. Laverdet, and‘G. LeBras, Chem. Phys. Lett. 94, 12941983).

BrO + HO,—HOBr + O, (1)
—HBr + 0; (2)

AR (1)= —215kI mol™!
AH°(2) = — 29 kJ mol™"

Rate coefficient data(k = k; + &)

k /em® molecule™'s™!

Temp./K Reference Comments
Absolute Rate Coefficients
(5+3)x10712 : 303 . Cox and Sheppard, 1982' {a)
Reviews and Evaluations
5x10"? 298 CODATA, 19822 : {b)
5x107 "2 298 NASA, 19823 {c)
5x10712 298 NASA, 1983* {c}

Comments

(a) Molecular modulation-uv absorption detection of
BrO and HO,. Photolysis of O, in presence of Br,, H., and
O, to produce BrO and HO,. Rate coefficient obtained from
computer fits to data using a complex mechanism. The anal-
ysis gave values in the range {2.3-6.0)}X 10 '2 cm® mole-
cule™! 571 with a best cstimate and error limits given above.

(b) Estimate based on analogous reaction of ClO.

{c) Based on data of Cox and Sheppard’ and the analogy
with CIO 4+ HO, reaction.

Preferred Value
k =5%10""? cm® molecnle ™' s~ a1 298 K.
Reliability
Alogk= +0.5at298 K.
Comments on Preferred Value
The new results’ demonstrate that a modcratcly rapid

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

reaction occurs between HO, and BrO at room temperature,
according to either or both of the above channels. The quali-
ty of the rate data is not sufficient to justify any change in the
preferred value or its reliability, from the previous evalua-
tions.

References

'R. A. Cox and D. W. Sheppard, J. Chem. Soc. Faraday Trans. 2 78, 1383
{1982). .

2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, W. B. DeMore, R. T. Watson, D.
M. Golden, R. F. Hampson, M. J. Kurylo, C. J. Howard, M. J. Molina, and
A. R. Ravishankara, JPL Publ. 82-57 (1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, Evaluation Number 6, W. B. De-
More, M. J. Molina, R. T. Watson, D. M.-Golden, R. F. Hampson, M. J.
Kurylo, C. J. Howard, and A. R. Ravishankara, JPL Publ. 83-62 (1983).
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BrO + BrO—2Br + O, (1)
—Br, + 0O, (2)
AH (1) = — 28 kI mol™!
AH(2)= — 256 kJ mol ™!
Rate coefficient data (k = k, -+ &)

k /co® molecule=' s~ Temp./K Reference Comments
Absolute Rate Coefficients
k, ={6.6 + 1.5)x 10712 278-338 Cox, Sheppard, and Stevens, 1982' (a)
Branching Ratios )
k,/k, = 14.6 exp[ — (276 + 35)/T] 258-333 Jaffc and Mainquist, 19802 (b}
k,/k =0.84 + 0.03 298
k,/k, =130 exp] — (992 + 210)/T] 278-348 Cox, Sheppard, and Stevens, 1982' (b)
ky/k =0.84 + 0.03 298
Reviews and Evaluations
2810712 200-400 CODATA, 1982° )
ky = 1.4% 102 exp{ + 150/7) 200-300 NASA, 1982 {d)
k, = 60X 107" expf{ + 600/T)
k, = 1.4X 10~ 2 exp( + 150/T)) 200-300 NASA, 1983° @

k, = 6.0X 10~ exp( + 600/T)

Comments'

{a) Molecular modulation—uv absorption detection of
BrU 1n the photolysis of Br,—~O,-N, mixtures. Absorption
cross section of BrO at A = 338.3 nm determined in the same
study. 0=1(1.740.3)X10""" cm® molecule~!, 10~% /
alems™1)=42,375,3.50,3.74, at 277.5,303, 325, and 348
K, respectively.

(b) Quantum yield for Br, photosensitized decomposi-
tion of O, determined. Ratio k,/k, determined assuming a
simple chain mechanism involving competition between
propagation reaction (1) and termination reaction (2), to ex-
plain the temperature-dependent quantum yields.

(c) Based on direct measurements of Clyne and Watson®
and Sander and Watson.”

{d) The value of &, is obtained from k ( = k, + k,) based
on the data of Clyne and Watson® and Sander and Watson®
and Ky/k = 1.18 exp( — 104/T'), a mean value, from the re-
sults of Cox et al.! and Jaffe and Mainquist.” k, expressions
obtained from values of k, at 200 and 300 K obtained by
difference. The uncertainties on E /R cover possible tcm-
perature-independent rate coefficients for either or both
channels.

Preferred Values

ky =2.2X10""? cm® molecule~! s~ at 298 K.
k, =4.5X 107" cm® molecule™ ' s~ at 298 K.
k=1.1X10""?exp{ + 255/T) cm® molecule™’ s~
over range 223-398 K.
Reliability
Alogk, = +0.1at298 K.
Alogk,= 4+0.2at298K.
A{E/R)= +300K.
Comments on Preferred Values
‘The data base for this reaction is still rather unsatisfac-

1

tory. The new value of k, is almost a factor of 2 higher than
the only previous determination for this channel by Sander
and Walson,” i.c., K = 3.8 X 10~ " cm® molecule 's . The
ratio ky/k = 0.84 4 0.03 at 298 K obtained in Ref. 7 agrees
well with the corresponding values obtained from the quan-
tum yield studies.'* However, this could be fortnitons since
the simple mechanism used’ to evaluate the ratio did not
give a full explanation of the quantum yield data. Also the
temperature dependence of the quantum yields in the two
studies was not in good agreement and utilization of the ra-
tios to obtain temperature-dependent rate coefficients for
the two reaction channels is subject to considerable uncer-
tainty.

The preferred expression for the temperature depen-
dence of the overall rate coefficient is that from the NASA
evaluation 5 and is based on the results of Ref. 7, with the 4
factor adjusted to give a value of k at 298 K equal to the mean
of the experimental values from Refs. 6 and 7 at this tem-
perature. The uncertainty in (E /R ) is reduced from our pre-
vious evaluation® since the positive temperature dependence
reported by Clyne and Cruse® can probably be attributed to
the temperature dependence of the absorption cross section
o, found by Sander and Watson.” The preferred values for
the two channels at 298 K are based on the preferred value of
k at 298 K and the ratio k,/k = 0.84. In view of the uncer-
tainties noted above, no recommendation is given for the
temperature dependence of the individual channels.

References
'R.A.Coxand D. W. Sheppard, J. Photochem. 19, 189 (1982).
*S, Jaffe and W. K. Mainquist, J. Phys. Chem. 84, 3277 (1980).
*CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
3. Crutzen, R. F. Hampson, 1. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 {1982).
*NASA Panel far Data Evaluation, Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling, W. B. DeMore, R. T. Watson, D.
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M. Galden, )b Haoyaon, M. Kurylo, C.J. Howard, M. ). Molina, and
A, R. Ruvishankara, JPL Publ. 82-57 {1982).

*NASA Panel for Data Evaluation, Chemical Kinetics and Photochemical
Duta for Use in Struawspheric Modeling, Evaluation Number 6, W. B. De-
More, R. T. Watson, D. M. Golden, R. F. Hampson, M. J. Kurylo, C. J.

BAULCHET AL.

Howard, M. J. Molina, and A. R. Ravishankara, JPL Publ. 82-57 (1983).
°M. A. A. Clyne and R. T. Watson, J. Chem. Soc. Faraday Trans. 1 71, 336
{1975).
’S. P. Sander and R. T. Waison, J. Phys. Chem. 85, 4000 (1981).
8M. A. A. Clyne and H. W. Cruse, Trans. Faraday Soc. 66, 2214 {1970).

BrO -+ hv—products

Primary photochemical transitions

Reaction AH 555 /kJ mol ™! A hreshoig /1M
BrO + hv—Br + OPP) (1) 232 515
—Br+0('D) (2) 422 283

Absorption cross-section data

‘Wavelength/nm Reference Comment
296-375 Cox, Sheppard, and Stevens, 1982’ {a)
Comments tense band in the A *JI-X YT vibrational progression at

(a) Molecular modulation study of photolysis of Br,~O,
mixtures. Absorption measurements at 0.1 nm intervals and
0.22 nm resolution. Absolute absorption cross sections
based on determination of the cross section for the most in-

338.3 nm, (V' = T«—{v" = 0),” from measurements of BrO
kinetics,. The value obtained for o{7-0) was
{1.8 4+ 0.3)x 10" cm? molecule™" over the temperature
range 277-348 K. Average values over 5 nm intervals are
given.

Preferred Values

Absorption cross sections
A /nm 10" o/cm® A/nm 10*® g/cm?
300-305 2.00 340~-345 5.15
305-310 2.59 345-350 3.99
310-315 4.54 350-355 2.28
315-320 391 355-360 1.72
320-325 6.00 360-365 1.61
325-330 7.53 365-370 0.92
330-335 6.28 370-375 0.51
335-340 5.89

Comments on Preferred Values

The preferred values are those tabulated in Ref. 1. Com-
parison of cross-section data from different sources is diffi-
cult because of the diverse spectral bandwidths used. How-
ever the new data’ for the cross section in the 7-0 band at 339
am [o=(9.0 + 1.5)X 10~ % cm® molecule '], agree with
the measurement of Sander and Watson® [0,(339.0
nm) = 1.17X 10™"7 cm? molecule ™' at 298 KJ]. The latter
remains the most reliable determination at a single wave-
length since it does not depend on kinetic parameters. The
earlier determinations of o,*° which gave lower values, are
less reliable®® and are neglected. The estimated uncertainty

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

on o is + 20%-50%. Sander and Watson® also report a
temperature dependence of o at 339 nm in the 7-0 band over
the range 220-388 K but this is unlikely to affect the S nm
averaged values of o.

References :
'R. A. Cox, D. W. Sheppard, and M. P. Stevens J. Photochem. 19, 189
(1982).

2M. Barnett, E. A. Cohen, and D. A. Ramsay, Can. J. Phys. 59, 1908 (1982).

3S. P. Sander and R. T. Watson, J. Phys. Chem. 85, 4000 (1981).
“M. A. A. Clyne and H. W. Cruse, Trans. Farad. Soc. 66, 2214 {1970).
*N. Bascu and S. K. Dogra, Proc. R: Soc. London Ser. A 323, 1 (1971).

SM. A. A. Clyne and R. T. Watson, J. Chem. Soc. Faraday Trans. 171, 336

{1975).
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4.9. lodine Compounds

O+ 1,10 +1
AH = —32.8kJmol™!
Rate coefficient data
k /cm® molecule ™' s™! Temp./K Reference Comments
Absolutc Ratc Cocfficients
(1.38 4- 0.44) X 10~ 1° 298 Ray and Watson, 1982' (a)

Comments

(a) Discharge flow~mass spectrometric detection of 1,
in the presence of large excess O atoms. [O] determined by
titration with NO,. Total pressure 2.0 Torr.

Preferred Values

k = 1.4 107 cm® molecule ™! s~ over range 200-
400K. '
Reliahility

Alogk= +032at298 K.

A{E/R)y= +250K.
Comments on Preferred Values

The recommended value of k is consistent with the

trend observed in the rate coefficients for the O 4- X, reac-
tion, which increase steadily: <1X10™*° cm®mole-
cule™! s~} for X = F,24.2X 10" cm® molecule ' s~* for
X = CP and 1.4X10~"" cm® molecule=' s77, for X = Br
(CODATA Evaluation) at 298 K. The molecular beam study
of Parrish and Herschbach,” suggests zero activation energy
which is consistent with the near gas kinetic value of k at 298
K.
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!G. W.Ray and R. T. Watson, J. Phys. Chem. 85, 2955 (1981).
2R. H. Krech, G. J. Diebold, and D. L. McFadden, J. Am. Chem. Soc. 99,
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10 + NO; + M—IONO, + M
Low-pressure rate coefficients
‘Rate coefficient data
ko/cm?® molecule ™' s=! Temp./K Reference Comments
Absolute Rate Coefficients
(4.3 + 2.0} 107%[N,] . 277 Jenkin and Cox, 1984’ (a)
Reviews and Evaluations
5.0 10~*Y(T'/300)[N,] 200-400 CODATA, 1982? (b)

Comments

{a) Molecular modulation; 10 monitored in absorption
at 427 nm in excess NO,. 1, photolysis in presence of O, to
produce JO. Pressure range 35-404 Torr N,. Falloff curve
analyzed by method of Troe?® using a value of F, = 0.4 de-
rived by analogy with the BrO + NO, reaction. Small cor-
rection for second-order component in 10 kinetics at higher
pressures.

(b} Based on analogy with BrO | NO, | M reaction.
Preferred Values

ko= 3.4X107%[N,]} cm® molecule~* s ™! at 298 K.

ko=3.4X10734(T/300)"%[N,] cm’ molecule™'s™!
over range 200-400 K.
Reliability

Alog ko= +03at298 K.

4an= +1.
Comments on Preferred Values

The preferred value at 298 K is based on the measure-
ments of Jenkin and Cox” at 277 K and an assumed T depen-
dence of (7 /300) 2 based on analogy to the CIO + NO, re-
action. The single experimental study requires independent
confirmation.

High-pressure rate coefficients

- Rate coefficient data
k.. /cm® molecule ™! s~’ Temp./K Reference -Comments
Absolute Rate Coeflicients
(1.6%gg)x 10~ " ' 277 Jenkin and Cox, 1984’ {a)
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Comments

(a) See comment (a) for k,. Value obtained from a fit to
the falloff curve using F, = 0.4.

Preferred Value

k_ = 1.6 107" cm® molecule ™' s~ over range 200~
400 K.
Reliability

Alogk, = 4 0.3 over range 200-400 K.
Comments on Preferred Value

This is a reasonable value for reactions of this type;
however an independent confirmation is required.

BAULCHET AL.

Intermediate Falloff Range

From the preferred values one calculates
[N,]. = 5.0% 10" molecule cm ™2 at 298 K. The value of
F, = 0.4 was taken to be the same as for the BrO + NO,
reaction as derived using the theoretical techniques of Troe?
by Sander et al.’?

References
M. E. Jenkin and A. R. Cox, J. Phys. Chem. |in press).
2CODATA Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and R. T. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).
3. Troe, J. Phys. Chem. 83, 114 (1979).
“S. P. Sander, G. W. Ray, and R. T. Watson, J. Phys. Chem. 85, 199 (1981).

10 + 1021 + O, (1)

—l2 + 02 (2)
10 +10 + M—=1,0.+M (3)

AR’ (1) = — 130kJ mol™*
AH(2)= —282kI mol™'

Rate coefficient data (k = k, + k, + k3)

—1g—1

k /cm® molecule ™' s Temp./K Reference Comments
Absolute Rate Coefficients

(40228 %x 1071 303 Cox and Coker, 1983! {a)
Reviews and Evaluations

3x 10712 298 CODATA, 1982 (b}

Comments

(a) Molecular modulation; 10 produced by I 4 O, reac-
tion and detected in absorption at 426.9 nm. Total pres-
sure = 1 atm; overall reaction of 10 led to aerosol products.
Avalue of k /5{426.9nm) = (1.3 + 0.3)X 10’ cm s~ ! report-
ed. The value of k given is based on o = (3.1 Z)x 10~ "7
cm? determined in the same study, and is defined using the
equation — d[10]/dz = k [10}.2

(b} Based on discharge flow results of Clyne and Cruse.’

Preferred Values

No recommendation.
Comments on Preferred Values

Both experimental studies of this reaction used absorp-
tion spectroscopy to monitor 10 and therefore a knowledge
of o is required.

The previous CODATA recommendation? for & is al-
most certainly too low since it is based on a value of
o = 5X 107 ¥ cm? estimated by Clyne and Cruse.® The new

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984

value’ of o would lead to a value of k = 2.2 X 10~ cm® 'mo-
lecule™! s~ ! based on the work of Clyne and Cruse,> where k
is defined by — d[I0}/dt = k [10).2 The new data gives a
valuc of k /o considerably higher than that obtaincd in the
earlier study,® k& /o = 1.0X 10° cm s~'. This may suggest a
change of mechanism over the pressure range 1-760 Torr or
that one or both the measurements are incorrect.

Neither study provides positive evidence for channel
(1), which is expected to be an important pathway by analogy
with other XO + XO reactions (X = F, Cl, Br). In view of
the apparent complexity of the 10 + IO reaction we are un-
able to make a recommendation for k or the branching ratio
at this time.

References
'R. A. Cox and G. B. Coker, J. Phys. Chem. 87, 4478 {1983).
2CODATA, Task Group on Chemical Kinetics, D. L. Baulch, R. A. Cox, P.
J. Crutzen, R. F. Hampson, J. A. Kerr, J. Troe, and K. 1. Watson, J. Phys.
Chem. Ref. Data 11, 327 (1982).
3M. A. A. Clyne and H. W, Cruse, Trans. Faraday Soc. 66, 2227 (1970).
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10 + hv—products

Primary photachemical transitions

Reaction AH 544 /KT mol™! A threshota /M
10 + Av—1+OFP) (1) 184 651
SI+00'D) (2) 374 320

Absorption cross-section data

‘Wavelength/nm Reference Comment
415-470 Cox and Coker, 1983! {a)
Comments nm intervals with spectral resolution of 0.27 nm. Absolute

(a} Molccular modulation study using photolysis of I, or
CH,l in the presence of O,. Absorption due to A%/TX?{T
transition in the indicated wavelength range recorded a1 0.25

cross sections based on kinetic measurements of 10 moni-
tored at the band head of the (' — 4)«—(v" = O)band at 426.9
nm for which o = (3.1+ 29)x 10~ 1" cm?. o values averaged
over 5 nm intervals also given.

Preferred Values
Absorption cross sections

A /nm 10" o/cm? A/nm 10'® o/cm?
415-420 8.4 445-450 14.1
420425 9.3 450-455 4.0
425430 16.4 455-460 10.0
430435 2.9 460-465 4.2
435-440 10.2 465-470 2.8

440445 3.1

Comments on Preferred Values

The preferred absorption cross sections are taken from
the table given by Cox and Coker.! The uncertainty is due
mainly to that associated with the measurement of 0{426.9
nm) which is estimated to be + a factor of 3.

No recommendation is given for the quantum yield.
Durie and Ramsay” report extensive predissociation in the

A<X progression of 10, therefore the quaritum yield for
process (1) is probably unity throughout the wavelength re-
gion of the preferred o values.

References
'R. A. Cox and G. B. Coker, J. Phys. Chem. 87, 4478 (1983).
2R. A. Durie and D. A. Ramsay,Can. J. Phys. 36, 35 (1958).
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Appendix |
Enthalpy Data
AH :(298) 4H (0)

{Substance) kJ mot ™! kJ mol ™! Notes
H 217.997 216.03 1
H, 0 8} 1
o 249.17 246.78 1
o('D) 4389 436.6 2
0. 0 0 1
0,('4) 94.3 94.3 2
0,(.3) 156.9 156.9 2
0, 142.7 145.4 3
HO 39.0 38.7 3
HO, 10.5 + 4.2 30
H,0 —241.81 —238.92 1
H.,0, —136.32 — 130.04 3
N 472.68 470.82 1
N, ¢ ] 1
NH 343 343 2
NH, 185 188 7
NH, —45.94 —38.95 1
NO 90.25 89.75 3
NO, 33.2 36.0 3
NO, 71420 77420 4
N,O 82.05 ) 85.50 3
N,0, 9.1 18.7 4
N,O, 123 23.8 3
HNO 99.6 102.5 4
HNO, —79.5 —74 3
HNO, — 135.06 —125.27 3
HO,NO, —54+20 3
CH 594.1 590.8 4
CH, 386 386 6
CH, 145.6 149.0 4
CH, — 74.81 ~ 66.82 3
CN 435 4
HCN 135 4
NCO 159 5
co — 110,53 —113.81 1
Co, —393.51 —393.14 1
HCO 37.6 37.2 9
CH,0 — 108.6 — 1047 2
HCOOH —378.6 —371.6 3
CH,0 14.6 22.6 9
CH,0, 16+8 10
CH,OH - 259 20
CH,OH —200.7 — 1897 3
CH,00H — 131 9
CH,ONO — 653 — 56 9
CH;0NO, —119.7 ~103.4 9
C,H 536 20
C.H, 227.36 27

2H, 285 20
C.H, 52.00 27
C,H, 107.5 2
C,H, —83.8 —68.3 2
CH,CN 245 20
CH,CN 80 9
CH,CO —59.54 27
CH,CO — 243 20
CH,CHO — 166.2 27
C,H,0 —172 20
CH,CH,0H — 552 31
C,H,0H —235.30 4 6.29 27
CH,CO, —207.5 20
C,H,0, —15 9
CH,00CH, — 1255 9
C;H; 164.9 20
C;H, 20.2 27
n-C3H, 94.6 + 7.5 20
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Enthalpy data—Continued
AH ((298) AH0)
{Substance) kI mol™! kI mol™! Notes
i-C,H, 76.2+6.3 20
CH, —103.89 + 0.59 27
C,H,CHO —~ 1874 27
CH,COCH, —2172 27
CH,CHCH,OH - 753 32
s 276.98 274.72 1
s, 128.49 128.20 1
HS 146+ 4 145+ 4 11
H.S —20.63 - 17.70 3
SO 50 5.0 5
SO, —296.81 —~ 294.26 1
S0, — 3957 — 390 3
SOH 21417 11
HSO, — 481 +25 12
cs M 268 11
s, 1172 116.6 3
CH,SCH, —372 11
CH,SSCH, —243 11
ocCs — 142 ~ 142 3
F 79.39 77.28 1
F, 0 0 !
HF —273.30 —273.26 1
HOF —9%8+4 —-95+4 6
FO 109 + 8 109 +8 9
FO, 50+ 12 52+ 12 9
FONO —63.4 13
FNO, — 254 13
FONO, 10 18 4
CF, — 18248 — 18248 4
CF, —470+4 — 468 + 4 4
CF, — 933 - 927 18
FCO —~ 170 + 60 — 170+ 60 4
COF, —634.7 — 6316 3
Cl 121.30 119.62 1
a, 0 0 1
HCl —92.31 —92.13 1
Clo 102 102 2,14
Clo0 89+ 3 91 2,14
0OcCio 97+ 8 100+ 8 14,15
clo, 155 3
Q1,0 81.4 83.2 15
HOC1 —78 —-75 2,16
CINO 517 53.6 6
CINO, 12.5 18.0 3
CIONO 83 17
CIONO, 26.4 15
FQ .—50.7 —50.8 4
CCl 502 + 20 498 + 20 4
CCi, 238 +20 237420 4
CCl, 79.5 80.1 4
CCl, —95.8 —936 18
CRCY, — 1029 — 980 18
CH,Cl 125 19
CH,CL, —95.4 —88.5 18
CH,Cl — 820 —74.0 18
CICO -17 9
COClL, —220.1 — 2184 2
CFCl 30+ 25 30425 24
CFCl, — 96 20
CFCl, —284.9 —281.8 21
CF,CI — 209 20
CF,Cl, —493.3 — 489.1 21
CF,C1 —707.9 —702.9 21
CHFCI, — 2849 —279.5 21
CHF, (I — 483.7 - 4774 21
COFCI — 427433 —423+33 4
<,ql, ~ 124 —11.9 4
C,HCI; - 178 —43 3
CH,CCl, 45430 25
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Enthalpy data—Continued

AH §(298) AHO)
(Substance) kJ mol * kJ mol . Notes
CH,CCl, - 142.3 — 145.0 22
Br 111.86 117.90 1
Br, 30.91 45.69 1
HBr —36.38 —28.54 1
HOBr —80+8 9
BrO 125 133 3
BrNO 82.2 91.5 3
BrONO, 20430 26
BrCl 14.6 22.1 4
CH,Br 163 19
CH,Br —-37.7 —22.3 23
I 106.762 1
Lg) 62.421 1
HI 26.36 1
10 172 28
INO 121.3 1243 29
INO, 60.2 66.5 29
Notes

1.CODATA Rocumucuded Key Values for Thermodynamics, 1977, J,
Chem. Thermodyn. 10, 903 (1978). See also CODATA Bulletin No. 28,
ICSU CODATA, Paris (1978).

2.E. S. Domaliski, D. Garvin, and D. D. Wagman, Appendix 1 in R. F.
Hampson and D. Garvin, Natl. Bur. Stand. (U.S.) Spec. Publ. 513 (1978).

3.D. D. Wagman, W. H. Evans, V. B. Parker, 1. Halow, S. M. Bailey, and
R. H. Schumm, Natl. Bur. Stand. (U.S.) Tech. Note 270-3 (1968).

4.JANAF Thermochemical Tables, 2nd ed., D. R. Stull and H. Prophet,
NSRDS-NBS 37, Catalog No C.48:37, U.S. Government Printing Office,
Washingion, D.C. (1971).

5.JANAF Thermochemical Tables, 1974 Supplement, M. W. Chase, J. L.
Curnutt, A. T. Hu, H. Prophet, A. N. Syverud, and L. C. J. Walker, Phys.
Chem. Ref. Data 3, 311 (1974).

6.JANAF Thermachemical Tables, 1975 Supplement, M. W._ Chase, J. 1.
Curnutt, H. Prophet, R. A. McDonald, and A. N. Syverud, J. Phys.
Chem. Ref. Data 4, 1(1975). :

7.W. Tsang, Int. J. Chem. Kinet. 10, 41 (1978). _

8.Based on activation energy values for decomposition reported in R. A.
Graham, A. M. Winer, and J. N. Pitts, Chem. Phys. Lett. 51, 215 {1977)
and J. Chem. Phys. 68, 4505 {1978); R. A. Cox, R. G. Derwent, and A. J.
L. Hutton, Nature (London) 270, 328 (1977).

9.8. W. Benson, Thermochemical Kinetics, 2nd ed. (Wiley, New York,
1976).

10.Based on equating O-H bond strengths in HOOH and CH;O00H.

11.8. W. Benson, Chem. Rev. 78, 23 (1978).
12.Based on equating S~OH bond strengths in HOS and H,S0,.
13.R. Patrick and D. M. Golden, Int. J. Chem. Kinet. 15, 1189 (1983).

14.M. A. A. Clyne, D. J. McKenney, and R. T. Watson, J. Chem. Soc.
Faraday Trans. 1 71, 322 (1975).

15.R. Algasimi, H.-D. Knauth, and D. Rohlack, Ber. Bunsenges. Phys.
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Chem. 82, 217 {1978).

16.L. T. Molina and M. J. Molina, J. Phys. Chem. 82, 2410(1978).

17.Based on equating CIO-N bond strengths in CIONO and CIONO..

18.A. 8. Rodgers, J. Chao, R. C. Wilhoit, and B. J. Zwolinski, J. Phys.
Chem. Ref. Data 3, 117 (1974).

19.3.]. DeCorpo, D. A, Baufus, and J. L. Franklin, J. Chem. Thermodyn. 3,
125 (1971).

20.J. A. Kerr, “Strengths of Chemical Bonds,” in CRC Handbook of Chem-
Istry and Physics, 64th ed., edited by R. C. Weast, F-176-F-195 (CRC,
Boca Raton, FL, 1983).

21.8. 8. Chen, R. C. Wilhoit, and B. J. Zwolinski, J. Phys. Chem. Ref. Data
5, 571 {1976).

22.). Chao, A. 8. Rodgers, R. C. Withoit, and B. J. Zwolinski, J. Phys.
Chem. Ref. Data 3, 141 (1974).

23.8. A. Kudchadker and A. P. Kudchadker, J. Phys. Chem. Ref. Data 4,
457 (1975).

24.Estimated value. Based on average C-F and C—Cl bond strengths in CF,
and CCl,.

25.Estimated value. Based on equating H~CH, bond stengths in CH,CCl,
and CH,CHCl,.

26.Estimated value. Derived from bond energy considerations for CIONO,.

27.J. D. Cox and G. Pilcher, Thermochemistry of Organic and Organome-
tallic Compounds (Academic, London, 1970).

28.Calculated from D (I-O) = 184 + 21 kJ mol~? as listed in note 20.

29.H. Van der Bergh and J. Troe, J. Chem. Phys. 64, 736 (1976); H. Hippler,
K. Luther, H. Teitelbaum, and J. Troe, Int. J. Chem. Kinet. 9, 917
(1977).

30.C. J. Howard, J. Am. Chem. Soc. 102, 6937 (1980}.

31.Based on D (H-CH,CH,OH) = 398 kJ mol .

32.Based on D {HOCH,CH(CH,}-H) = 397.5 kJ mol ",





