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Evaluation of Kinetic and Mechanistic Data for Modeling of Photochemical 
Smog 

Roger Atkinson 

Statewide Air Pollution Research Center, University a/California, Riverside, California 92521 

and 

Alan C. Lloyd 

Environmental Research & Technology, Inc., Newbury Park, California 91320 

This review is a critical evaluation of the rate constants, mechanisms, and products of 
selected atmospl;teric reactions of hydrocarbons, nitrogen oxides, and sulfur oxides in air. 
The evaluation considers eight hydrocarbons (n-butane, 2,3-dimethylbutane, ethene, pro
pene, I-butene, trans-2-butene, toluene, and m-xylene) for which smog chamber irradia
tions have been carried out under carefully controlled conditions and which have been the 
subject of computer modeling studies by more than one research group. The reactions 
involved are treated in the following categories: inorganic reactions in organic-NOx -air 
irradiations; organic reactions of the formaldehyde-NO)\: -air system; organic reactions of 
the acetaldehyde-NOx -air system; organic reactions of the alkene-:-NOx -air systems; or
ganic reactions of the alkane-NOx -air systems; organic reactions of selected carbonyl
NO)\: -air systems; organic reactions of the aromatic-NOx -air systems; combination reac
tions of peroxy radicals, and homogeneous gas phase S02 reactions. This report considers 
literature through early 1983. 

Key words: air pollution; atmospheric chemistry; chemical kinetics; data evaluation; gas phase; 
photoabsorption cross section; photochemistry; photochemical smog; quantum yield; rate coeffi
cient. 
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1. Introduction 
It is essentially only in the past decade that intensive 

investigations into the atmospheric chemistry of polluted ur
ban atmospheres and of the lower troposphere have been 
carried out. While a vast amount of experimental work has 
been amassed, the complexity of the polluted troposphere is 
such lhallhere remain large areas ofuncertaimy [1] (figures 
in brackets indicate literature references at the end of this 
paper). 

One of the ultimate goals of air pollution research is to 
be able to accurately computer model the secondary. mani
festations of photochemical smog formation, such as ozone 
(03), nitrogen dioxide (N02), peroxyacetyl nitrate (PAN), ni-
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tric acid (HN03) and other products (which may, for in
stance, be toxic), and hydrocarbon (or organic) depletion in 
order to formulate more effective control strategies. Indeed, 
computer models are becoming everyday tools to assess the 
impact of emissions changes associated with specific point or 
area sources, or with urban areas or the regional scale. Thus, 
the reliability and limitations of these urban airshed models 
must be well understood and the chemical module is one 
component of these models. 

The accuracy of such chemical modules is, however, 
constrained by the accuracy of the input data, i.e., the rate 
constants and products of the many hundreds of elementary 
gas phase reactions which occur in photochemical air pollu
tion systems. 

It is evident that, along with laboratory investigations, 
ambient atmospheric measurements, and computer model
ing development, there must also be a continuing effort to 
critically evaluate the rates, mechanisms, and products of 
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316 R. ATKINSON AND A. LLOYD 

the relevant chemical reactions and to update these evalua
tions as new experimental data become available. Such a 
continuing evaluation for stratospheric reactions has been 
very successfully carried out mainly through the National 
Bureau of Standards (e.g., the latest NBS special publication 
513 [2]) and, more recently via the National Atmospheric 
and Space Administration (as exemplified by the most recent 
1982 NASA evaluation [3]). However, such evaluations, al
though dealing very thoroughly with the inorganic reaction 
systems, generally consider only the relatively few organics 
of specific interest to stratospheric problems, i.e., typically 
C1 or C2 organics. 

CODATA has also recently carried out a critical eva
luation [4] of the reactions inyolved in the troposphere, but 
again, since the primary emphasis for the evaluation was on 
the clean troposphere, for the organics this evaluation deals 
mainly with the reactions stemming from the methane oxi
dation cycle. The polluted troposphere, however, contains 
hundreds of different hydrocarbons from C2 to C20 and be
yond, including heteroatom (0, S, N, and halogen) substitut
ed organics. 

There is thus a critical need for a comprehensive evalua
tion of the gas phase chemistry associated with the more 
complex organics encountered in photochemical air pollu
tion systems. However, because of the very large number of 
organic compounds encountered, it is necessary to limit the 
number considered and to select those organics which serve 
as useful surrogates for their chemical classes and which are 
important constituents of anthropogenic emissions in urban 
atmospheres. 

In this review, the evaluation is confined to eight hydro
carbons (n-butane, 2, 3-dimethylbutane, ethene, propene, 1-
butene, trans-2-butene, toluene and m-xylene) for which, un
der EPA funding, smog chamber irradiations have been 
carried out under carefully controlled conditions [5] and 
which have been the subject of computer modeling studies 
by more than one research group (6-12]. The results of this 
evaluation are intended to aid modelers in developing chemi
cal mechanisms to describe smog chamber experiments and 
to ensure that the best available data are used in the model
ing study and to limit any tendency to "curve fit" the data. 
While we consider this report to be as current as possible (the 
literature through early 1983 has been evaluated), we believe 
it is very important that the report be updated at regular 
intervals and expanded to other chemical compounds so that 
maximum benefit to model development is provided. 

In order to most logically discuss the chemistry in
volved, a systematic classification has been made of the reac
tions to be evaluated. The reactions evaluated in this report 
are subdivided into the following sections: 

(2) inorganic reactions in organic-NOx-air irradiations; 
(3) organic reactions of the formaldehyde-NOx-air sys

tem, 
(4) organic reactions of the acetaldehyde-NOx -air sys

tem, 
(5) organic reactions of the alkene-NOx-air systems, 
(6) organic reactions of the alkane-NOx-air systems, 
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(7) organic reactions of selected carbonyl-NOx-air sys-
tems, 

(8) organic reactions of the aromatic-NOx-air systems, 
(9) combination reactions of peroxy radicals, and 
(10) homogeneous gas phase S02 reactions. 
It should be emphasized that in order to facilitate the 

acquisition of data for the user and make a large amount of 
data available in one place, there is, in certain of these sec
tions, a significant amount of overlap with previous evalua
tions. Thus the inorganic reo.etions, Sec. 2, have previously 
been critically evaluated by the NBS [2], NASA [3], and the 
CODATA [4] reviews, and certain portions ofSecs. 3 and 4 
dealing with formaldehyde and other C] species (e.g., CH30 
and CH30 2) have been evaluated by these publications [2-4]. 
This is especially so for the C] species by the NASA and 
CODATA evaluations [3,4]. 

It is not the intention of this evaluation to reevaluate 
this body of work, but since it is of obvious and great utility 
to the reader to have the data available in one place for all the 
reactions involved in these NOx -organic-air photooxida
tions, these previously evaluated reactions have been includ
ed. However, the previous recommendations (especially 
those of the most recent NASA evaluation [3]) have been 
used for these reactions unless more recent experimental or 
theoretical work has superceded them, and, in almost all 
cases the changes, if any, are minor. For these reactions a 
brief discussion of the data base behind the NBS, NASA, or 
CODATA evaluations has generally been given in order to 
provide relevant information for the reader. 

However, the majority of this report deals with reac
tions which have not been previously covered, but which are 
critical for model development. In some cases there is much 
less certainty about the rates and mechanisms of the reac
tions than for the inorganics or simple organics. However, 
estimates are needed jf the modeling technology is to im
prove. Thus, in the more complex· chemistry dealt with in 
Secs. 4-8, much use has been made oftherniochemical argu
ments and analogies with other re1at.:;d systems, since in 
many cases no unambiguous experimental data are avail
able. Hence in such cases only discussions of related chemis
try and suggested reaction rates, pathways, and mechanisms 
can be presented, rather than firm recommendations. These 
suggested rates and mechanisms should be regularly evalu
ated and upgraded as new experimental data becomes avail
able. For those rate constants for which recommendations 
are made, the error limits cited are of necessity subjective. 
However, these error limits are generally dependent on the 
number of studies conducted on the particular reaction and 
the agreement of the results from these studies. Additional
ly, the error limits may be estimated by analogy with the 
status of knowledge of similar reactions. 

The rate constants used in this evaluation are those of 
cm molecule s units, these being the most widely used among 
chemical kineticists. A conversion table is given (Table 1) to 
facilitate the use of the data given here for specific cases, e.g., 
to ppm min units as commonly used by urban airshed model-
ers. 
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2. Inorganic Reactions 

(1) 

The rate constant, expressed as the 
photodissociation rate kl, for this reaction 
is normally experimentally measured for each 
individual environmental chamber. However, 
the quantum yields and absorption cross
sections for this photodissociative process 
are necessary in order to derive other pho
tolysis rate constants. The absorption cross
sections recommended by NASA [3] are those of 
Bass et al. [13], which are also in good agree
ment with the more recent, longer wavelength 
(1..>375 nm) data of Harker et a1. [14]. Table 
2 gives the NASA [3] recommended absorption 
cross-sections at 298 K (the cross-sections 
are temperature dependent) for the wavelength 
region 280-410 nm. 

Absolute quantum yields for the photodis 
sociation of N02 have been determined by Pitts 
et a1. [15], Gaedtke and Troe [16] and by 
Harker eta1. [14]·. Tht=;:,e reported quantum 
yields ~re shown in figure 1 as a function of 
wavelength, and it can be seen that, at least 
for 1..>375 nm, the photodissociation quantum 
yield-is significantly less than unity. The 
extensive quantum yield data of Harker et al. 
[14] for 1..>375 nm, which has been confirmed 
by more re~ent measurements of Davenport [17], 
are recommended by NASA [3]. 

The quantum yields at shorter wavelengths 
(i.e., 295<1..<375 nm) are not accurately known 
(figure l)~ but are also apparently less than 
unity [18]. No definitive recommendation can 
be made for the actinic wavelength region 
295<1..<375 nm, but we tentatively recommend 
that ror this region (with A in nm): 

$ = 1.00 - 0.0025 (1..-295) nm 

as shown in figure 1. (Note that this is 
somewhat different from the NASA evaluation 
[3].) For 1..>375 nm, we recommend the quantum 
yield data ot Harker et al. [14], which are 
also recommended by NASA [3], as given in 
table 3. 

The error limits on the absorption cross
sections are judged, on the basis of the 
agreement between the data of Bas s et al. [13] 
and Harker et a1. [14], to be +10-15%, while 
the error limits on the quantu~ yl~1d~ ar~ 
~+10% for 1..>375 nm, and (tentatively) +10-15% 
for 295<1..<375 nm. 

The most recent NASA evaluation [3] 
recommends: 

k2 = (6.0~O.5) x 10- 34 (T/300)-(2.3~0.5) 

cm6 molecule- 2 s-l, 

(6.l~0.5) x 10- 34 cm6 molecule- 2 -1 s 

at 298 K, based upon the recent data of K1ais 
et a1. [19J and of Lin and Leu [20]. This 
recommendation is in good agreement with 
previous data and with the earlier NBS recom
mendation [2]. 

Since this reaction is fast and is the 
major reaction pathway for 0(3p) atoms under 
atmospheric conditions, model predictions are 
not too sensitive to this rate constant. 

0(3 p) + N0 2 ~ NO + 02 (a) 

M 

(3) 

~ N0 3 (b) 

The NASA [3] evaluation recommends 

independent of temperature~ with an uncer
tainty in the 298 K value of +10%. Thi~ 
recommendation supersedes, but is in close 
agreement with, the NBS [2] recommendation of 

-1 s , 

independent of temperature, which was taken 
from the study of Davis et a1. [21]. 

3 At atmospheric pressure, the reaction of 
O( P) atoms with N02 to yield N0 3 : 

(3b) 

has a second-order rate constant [2,3] of 

~2.0 x 10- 12 cm3 mOlecule- l s-l at 298 K. 

NASA [3] recommends 

k3b = (9~1) x 10- 32 (T/300)-(2~1) cm 6 

molecule 2 s 1 

as the third-order rate constant, which is 
applicable, to within ~+lU%, up to atmospheric 
pressure. -

Since reaction (3) (i.e., both 3a and 
3b) has a limited importance for sub-ppm 
concentrations of NOZ, the three-body reaction 
to yield N03 can probably be neglected for 
photochemical air pollution modeling studies. 

(4) 

The NASA [3] evaluation of k4 yields 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 



318 A. ATKINSON AND A. LLOYD 

at 298 K, with an uncertainty of +20% at 298 
K. This agrees well with the earlier NBS [2] 
recommended value. 

°3 + N0 2 -+ N03 + °2 (5) 

Both NBS [2 ] and NASA [3] recommend that: 

kS 1.2 x 10- 13 e - (2450~140) IT cm3 

molecule- l s-l, 

kS 3.2 x 10- 17 cm3 molecu1e- l s-l 

Table 1. 

A~ B cmJmo1-1 s-l dm3mo1-1s -1 m311101-18 -1 

3 -1-1 
1 em mol s .. 1 10-3 10- 6 

1 dm3mo1- 1s-1 103 1 10-3 

1 m3mol- 1s -1 = 106 103 
1 

1 cm"molecu1e -l8-1 6.023 6.023 6.023 

x 1023 x 1020 
x 10

17 

-1 -1 1 (nun Hg) s :: 6.236 62.36 T 6.236 

X 104
• x 10"'. 

1 atm,,:l a-l = 82.06 T B.206 8.206 

x 10 -2T x 10-5! 

1 ppm- I min-1 I 
= 4.077 4.077 407.7 I 

at 298K, 1 atm. 
II 10

8 x 105 
total pJ:essure 

1 m2kN-1s-1 
8311o T B.314 T B.314 

l x 10"31 

an<l mulClply tne old Value Dy 1t, e.g. to convert 

at 298 K, with an uncertainty of +15% at 298 
K. 

(6) 

The most recent data available for this 
reaction are those of Graham and Johnston 
[22], who derived 

at 298 K. This value is recommended by NASA 
[3] with an uncertainty of a factor of 3. 
Because of the high value of this rate constant 
at room temperature, any temperature dependence 
is expected to be small, and probably slightly 
negative. By analogy with H02 + NO [23,24] 

cm3molecu1e -l s -1 (11111 Hg)-l s -l -1 -1 atm 8 -1 -1 ppm min 
2 -1-1 

m kN 8 

1.66 L604 1.219 2.1..'i1 1.20:3 

x 10-24 x 10-51-1 x 10-21-1 x 10-9 x 10,,:41 -1 

1. 66 1.60" 12.19 T-1 
2. "53 1.203 

x 10-21 x 10- 2T-1 x 10-6 x lO-lr -l 

1. 66 16.M T-1 1. 219 2.453 120.3 r- 1 

x 10-18 x 104!-1 x 10-3 

1 9.658 7.34 1.478 7.244 

:II: 1018T-1 x 1021T-1 x 1015 x 1019T"1 

1.035 1 760 4.56 7.500 

x 10- 1 '1' x 10- l 

1. 362 1.316 1 6 x 10-5 9.869 

x 10-22
1 :II: 10"3 x 10-3 

I 
6.76 21. 93 1. 667 1 164.5 

x 10-16 
x 10

4 

1. 38 0.1333 101 .• .325 6.079 1 

x 10 -20T x 10-3 

find the conversion fac tor for the row h. under Column! 

to m3moJ. -1 s-l mUlt1ply by b.UlJ x 1U
17 • 

Table adapted from Evaluated Kinetic Data for High Temperature Reactions, Volume 1: Homogeneous Gas Phase Reactions of the 

H2-Q2 System, Butterworths, London, 1972. 
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Table 1. Conversion Tables (From Hampson and Garvin, 1978) 

~~ cm6mol- 2s·1 dm6mol-2s -1 m6mol-2s -1 cm6molecule -2 8-1 (lIIlI Hg) -2 11-1 -2 -1 -2 . -1 4 -2·1 
B stm 8 ppm m1.n m kN s 

1 cUl6mol-~s-1 = 1 10 6 10-12 2.76 ".')/ 1.41:1 1.UUJ l."41 

l< 10-48 l< 10 -lOr-2 x 10·4r -2 x 10-19 x 1O-8T- 2 

1 dm6mol- 2s-1 = 10
6 1 10- 6 2.7& 2.57 148 T- 2 1.003 1.447 

x 10- 42 x 10-4T- 2 x 10-13 x 1O-2r- 2 

1 m6mol- 2s-1 == 10
12 10

6 1 2.76 257 r- 2 
1. 48 1.003 1.447 

x 10-36 x 108T-2 x 10-7 x 104T- 2 

1 c\lI6molecule-28·1 3.628 3.628 3.628 1 9.328 5.381:S 3.64 5.248 

x 10
47 x 10

41 :x 1035 x 1037 t-2 x 1043,[-2 x 10
28 

K 10
39

.-
2 

1 lIlllllHg)-2s·1 3.89 3.89 3.89 1.07 1 5.776 3.46 56.25 

x 1091
2 x 103T2 x 1O- 3T2 x 10-38T2 x 105 x 10-5 

-2 -1 
1 stm s 6.733 6.733 6.733 1. 86 1.73 1 6 x 10- 11 9.74 

x 103T2 x 10-3T2 x la-9T2 x 10-44T2 x 10-6 x 10'5 

1 ppm -2min -1 '" 9.97 9.97 12 9.97 2.75 2.89 1.667 1 1.623 
at 298K, 1 atm. 

l< 1018 11 lO x 106 x 10-29 x 104 x 1010 
It 10 6 

total pressure 

1 m"kN-.:ls- 1 = 6.91 69.1 T2 0.91 1.!lO4 U.UIHS LUU b.lb 1 

X 107
'3:

2 x 10-51 2 x 10·4OT2 
x 10

4 x 10.7 

See note to Table for Second Order Rate Constants 

Table 1. Conversion Tables (From Hampson and Garvin, 1978) 

~ 
(cross section a) (atm at 273)-lcm·l 
2 -1 

base e 3 -1 -1 
10 

2 -1 
10 cm molecule base e elm mol em base em mol base 

1 (atm at 298)-lcm- l 4.06 x 10-20 1.09 10.6 1.06 x 104 

base e = 

1 (atm at 298)-lcm-1 9.35 x 10.20 2.S1 24.4 2.44 x 104 

base 10" 

1 (mm Hg at 298)-lem- 1 7.11 x 10-17 1. 91 x 103 1. 86 x 104 1.86 x 107 
base 10 .. 

1 (atm at 273)-lem- 1 3.72 x 10-20 1 9.73 9.73 x 103 
base e 101 

1 (atm at 273)-lem- l 8.57 x 10-20 2.303 22.4 2.24 x 104 

base 10 .. 

1 dm) mol-1em- l base 10 .. 3.82 x 10-21 0.103 1 103 

1 cm2 12101- 1 b.::l(lC 10 - 3.82 x lO-24 1.03 :If 10::04 10-3 1 

1 cm2 molecule -1 base e == 1 2.69 x 1019 2.62 x 1()20 2.62 x 1023 

To convert an absorption coefficient from one set of units ~ to iii new set ~, multiply by the value 

tabulated for row! under column!J e.g. to convert the value of the absorption coefficient 

expressed in dm3 mol- 1em- l base 10 to (atm at 273) -lem- l base e, multiply by 0.103. 

319 
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Table 2. 

Wavelength 
(nm) 

280 

285 

290 

295 

300 

305 

310 
315 

320 

325 

330 

335 

340 
345 

0.2 

0 

N0 2 Absorption Cross-Sections at 298 K, 
as Recommended br NASA [3J 

1019 x a (cm 2) 
Wavelength 

1019 x CJ (cm 2) (nm) 

0.554 350 4.10 

0.699 355 5.13 

0.818 360 4.51 
0.967 365 5.78 

1.17 370 5.42 

1. 66 375 5.35 

1. 76 380 5.99 
2.25 385 5.94 

2.54 390 6.00 

2.79 395 5.89 
2.99 400 6.76 

3.45 405 6.32 
3.88 410 5.77 
4.07 

o PITIS ET Al [15] 
o GAEDTKE AND TROE [16] 

• HARKER ET Al [14] 

- RECOMMENDED Fm 295 S). S375 mm 
(see text) 

• 
~ 0 •• 

300 310 320 3:JO 340 350 360 370 380 390 400 410 420 

WAVELENGTH ). nm 

Figure 1. Absolute Quantum Yield for the Photo-
dissociation of N0 2 . 

Table 3. Quantum Yields 4> for NO~ Photodissociation, 
from Harkcr ct 01. [14] I as Recom cndcd hr NASA [31 

(nm) 4> (nm) 4> A enm) .p 

375 0.73 ~R9 0.74 400 0.65 

376 0.75 390 0.74 401 0.62 

377 0.86 391 0.81 402 0.57 

378 0.74 392 0.73 403 0.50 
379 0.83 393 0.78 404 0.40 

380 0.81 394 0.83 405 0.32 

381 0.73 394.5 0.78 406 0.30 

382 0.65 395 0.81 407 0.23 

383 0.62 395.5 0.75 408 0.18 

384 0.66 396 0.78 409 0.17 

385 0.70 396.5 0.81 410 0.14 
386 0.74 397 0.77 411 0.10 

387 0.69 398 0.72 415 0.067 

388 0.76 399 0.70 420 0.023 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 
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and other related reactions, an estimated 
rate constant expression of 

k = 8 x 10- 12 e 2SO / T cm3 molecule- l s-l 
6 

is tentatiVely recommended, which yields the 
Graham and Johnston [22] 298 K value. 

(7) 

and 

(8) 

The most recent NASA evaluation [3] for 
these reactions is based on the data of 
Connell and Johnston [25] and Viggiano et al. 
[Z6] for the thermal decomposition of NZ05. 
That evaluation [3] used the general "fall
off" relationship 

k \ l+ko ~~~~~:;~oo(T+ 
2 1 

0.6{1~[1ogl0(ko(T)[M]/koo(T))] } 

(where [M] is the concen~ration of air in 
molecule cm- 3 ) 

with k (T) = (Z.2+l.l) x 10- 30 
o -

(T/300)-(2.8~1.0) cm6 molecule- 2 s-l 

and 

(1.0~0.8) x 10- 12 (T/300)0~1 

for reaction (7), and the equilibrium constant 

26 -lIOO!!T 
kS!k7 - 5.65 x 10 e molecule 

-3 
cm 

At 760 torr Z total pressure, these expressions 
yield rate constants of 

k = 8.65 x 10- 13 cm3 molecule- 1 s-1 
7 

at 298 K, 

6.7 x 10- 13 e74 / T cm 3 molecule- l 

133.3 Newtons m- 2 

0.045 s-l at 298 K 

0.031 s-l at Z95 K. 

A recent thorough evaluation by MaIko and 
Troe [27] yields rate constants at 760 torr 
a factor of -1.1 higher: 

k7 = 9.6 x 10-13 cm3 molecule- l 
8-

1 

at 295 K 

4.2 x 10-13 e 226!T cm3 molecule-1 

8-
1 (268~T~330 K) 

0.034 ~-1 at 295 K 

1.56 x 1014 e-l0655!T 8-1 

(2b8.$.,T.$.,330 K). 

These two evaluations yield data which agree 
within the stated uncertainties. However, 
the rate constants obtained for reaction (7) 
are lower than may be expected (the koo values 
being 1.0 x 10- 12 T3] and 1.6 x 10- 12 
(T/300)0.2 [27] cm3 molecule- l s-l) by analogy 
with other radical-NOz reactions. We thus 
recommend the evaluation of MaIko and Troe 
[27]; for pressures other than 760 torr the~r 
article should be consulted. Further work 15, 
we believe, necessary on reaction (7) and/or 
the equilibrium constant for this r~action. 
pair before k7 can be placed on a fIrm baSIS. 

(9) 

The most recent data available for this 
reaction are those of Graham and Johnston 
[22], who obtained the expression 

kg = (2.5~0.5) x 10-14 e-(1230~100)/T 

cm3 molecule- l s-l, 

yielding 

k9 = 4.0 x 10- 16 cm3 molecule- l s-l 

at 298 K. 

In the absence of other data, we recom
mend these expressions, with an estimated 
uncertainty at 298 K of a factor of 2. 

(10) 

and 

(11) 

Absorption cross-sections for N03 have 
been reported by Johnston and Graham I28], 
Graham and Johnston [22], Mitchell et al. 
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I Z9j, nnd 1'o1I11'in(;:111 et a1. {30]. The discrep
ancies between the peak absorption cross
sections determined by Graham and Johnston 
[22] and Mitchell et a1. [29] have been shown 
[30] to be due to differences in instrumental 
resolution. The recommended cross-sections 
given in table 4, which are also recommended 
by NASA [3], are those of Graham and Johnston 
[22]. The distribution between the two path
ways, i.e., reactions (10) and (11), was de
termined by Graham" and Johnston [22] to be 
¢11 ~1.0 for A<580 nm, ~O.O for A>640 nm; 
¢10 + ¢ll ~O.O for A>650 nm, using broad-
band lamp distributions. The more recent 
study of Magnotta and Johnston [31] has 
determined, using laser excitation, the quan
tum yield distributions given in figure 2. 

Specifically, it can be seen from figure 
2 that absorption at the strong bands at 623 
and 662 nm leads to very low photodissociation 
quantum yields and that the photodissociation 
pathway into NOZ + 0(3p) is the predominant 
pathway [31]. It should be noted that the 
observation that the total quantum yield 
exceeds unity at ~590 nm indicates that there 
is some systematic error, most probably in 
the quantum yields [3]. 

NO + NO + 02 + 2 N0 2 (lZ) 

The rate constant evaluated by NBS [2] is 
recommended, i.e., 

k12 = 3.3 x 10- 39 e 530 / T cm6 molecule- 2 

and 

-1 
s 

at 298 K. with an uncertainty of ~25% at 298 
K. 

This reaction is reasonably unimportant 
at sub-ppm levels of NO under atmospheric 
conditions but can be important in the initial 
stages of plume chemistry. 

(a) (13) 

(b) 

Absorption cross-sections have been 
measured in numerous studies (see, for example 
[32 35]). The cross-sections are all in good 
agreement, and have been tabulated by Moortgat 
and WarIlt:ck [34J fur 297.5<-:A<-:330.0 nrn and by 
Arnold et al. [35] for 295<A<320 nm; the max 
imum deviations between these two sets of data 
being ~7%. 

The quantum yield of O(ID) production, 
¢b' can be best considered in the two wave 
length regions A<300 nm and A>300 nm. 
Despite two absolute quantum yields determin
ations below 300 nrn which showed Th~T ~b w~~ 

unity [36,37J, recent data [38-43] show that 
¢b is significantly less than unity for 
248<A<300 nm. The two molecular beam-photo
fragment spectroscopic studies of Fairchild 
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et a1. [38] and Sparks et a1; [39] show that 
¢b ~0.90 at 266 nm (39) and 274 nm [381, (with 
¢b possibly increasing somewhat over the wave
length range 274-300 nm [38]). Brock and 
Watson [40] have determined that¢b = 0.88 .:. 
0.02 at 266 nm, while Amimoto et a1. [41] 
have reinvestigated this system and now obtain 
¢b = 0.85 + 0.02 at 248 nm. More recently, 
Wine and Ravishankara [42] and Greenblatt and 
Wiesenfeld [43] have obtained ¢b = 0.91 .:. 0.03 
and 0.94 ! 0.01 at 248 nm, respectively. 

The quantum yield determinations for 
A>300 nm have generally been relative to ¢b 
1.00 at 300 nm. The value of ¢b decreases 
rapidly for A>305 nm, and the reCent data of 
Moor~gat and Warneck [34], Arnold et al. [35] 
and Brock and Watson [44] as a function of 
wavelength and temperature at 298 K (the 
quantum yields are temperature dependent, 
with lower quantum yields at lower temperatures 
[45]) are in good agreement. 

Since it is now evident that ¢b is less 
than unity for A<300 nm, we recommend that 
for 248~\~.300 nm-:-

¢b = 0.90 

For A>300 nm, NASA [3] have recommend~d 
the value ~f ¢b, as a function of wavelength 
and temperature, derived from the mathematical 
expression of Moortgat and Kudszus (46}, 
scaled by a factor of 0.9. Thus 

[A('r)arctan [B(T) (\-Ao(-r))] + CeT)] 

where T = T-230 K; A is in nm, and arctan is 
in radian:s, with 

A(T) 

ReT) 

0.332 + 2.565 x 10- 4 
T + 1.152 

-0.575 + 5.59 x 10- 3 
T - 1.439 

308.20 + 4.4871 x 10- 2 
T + 6.9380 

x 10- 5 T2 - 2.5452 x 10- 6 T3 

CeT) 0.466 + 8.883 x 10- 4 
T - 3.546 

x 10 5 + 3.519 x 10- 7 

and, in the limits where ~b (\,T) >0.90, the 
quantum yield is set at ¢b =:: 0.90, and simi 
1Arly. fnr ~b (l,T) <0. the Quantum yield is 
set at ¢b =:: O. 

The uncertainties in the above recommen
dations are expected to be less than ~0.05 
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Table 4. Absorption Cross Sections (cm 2 -1 molecule , base e) , 
Averaged Over Each nm, for N0 3 [22] 

;\ 1019zx a ;\ l019 zx a ;\ 1019
zx a ;\ 1019

zx a ;\ 1019 x a 
(urn) (cm ) (nm) (em ) (nm) (em ) (nm) (em ) (nm) (cm 2) 

400 0.0 461 3.6 522 17.2 583 26.8 644 7.1 
401 0.1 462 3.5 523 16.6 584 24.7 645 6.7 
402 0.1 463 3.8 524 15.0 585 24.6 646 5.6 
403 0.3 464 4.1 525 13.8 586 27.5 647 4.9 
404 0.2 465 4.5 526 13.7 587 34.8 648 4.8 
405 0.5 466 4.5 527 15.1 588 44.8 649 3.7 
406 0.3 467 4.8 528 17.9 589 55.2 650 3.2 
407 0.1 468 5.0 529 21.0 590 f>6.7 651 3.3 
408 0.3 469 5.2 530 20.9 591 51.9 652 3.9 
409 0.5 470 4.9 531 19.1 592 48.3 653 4.7 
410 0.6 471 5.0 532 18 .. 1 593 43.2 654 5.7 
411 0.5 472 5.4 533 17.3 594 39.2 655 6.9 
412 0.3 473 5.5 534 17.7 595 39.1 656 8.9 
413 0.7 474 5.6 535 20.2 596 41.6 657 11.8 
414 0.7 475 5.9 536 23.2 597 40.9 658 16.8 
415 0.6 476 6.4 537 23.8 598 35.4 659 27.6 
416 0.3 477 6.8 53ts 21.1 5'::1'9 28.9 660 51.2 

417 0.4 478 6.6 539 18.8 600 24.5 661 101.5 
418 0.6 479 6.4 540 18.1 601 24.5 662 170.8 
419 0.9 480 6.4 541 16.8 602 28.4 663 170.4 
420 09 4Rl 6.5 542 16.8 603 33.9 664 115.4 
421 0.9 482 6.3 543 14.3 604 40.0 665 73.5 
422 0.8 483 6.1 544 13.9 605 41.8 666 48.6 
423 1.0 484 6.2 545 16.2 606 33.8 667 29.7 
424 1.2 485 6.6 546 20.4 607 23.2 668 17.5 
425 1.3 486 7.4 547 25.6 608 15.9 669 10.7 
426 0.9 487 8.0 548 27.5 609 13.3 670 7.5 
427 0.8 488 8.0 549 24.9 611) 13.5 671 6.0 
428 1.2 489 8.6 550 22.4 611 14.3 672 5.7 
429 1.2 490 9.3 551 21.4 612 16.9 673 4.7 
430 1.2 491 9.2 552 21.6 613 21.7 674 3.6 
431 1.5 492 8.9 553 22.2 614 22.4 675 3.0 
432 1.4 493 8.9 554 24.5 615 19.9 676 3.1 
433 1.5 494 8.8 555 27.8 616 17.4 677 4.0 
434 1.7 495 9.1 556 29.5 617 16.7 678 5.5 
435 2.1 496 10.4 557 30.0 618 18.3 679 5.9 
436 2.1 497 11.2 558 31.7 619 20.2 680 4.9 
437 1.8 498 10.8 559 34.3 620 24.7 681 3.5 
438 1.8 499 10.3 560 32.3 621 39.8 682 2.5 
439 2.1 500 9.8 561 28.5 622 76.1 683 1.6 
440 1.9 501 9.4 562 26.8 623 120.4 684 0.9 
441 1.9 502 9.1 563 25.9 624 116.6 685 0.5 
442 2.0 503 9.5 564 24.8 625 86.5 686 0.3 
443 1.9 504 10.5 565 24.7 626 70.0 687 0.2 
444 2.1 505 11.6 566 25.8 627 69.0 688 0.4 
445 2.3 506 11.9 567 25.5 628 68.9 689 0.2 
446 2.3 507 11.4 568 25.7 629 67.0 690 0.1 
447 2.5 508 10.6 569 26.3 630 64.1 691 0.0 
448 2.8 509 11.2 570 25.3 631 50.2 692 0.0 
449 2.8 510 13.0 571 25.1 632 32.7 693 0.1 
450 2.7 511 15.1 572 24.8 633 19.9 694 0.1 
451 2.8 512 16.1 573 24.7 634 13.2 695 0.2 
452 3.1 513 15.1 574 25.5 635 10.6 696 0.4 
453 3.2 514 14.1 575 ~7.0 636 12.3 Ij~n 0.4 
454 3.4 515 14.0 576 29.2 637 16.4 698 0.4 
455 3.5 516 14.0 577 30.5 638 17.6 699 0.4 
456 3.2 517 13.0 578 30.3 639 13.4 700 0.3 
457 3.4 518 12.1 579 29.4 640 9.8 701 0.2 
458 3.7 519 12.8 580 29.9 641 7.8 702 0.2 
459 3.9 520 14.4 581 32.0 642 6.8 703 0.1 
460 3.9 521 15.8 582 31.0 643 6.9 704 0.0 
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Figure 2. Observed N0 3 Radical Absorpt!on 
Cross-Sections and NO and O( P) Atom 
Formation Quantum Yields from the 
Photodissociation of the N03 Radical 
(adapted from [31]). 
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in absolutE. units in Q>b for Z66<A<3Z0 nm. 
I:or this wavelength region, Z66~A~350 nm, CQ>a 
+ Q>b) is unity [2]. 

We recommend the use of the NASA [3] 
evaluation with 

(15) 

k14 (M=air) = Z.9 x 10- 11 cm 3 molecule- l s-l 

at 298 K, with an uncert.aint.y of a fact.or of 
1.2 at Z98 K1 and being essentially indepen
dent of temperature over the range Z73-3Z0K; 
and 

independent of tempeTatuTe, with an unceT
tainty at 298 K of a factor of 1.Z. 

The reactions of OClD) atoms with NZ and 
Oz proceed via deactivation to OC3p) atoms 
[47] while the reaction of OClD) atoms with 
HZO leads essentially entirely to two OH 
radicals [4Z,48]: 

OCID) + NZ ~ OC 3p) + NZ 

OCID) + °z -+ ° (3 p ) + °2 

OCID) + H20 ~ 2 OH 

OH + NO + M ~ HONO + M (16) 

This Teaction is in the fall-off region 
between second- and third-order kinetics at 
atmospheric pressure and room temperature. 
The two most relevant studies are those of 
Overend et al. [49] and of Anastasi and Smith 
[50], both for M~N2' These studies rcnult in 
bimolecular rate constants of 

and 

k16 CM=N 2) = 7.0 x 10 12 cm3 molecule- l 

s-1 at 636 torr NZ' 

at 770 torr NZ and 295 K [49], and 

at 298 K and 1 atmosphere (presumably 760 torr) 
total pressure by ~ short extrapolation [SO]. 

These values aTe fUTtheT substantiated 
by the earlieT wOTk of Atkinson et ale [51] 
for M=Ar and NZ. Thus, there is good agTee
ment fOT M=AT at ~700 torT between the data 
of Atkinson et al. [51] and Overend et al. 
[49], and the Atkinson et a1. [51] extrapo 
lated atmospheric pressure value of 

k16 (M=N Z) = (6.1~1.0) x 10- 12 

molecu1e- 1 s-l 

3 cm 

at room temperatuTe agrees well with the above 
values. Assuming (reasonably) that Oz and NZ 
have essentially identical third-body effic
iencies, then 

6.8 x 10-12 cm3 molecule- 1 -1 
s 

eM = air, room temperature, atmospheric pTes
sure), with an estimated unceTtainty of +20%. 

However, the most Tecent NASA evalu~tion 
[3] derives a value of 

at 300 K and 760 torr total pressure. 

"'1 s 

This rate constant is clearly inconsis
tent with the above cited data, and we recom
mend the earlier 1979 NASA evaluation [5Z], 
which yielded: 

-1 s 

at 300 K and 760 torr air from the expression: 

ko (T) un l 
k16 =l~ko(T)[M]/k~CT) 

where 

x 0.6 {l+[loglO(koCT) [M]/k~CT))]2} 

cm 3 molecu1e- 1 s-l 

ko(T) 6.7 x 10- 31 (T/300)-3.3 cm6 

mo1ecu1e- Z s-l, 

and [M] 
cm- 3. 

3.0 x 10- 11 (T/300)-1.0 cm3 

molecule- l s-l 

concentration of air in molecule 
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OH + NO Z + M + HN0 3 + M (17) 

The rate date for this reaction has been 
extensively evaluated by NBS [Z] and NASA [3], 
resulting in, for M=N 2 , [Z]: 

loglO k17 (M=N Z) = - AT/B+T 

- 0.5 loglO (T/280) 

where 

A 

B 

and 

Al 31.6ZZ73 

AZ -0.258304 

A3 -0.0889287 

A4 0.002520173 

Bl -3Z7.372 

B2 44.5586 

B3 = -1. 38092 

This equation is applicable for 200 < T < 350 
K, 16.3 < loglO [N2] < 19.5 (~l-lOOO torr at 
300 K). 

Since k16 (M=air) = 0.94 k17 (M=N 2) [2], 
then at 298 K and 1 atmosphere air, 

This evaluation is based primarily on 
the cxtens i ye pl-e55Ule cUH.l Lt:lUptHa ture rate 
constant data of Anastasi and Smith r53]. 
Recent work of Wine et al. [54] for M=NZ 
yields rate constants in excellent agreement 
with those of Anastasi and Smith f53]. The 
NASA [3] evaluation also yields 

k17 = 1.1 x 10- 11 cm3 molecule- l -1 
s 

for atmospheric pressure and 300 K using the 
expression 
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ko(T)[M] 

2 -1 
x 0.6 {l+[loglO(ko(T) [M]/koo(T))] } 

cm3 molecule- l s-l with 

Z.6 x 10- 30 (T/300)-2.9 cm6 

molecule- Z s-l, 

2.4 x 10-11 (T/300)~1.3 

molecule- l s-l 

HONO + hv + OH + NO 

3 cm 

(18) 

Tht; yuaJlLUIU yield for this process 1S 

taken as unity since Cox [55] concluded that 
the alternative photodissociation pathway 

HONO + hv + H + NO Z 

accounts for <3% of the total photodissocia-· 
tive pathways. The major uncertainty lies 
in the absorption cross-sections of HONO, the 
two latest studies being those of Cox and 
Derwent [56] and Stockwell and Calvert [57]. 
The discussion by Stockwell and Calvert [57] 
of the discrepancies and their probable 
origins should be consulted for details; in 
essence, the earlier Johnston and Graham [Z8] 
study gave low absorption cross-sections due 
to lower-than-assumed equilibrium HONO con
centrations, while Cox and Derwent [56] may 
have undercorrected for the N02 absorption 
present. Furthermore, the data of Stockwell 
and Calvert [57] are consistent with the 
relative rates of photolysis of HONO and NO Z in their environmental chamber. Hence, in 
agreement with NASA [3], the absorption cross
section data of S~ockwell and Calvert [57] 
are recommended (table 5), with a photodis
sociation quantum yield of unity for the 
process 

HONO + hv + OH + NO 

HN0 3 + hv + OH + NO Z (19) 

This process is generally regarded to be 
unimportant in environmental chamber modeling 
studies. The NASA [3] recommended absorption 
cross-sections are those of Molina and Molina 
[58], which are in excellent agreement with 
the data of Johnston and Graham [59] and 
Biaume 160], and table 6 tabulates these ab
sorption cross-sections at 5 nm intervals for 
the wavelength region 250-330 nm. The quantum 
yield is unity [61]. 
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Table 5. HONO Absorption Cross-Sections [57] , 
as Recommended by NASA [3] 

A 10 20
2x (j A 10 20 x (j A 10 20 x (j 

(nm) (cm ) (nm) (cm2) (nm) ( cm2) 

310 0.0 339 16.3 368 45.0 

311 0.0 340 10.5 369 29.3 

312 0.2 341 8.70 370 11.9 
313 0.42 342 33.5 371 9.46 

314 0.46 343 20.1 372 8.85 

315 0.42 344 10.2 373 7.44 

316 0.3 345 8.54 374 4.77 
317 0.46 346 8.32 375 2.7 

318 3.6 347 8.20 376 1.9 

319 6.10 348 7.49 377 1.5 

320 2.1 349 7.13 378 1.9 

321 4.27 350 6.83 379 5 .. 8 
322 1.01 351 17.11 3g0 7.7S 

323 3.93 352 11. 4 381 11.4 

324 4.01 353 37.1 382 14.0 

325 4.04 354 49.6 383 17.2 
326 3.13 355 24.6 384 19.9 

327 4.12 356 11. 9 385 19.0 

328 7.55 357 9.35 .386 11.9 
~7.q 6.64 358 7.78 387 5.65 
330 7.29 359 7.29 388 3.2 
331 8.70 360 6.83 389 1.9 
332 13.8 361 6.90 390 1.2 
333 5.91 362 7.32 391 0.5 
334 5.91 363 9.00 392 0.0 
335 6.45 364 12.1 393 0.0 
336 5.91 365 13.3 394 0.0 
337 4.58 366 21. 3 395 0.0 
338 19.1 367 35.2 396 0.0 

Table 6. Absorption Cross-Sections, (j, for HNO;3 
Over the Wavelength Region 250-330 nm 

(From NASA [3]) 

A enm) 10 20 x (j (cm2) 

250 1. 91 

255 1.90 
260 1.88 
265 1.71 . 
270 1. 59 
275 1. 35 
280 1.10 
285 0.848 

290 0.607 
295 0.409 
300 0.241 
305 0.146 
310 0.071 
315 0.032 
320 0.012 
325 0.005 
330 0.002 
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OH + HN0 3 ~ Products (20) 

This reaction is relatively unimportant 
for environmental chamber modeling studies. 
NASA [3] recommends 

9.4 x 10-15 e(778~100)/T cm3 

molecule- l s-1 

= 1.3 x 10- 13 cm3 molecule- l s-l 

at 298 K, with an uncertainty of a factor of 
l.3 at 298 K. 

There are still some uncertainties re
garding this rate constant [3]. The yield of 
N03 per OH radical removed is unity, within 
the experimental errors, at 298 K [62-64]. 

OH + HONO ~ H20 + NO
Z (Zl) 

This reaction is again reasonably unim
portant in environmental chamber modeling 
studies due to the rapid photolysis rate of 
HONO (reaction 18). The sole data for this 
reaction arc from Cox [55] and Cox et al. 
[65]. In both cases, relative rate constants 
were obtained at ~296 K and atmospheric 
pressure; relative to 

k(OH + CO) = 1.5 x 10- 13 cm3 molecule- 1 -1 s 

in the earlier work [55], and relative to 
-15 3 -1 -1 k(OH + HZ) = 7.0 x 10 cm molecule s 

(which agrees well with the evaluations of 
this reaction by NBS [Z], NASA [3], and by 
Cohen and Westberg [66]) in the later work 
[65], where the pressure dependence of k(OH + 
CO) became evident. Using these more reliable 
later data, a rate constant for reaction (Zl) 
of 

kZl = 6.6 x 10-lZ cm3 molecule- l -1 s 

was obtained at 296 K [65]. No temperature 
dependence is available, but it would be ex
pected to be zero or small. We recommend for 
modelIng of polluted urban atmospheres that 

independent of temperature, with an estimated 
uncertainty of a factor of Z. 

2Z 
NO + N0 2 + HZO t 2 HONO (ZZ,23) 

Z3 

Recently, three measurements of the 
kinetics of this system have been reported. 
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Chan et al. [67,68] obtained 

. -18 3 -1 -1 kZ3 = 1 x 10 cm molecule s 

and 

-38 6 -2 -1 k ZZ = 6 x 10 cm molecule s , 

in agreement with earlier data. This agree
ment for different surface-to-volume ratios 
then suggested that these data were for the 
homogenenous reaction. However, Cox and 
Derwent [56] reported that reaction (23) was 
~ZOO times slower than expected from the data 
of Chan et a1. [67,68]. More recently, 
Kaiser and Wu [69] have determined that these 
reactions are heterogeneous in their system, 
with upper limits to the rate constants of 

and 

k -40 6 -Z -1 22 < 4.4 x 10 cm molecule s 

at 300 K. The equilibrium constant at 300 K 
is 

-20 3 -1 kZZ 23 = 4.4 x 10 cm molecule [70]. 

We make no explicit recommendation since 
this reaction should be experimentally, . 
investigated for each particular environmental 
chamber. However, at present the evidence is 
that for sub~ppm concentrations of NO and N0 2 , 
these reactions are unimportant for daytime 
chemistry; the situation may be different for 
nighttime chemistry. 

(24) 

The laboratory study of Morris and Niki 
[71] showed that the homogeneous rate con
stant kZ4 at Z98 K was: 

s -1 

and that although the observations (changing 
the total pressure from ZOO to 650 torr and 
the wall materialS from pyrex to aluminum or 
Teflon having only small effects on the 
measured value of k24) were consistent with 
a homogeneous reaction, a heterogeneous re 
action could not be ruled out. Environmental 
chamber modeling studies [7,72] suggest lower 
values, indicating that this reaction may be 
heterogeneous and hence chamber specific, 
and a recent study in which N20S was monitored 
by FT-IR spectroscopy in two environmental 
chambers at 298 + 1 K yielded a rate constant 
of 

k24 < 1.3 x 10-Zl cm3 molecule- l s-l [73]. 
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° OH + CO ~Z HO
Z 

+ co (Z 5) 

Recently this reaction has been shown to 
have a pressure dependent rate constant at 
room temperature [65,74-79]. At present, it 
is reasonably evident that for M=air at room 
temperature, the rate constant lncreases from 

kZ5 = 1.5 x 10- 13 cm3 molecule 1 s-l 

at low pressure (~25 torr total pressure) to 

kZ5 ~ (Z.7-3.0) x 10- 13 cm3 molecule- l 

-1 
s 

at atmospheric pressure [65,75,79]. NBS [Z] 
recommends 

at 300 K and 1 atmosphere of air; while NASA 
[3] recommends 

molecule- 1 -1 s , 

independent of temperature. 

Perry et a1. [77] proposed, based on 
their data for M=SF6 and the atmospheric pres 
sure data of Cox et al. 165] and Chan et al. 
[75], the following expression for kZ5 (M=air) 
of (with P in atmospheres): 

k 2 ; (M=air) 6.0 x 10- 13 (O.Z5+0.456P) 
Cl+O.4SflP) 

at ?C)R K This 1eads to 

at 1 atmosphere (760 torr) of air and 298 K. 

For modeling purposes at atmospheric 
pressure these three "recommendations" are 
essentially equivalent--differences between 
those of NASA [3] and of Perry et al. [77] 
occur for intermediate pres~ures less than 1 
atmosphere. We recommend 

kZ5 = 2.9 x 10 13 cm 3 molecule- l s-l 

at one atmosphere of air, independent of 
temperature over the small temperature 
associated with modeling studies of pol 
atmospheres, with an uncertainty of !25%. 

(Z6) 

This reaction, which is of minor import
ance in modeling studies, has recently been 
evaluated by NASA [3], who recommend: 

and 

k26 = 1.6 x 10 12 e-(g40!~On)/T cm 3 

mo1ecu1e- l 5- 1 

-14 3 1 -1 kZ6 = 6.8 x 10 em molecule- s 

at Z98 K, with an uncertainty of a factor of 
1. 3. 

HOZ + NO ~ OH + N0 2 

The most recent NASA evaluation [3] 
recommends the rate constant 

kZ7 = 3.7 x 10-lZ e(240!80)/T cm3 

molecule- l s-l, 

(Z7) 

aL 29B K wiLh all esLimateu. uncertainty at 298 K 
of a factor of 1.Z. 

The temperature dependence is obtained 
from the studies of Howard [24] and Leu [Z3]. 

M 
(28) 

The reaction of HOZ radicals with NOZ has 
been shown to proceed essentially exclusively 
to form HOZNOZ I80 82]. Howard [8Z] has de 
termined rate constants for M=He, NZ, 02 and 
NUZ at lOW pressures and 296 K, but Since this 
reaction is in the fall-off region between 
third- and second-order kinetics at atmos
pheric pressure and room temperature [83], 
these d~ta are not directly relevant for 
atmospheric purposes. Three rate constants 
for reaction (28) have been reported at 
around atmospheric pressure. 

Graham et al. [83] utilized their HOZNOZ 
thermal decomposition rate data together with 
Howard's [82] low pressure values of k28 to 
yield 

kZ8 (M=air) 

cm3 molecule- 1 s 1 

This yields 

kZ8 CM=air) 1.14 x 10- 12 cm 3 molecule-1 

1 
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at 760 torr of air and 300 K. 

Simonaitis and Heicklen [84] reported a 
lower value of k28 derived from photolyses of 
NZO, HZ, 0Z, NO and NOZ mixtures. Because of 
complications in their system, their cited 
rate constants are almost certainly not cor
rect. Simonaitis and Heicklen [84] derived 

kZ8/kZ7 = 0.61+0.15 

at 245 K which leads, using the recommended 
values of k 27 , to 

(6.0~1.5) x 10- 12 cm 3 molecule- l 

-1 s 

at 245 K, which, with an assumed Arrhenius 
activation energy of -ZOOO cal mo1- 1 for 
reaction (28) [83] yields 

kZ8 (298 K) ~ 2.9 x 10- 12 cm3 molecule 1 

s-l 

subject to relatively large error limits. 

More recently, Cox and Patrick [85] 
determined, by a short extrapolation from 
their absolute rate constant data at total 
pressures of 40-600 torr, that 

3 cm 

molecule- l s-l 

at atmospheric pressure and 284 K. 

Additionally, NASA [3] has estimated 
that 

at 300 K and 760 torr of air from the expres
sion 

where 

(T)[M] 

l+ko (T) [MJ /kooCT) 

{1+[10glO(ko (T)[M]/koo (T))]2}-1 x 0.6 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

2.3 x 10- 31 (T/300)-4.6 cm6 

molecule- 2 s-l, 

Since this estimate [3] at atmospheric 
pressure and room temperature appears to be 
somewhat higher than the available experimental 
data, we would recommend for lower tropospheric 
modeling purposes that the expression of 
Graham et a1. [83] be used, i.e., 

-12 3 -1 -1 k28 = 1.1 x 10 cm molecule s 

at 760 torr and 298 K, with an estimated 
uncertainty of a factor of 2. 

Th~ possible alternative reaction path
way to form HONO + 02: 

(Z8b) 

has been shown [81,8ZJ to be of essentially 
negligible importance at. atmospht:rlc pressure 
and ~298 K, with 

k 28b < 3 x 10- 15 cm3 molecule- l 

[ 82J and 

[81,83] . 

-1 
s 

(29) 

Of the studies carried out [81,83,84,86], 
the most extensive is that of Graham et al. 
[83]. Since that study was the most direct, 
we recommend the rate constant obtained in 
that study, i.e., that for M=air, 

4.9 x 10~6 e-l0015/T x 

-1 
S 

for atmospheric pressure and below,. For 
atmospheric pressure, in their ear1ler ~Ludy 
Graham et al. [81] obtained 

k29 (M=air) 1.3 x 10 14 e-l0418/T -1 s 

in good agreement at around room temperature 
with 

1.Z6 x 1016 e-11700/T -1 s 
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determined by Cox et ale [86]. For 760 torr 
of air at Z98 K, these expressions yield 

0.076 s-l [83], 

0.085 s-l [81], and 

O.llZ s-l [86]. 

Since the study of Graham et ale [81] extended 
to higher pressures and temperatures than 
their later study, for atmospheric modeling 
purposes 

kZ9 (M=air) = 1.3 x 1014 e-104l8/T s-1 

is recommended. For lower pressures, the 
alternative expression of Graham et ale {83] 
should be used. At atmospheric pressure and 
room temperature, the uncertainties should 
be of the order of +25%. 

NASA [3] recommends: 

1.4 x 10- 14 e- 580 / T cm 3 

-1 -1 molecule s, 

2.0 x 10- 15 cm3 mo1ecule- l s-l 

(30) 

at 298 K, with an uncertainty of a factor of 
1. 5. 

This recommendation is based on the sole 
direct study of Zahniser and Howard [87]. 

(31) 

The status of temperature-dependent rate 
l,;UJ15 Li::1Ht. uata for this n::action i:; still in a 

state of uncertainty. 

The rate constant for this reaction has 
been shown to be temperature and pressure de 
pendent,and to depend on the concentration 
of water vapor. The temperature and/or pres
sure dependencies have been investigated by 
Cox and Burrows [88], Lil et a1. [89,90], 
Thrush and Wilkinson [91]. S~nrlAT A~ al _ [92]. 
Simonaitis and Heicklen [93], Thrush and 
Tyndall [94,95] and Patrick and Pilling [96]. 
The effect of water vapor on the rate constant 
has been observed by Hamilton and Lii [97], 
Cox and Burrows [88J, Sander eL i::11. [92], and 
Lii et al. [BB]. In the absence of water 
vapor, the data from Sander et al. [92], 
Simonaitis and Heick1en [93], and Thrush and 
Tyndall [94.951 show that at ~300 K the rate 
constant has a limiting low pressure value of 

-12 3 -1 -1 k3l ~ 1.6 x 10 em molecule s 

and that the rate constant increases with 
increasing pressure [92i93] to ~(2.5-3.0) x 
10-12 cm3 molecu1e-l s- at 760 torr of air. 

NASA [3] recommends 

(1.6 + 1.2 Patm) x 10- 12 cm3 

molecule- l s-l 

at 298 K with an uncertainty of a factor of 
1.5 

= (3.4 + 2.5 Patm) x 10 -14 

e(1150±600)/Tcm3 molecule-1 s-1 

based on the temperature dependencies of Cox 
and Burrows [88] and Lii et al. [89]. 

However, it should be noted that more 
recently Thrush and Tyndall [95] and Patrick 
and Pilling [96] have determined significantly 
lower negative Arrhenius activation energies 
of -1.11 kcal mol-l at 7-20 torr total 
pressure [95] and -(1.25 + 0.23) kcal mol- l at 
700 torr total pressure or Nz [96]. Hence 
the temperature dependence of this reaction 
may be less than that recommended by NASA [3J. 

The effect of water vapor on reaction 
(31), i.e., the occurrence of reaction (32), 
has been investigated by Hamilton and Lii 
[97], Cox and Burrows [88], Lii et al. [90], 
and Sander et ale [92]. Hamilton and Lii 
[97] obtained 

k32 = 6.25 x 10- 30 cm6 mo1ecule- 2 s-l 

at 295 K, Cox and Burrows [88] determined k32 
to be: 

3.2 x 10- 30 cm6 molecule Z s 1 

at 298 K. with an Arrhenius activation energy 
of -(11.5+2.4) kca1 mol-l, while Sander et 
al. [92] and Lii et a1. [90] determined 

k32 ~ 6 x 10- 30 cm6 molecule 2 s 1 

at 298 K. 

We recommend that: 

aL 298 K, wit.l! an uu\...taLaiHLy uf a factor of 
3, and with an Arrhenius activation energy of 
~-ll.S kcal mol-l, i.e., 

This temperature-dependent rate constant 
k32 must be viewed with caution and is applic-
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able, with the available experimental data, 
over the narrow temperature range Z78-318 K. 
Obviously, much further work is necessary on 
this reaction. This reaction proceeds via 
complex formation, i.e., 

HOZ + HZO t (HOZ'HZO) 

(equilibrium constant K) 

and hence k32 = ka K. 

(33) 

The recommended absorption cross-sections 
are those recommended by NASA 13] (table 7), 
based on the mpan of thp data of Molina and 
Molina [58] and of Lin et al. [98], which are 
in excellent agreement over the 210-350 nm 
wavelength region. The quantum yield for 
photodissociation is taken as unity. 

(34) 

This reaction is apparently unimportant 
for computer modeling of photochemical air 
pollution. 

Based upon the recent data of Sridharan 
et a1. [99J, Keyser IlOO], Wine et al. [lOlJ, 
and Kurylo et al. [102], NASA 13J recommends 

k34 = 3.1 x 10- 12 e-(187~100)/T cm3 

molecule- 1 5- 1 

1.7 x 10- 12 cm3 molecule- l -1 s 

at 298 K, with an uncertainty of a factor of 
1.3 at 298 K. 

Effect of HZO Vapor on H02 Reactions. (35) 

While it is now evident that H20 vapor 
significantly increases the recombination rate 
of HO, radicals via complex formation, I88,90, 
9Z,97J Le., 

there is, at present, no evidence for or 
against an H20 vapor effect on other H02 
reactions. This obviously depends on the 
relative rate constants for 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

~a HOZ + X ~ products 

and 

If K is the equilibrium constant for 

c 
HOZ + HZO t (HOZ·HZO). i.e., 

d 

K 

Then, kobs (i.e., where -d[H0 2]/dt 

kobs[HOZJIX]) 

;<:; given by: 

Presuming that kd » kb [X], then 

k
obs ~ ka + kb KIHZO]. 

Since K ~ 1 x 10- 19 cm3 molecule- l at 
298 K [88,97]~then for 50% relative humidity 
(RH~ (~5 x 1017 molecule cm- 3) K[HZO] ~5 x 
10- and kb/ka < 2 for no observable (10%) 
effect at 50% RH. Obviously, data concerning 
this possible H20 vapor effect are urgently 
needed. 

3. Formaldehyde Chemistry 

O(3 p ) + HCHO -+ Products (36) 

This reaction is of minimal importance 
as a loss process £or HCHO under atmospheric 
conditions, photolysis and reaction with OH 
radicals being the primary sinks. 

Three recent temperature dependent rate 
constant determinations have been carried out 
for this reaction [103-105], with the data 
being in excellent agreement; values of 1013 
x k36 at Z98 K (cm3 molecule- 1 s-l) and EIT 
CK) being: 1.7+0.Z, 1583+73 [103]; 1.61+0.17, 
lS2S~40 [104];-and 1.50~O.10, lS54~126 TI05]. 

of 
We agree with the NASA [3] recommendation 

3.0 x 10- 11 e-(1550~Z50)/T cm 3 

-1 -1 molecule s 
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at 298 K, with an estimated uncertainty of a 
factor of 1. 25. 

Earlier product studies [106-108] con
cluded that the reaction proceeds via 

0(3p ) + HCHO + OH + HCO 

However, Chang and Barker [103] ~ave sugg~sted 
from the observed C02 yield and lts invarlance 
on the 02 concentration [which rules out the 
reaction 

0(3 p) + HCO + H + CO 2 

as the CO 2 source since 

02 + HCO + HO Z + CO 

is fast] that the overall reaction may proceed 
via 0(3p) atom addition to HCHO to ultimately 
form a triplet HCOOH which decomposes to 
HCO ~ OH and CO 2 ~ 2 H. 

Since the number of radicals ultimately 
formed (H0 2 + OH or 2 HOZ) are the same and 
this reactlon is of minimal importance under 
atmospheric conditions, we recommend that the 
reaction sequence 

0(3p ) + HCHO + OH + HCO 

be used. 

HCHO + hv + H + HCO a (37) 

+ H2 + CO b 

The absorption cross-sections of HCHO 
have been recently determined by Bass et al. 
[109] and Moortgat et al. [110], the latter 
data being ~30% higher for ),.>300 nm. The NASA 
recommended cross-section values [3] are the 
mean of the two sets of data, and are given 
in table 8 averaged over 10 nm intervals at 
2Z0 K and 290 K (the temperature dependence is 
small). 

The quantum yield measurements of Horo
witz and Calvert flll] , Clark et a1. [112], 
Moortgat and Warneck I113] , Tang et a1. [114], 
and Moortgat et al. [110,115] are in good 
agreemem: (figure 3). The NASA P] n::colllllleIld
ed quantum yields $a and ~b at 760 torr total 
pressure of air, averaged over 10 nm intervals, 
are given in table 9. For :>">330 nm the over
all photodissociation quantu~ yield ($a + $b) 
is less than unity. 

OH + HCHO + HZO + HCO (38) 

Rate constant data for this reaction 
through 1978 have been reviewed by Atkinson et 
al. [116]. The rate constants obtained by 
Morris and Niki [117] and Niki et a1. [118], 
using discharge flow-mass spectrometry and a 
relative rate technique, respectively, are in 
very good agreement with 

k38 = 1.4 x 10-11 cm3 molecule- l s-l 

at Z98 K [116]. 

However, the two recent flash photolysis
resonance fluorescence temperature dependence 
studies of Atkinson and Pitts [119] and of 
Stief et a1. [IZ0] obtained values of 

and 

at 298 K, respectively, with a zero or near 
zero temperature dependence. 

The rate constants k38 determined by 
Smith [IZI],derived relative to the rate 
constant for the combination reaction of OH 
radicals, are significantly lower than the 
o~her litera~urt: data, and mus~ be regarded 
as being of low accuracy. As shown in figure 
4, the rate constants obtained by Atkinson 
and Pitts [119] and Stief et al. [lZO] are in 
excellent agreement over the temperature 
range common to both studies, and combining 
these data, we recommend (as does NASA [3]) 
that: 

independent of temperature, with an estimated 
uncertainty of ~ZS%. 

It has been suggested [103,12Z] that 
this reaction proceeds, at least in part, via 
OH radical addition, initially forming HOCH 20 
which could decompose to HCOOH + H or react 
with 02 to yield HCOOH + HOZ. However, Niki 
[123] and Morrison and Heick1en [124] report
ed data which indicate that this pathway is 
unimportant. 

( 39) 

Recent work [lZ5-1Z8] has shown that the 
reaction of HOZ radicals with HCHO proceeds 
via addition to initially form the HOZCHZO 
rad ical (rp.::Ic:t; on 3Q). Two d; <;t; nrt chp.m; C:::Il 
schemes have been used to study this reaction. 
Sue taL [ 1 Z 5 , lZ 6 ] and N i k i eta 1. [ 1 2 8 ] 
have used Fourier transform infrared absorp
tion spectroscopy to investigate the photoly
~i~ uf CIZ-HCHO-OZ-NZ and C1Z-HCHO-HZ-OZ-NZ 
mixtures, and have identified the metastable 
compound HOZCHZOH. In this system the reac
tion sequence was postulated to be [lZ6]: 
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Table 7. Absorption Cross-Sections of HZOZ Vapor, 
As Recommended by NASA [3], for the Wavelength Region 250-350 nm 

"- (nm) 10ZO x (J ( cm 2) 

250 8.3 

255 6.7 

260 5.2 

265 4.2 

270 3.Z 
275 2.5 

280 2.0 

285 1.5 
290 1.13 

295 0.87 

300 0.66 

305 0.49 

310 0.37 

315 0.28 

320 0.20 

325 0.15 

330 0.12 

335 0.09 
34U 0.07 

345 0.05 

350 0.03 

Table 8. Absorption Cross Sections of CH 20 
(From NASA [3]) 

"- 1020 x (J (cm 2) 
(nm) 290 K 220 K 

240 0.03 0.08 

250 0.13 0.08 

260 0.47 0.47 

270 0.86 0.85 

280 1. 86 1. 93 

290 2.51 2.47 

300 2.62 2.58 

310 2.45 2.40 

320 1. 85 1.71 

330 1. 76 1. 54 

340 1.18 1.10 

350 0.42 0.39 

360 0.06 0.02 

Note: The values are averaged for 10 nm 
intervals centered on the indicated 
wavelength. 
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Figure 3. 

260 280 300 320 340 360 

Wavelength (nm) 

Quantum yield q,a for the phot0clissociation of HCHO. • Data 
oLMoortgatet al. [110,115] at 300 K; 0 Data of Moortgat 
andWarneck {1l3] ,as corrected by Moortgat et al. [115]; 
V Data of Horowitz and Calvert [111]; Q Data of Clark et 
al[112]. (Adapted from 1115].) 

T~ble9. Quantrim ~ields ~ and. for the 
Photodis~ociation of HCHO at 760T8rr Tot~l Pressure of Air 

(From NASA 13]) 

Note: 

a. 

~1 ~Z 
A Cnm) (H + HCO) (HZ + CO) 

240 .U:.'21 ' 0.42 

250 0,'24 0.46 

'260 0.30 0.48 

't70 0.40 0.46 

Z80 0.59 0.35 

290 U./1 U.26 

300 0.78 0.22 

310 0.77 0.23 

320 0.62 0.38 

330 0.17 0.80 

340 0 U.o~a 

350 0 0.40 a 

360 0 O.IZa 

The values are averaged for 10 nm intervals centered 
on the indicated wivelength. 
At p = 760 torr, pressure dependent. 

335 
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Figure 4. Rate Constants for k38 for the Reaction of 
OH Radicals with HCHO. 
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( 40) 

From a kinetic computer analysis of the 
data, assuming that the 02CH2QH radical be
haves analogously to the CH302 radical with 
respect to self-combination and reaction with 
02' Su et a1. [lZ5,lZ6J derived 

and 

k(H0 2 + HCHO) = k39 

1. 0 x 10-14 3 cm 

-1 -1 molecule s 

both at 298 K and 700 torr total pressure. 

Su et al. [lZ6] further reported that 
the HOZCHZOH species decayed in the dark, and 
more rapidly in the light, to yield formic 
acid, with a photolysis rate constant of 
~0.039 s-l in their system for photolysis 
conditions apparently reasonably similar to 
noontime summer conditions [k(NOZ + hv) = 
0.01 s-l]. Under atmospheric conditions in 
the presence of NOx , the reactions subsequent 
to the initial addition of HOZ to HCHO are, 
however, expected to be: 

This peroxy radical can, in the presence of 
NOx ' react via: 

(41 ) 

and 

The latter re~r~ion product (HnrH2nnNnZ) ha~ 
been observed by Niki et al. [129], but, 
analogous to other alkyl peroxynitrates. it is 
expected (see reaction 51) to thermally back
decompose rapidly to reactants. The reaction 
wi~h NO is expec~ed, analogous ~b o~heT peroxy 
radicals, to have a rate constant 

at room temperature (see acetaldehyde chemis
try section below). Hence, for NO concentra
tions ~Z x lOll molecule cm- 3 (~10 ppb), the 
reaction with NO will predominate. The alkoxy 
radical is then expected [125,127] to react 
with 02 to yield formic acid: 

Indeed, in the most recent study of 
flashed HCHO-02-NO mixtures, Veyret et al. 
[127], by monitoring N0 2 formation, postulated 
this same reaction sequence: 

H02 + HCHO -I- HOOCH20 -I- 0ZCH2OH (39) 

02CH20H + NO -+ OCH 2OH + N0 2 (41) 

OCHZOH + °z -I- HC0 2H + HOZ ( 40) 

OCHZOH + NO -I- products (42) 

Using a rate constant of 

k4l 7.5 x 10-lZ cm3 mo1ecu1e- 1 s -1 

the data at room temperature were fit [127] 
by 

and 

(3.S~1.6) x 10- 14 cm3 molecule- l -1 s 

(a factor of ~30 higher than for 
CH30 + 0z [reaction (57)]) 

k42 = (4.0~1.9) x 10- 11 cm3 molecule- l s-l 

Obviously further work as to the rate 
constants in these systems is needed. How
ever, at the present time we recommend that 
the rate data of Veyret et al. [127] be used, 
subject to confirmation. 

Hence for NO concentrations >10 ppb, we 
anticipate that the reaction of HOZ radicals 
with HCHO will ultimately yield HCOOH. For 
lower NO levels, i.e. [NO] <10 ppb, decompo
sition of the 00CH20H species back to the 
reactants is expect:ed [126J. It must, of 
course, be noted that only when NO concentra
tions decrease do HOZ concentrations increase, 
and it is possible that under atmospheric 
ronrl;tion~ th;~ re~r~;on i~ of li~tle impor~-
ance. However, it resolves the apparent 
conflict of previous observations of formic 
acid formation in HCHO photooxidations and 
the fact that HCO radicals react with 02 to 
yIeld HO Z -t- CO, aud nut HC0 3 (~ee laLer]. 

As to whether the higher aldehydes react 
with HOZ by analogous reaction pathways is, 
at present, unknown; and again, further work 
on these systems is obviously needed. 

N0 3 + HCHO -I- HN0 3 + HCO (43 ) 

The sole study of this reaction to date 
is that recently carried out by Atkinson et 
al. [130]. From the enhanced decay rates of 
NZOS in NZOS-NOZ-HCHO-air mixtures, a value of 
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at 298+1 K was derived, using the equilihrillm 
constant K7 8 of MaIko and Troe [27]'. In the 
absence of further experimental data, we rec
ommend this value of k43, with an estimated 
uncertainty of a factor of ~Z, i.e., 

k43 3.Z x 10- 16 cm3 molecule- l s 1 

HCO + O2 ~ HO Z + CO (44) 

The reaction of HCO with 02 is, under 
atmospheric conditions, effectively the sole 
loss process of HCO, and hence the precise 
value of its rate constant, since it is rapid, 
is of little concern. The evidence to date 
shows conclusively that the reaction proceeds 
as shown [116]. Thus, Hunziker and Wendt 
[131] ub~~rved ~ha~ the addition of LO to the 
H + 02 reaction in an amount sufficient to 
intercept >90% of the H atoms by the reaction: 

II I CO + M -r HCO + Ivl 

had no observable effect on the observed HO, 
absorption, showing conclusively that H02 -
formation from the reaction of HCO radicals 
with Oz is the only important pathway at 313 
K and atmospheric pressure. In addition, no 
new absorption bands associated with HC03 
were observed [131]. This reaction pathway 
has also been confirmed by the detection of 
HOZN02 from the irradiation of HCHO-C1Z-NOZ-
02 mixtures [132], by the lack of a pressure 
dependence on the rate constant for reaction 
(44) [133], and by the laser magnetic rese 
nance detection of HOZ from the reaction of 
HCO radicals with 02 [1341. Furthermore, the 
evidence for HC03 formation was mainly based 
upon observation of HCOOH in irradiated Cl Z-
HCHO-02 mixtures [135,136]. This is now 
known to be due to the addition reaction of 
H0 2 with HCHO. 

NASA f31 has recommended: 

at 298 K, with an uncertainty of a factor of 
1. 3. 

-1 -1 molecule s 

0)/1' cm3 

with the rate constant at 2Y8 K and the tem
perature dependence being essentially identi
cal to those measured by Veyret and Lesclaux 
(137] . 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

4. Acetaldehyde Chemistry 

(45) 

The most recent rate constant determina
tion for this reaction is thRt of Singleton 
et a1. [138], who obtained 

molecu1e- 1 s-l 

4.3 x 10- 13 cm 3 molecule- l -1 
s 

at 298 K, the data being in good agreement 
with previous rate constant data of Mack and 
Thrush [139], Cadle and Powers [140] and 
Cvetanovic [141]. 

The reaction has been shown to proceed 
via H atom abstraction from the aldehydic C-H 
gruup [139,142], with H atom abstraction from 
the CH3 group accounting for ~O.l% of the 
total reaction pathway at 298 K [138]. 

We recommend the data of Singleton et 
a1. [138], i.e., 

k
45 

1.2 x 10~11 e- 986 / T cm 3 

molecule- l s-l 

4.3 x 10- 13 cm3 molecule 1 J 

at 298 K, with an estimated uncertainty of a 
factor of 1.25. 

CH 3CHO + hv -+ CH
3 

+ HCO a (46) 

-+ CH4 + CO h 

~ H + CH 3CHO c 

) Il2 I CII
2

CO J. 

The very recent data of Calvert and co
workers [143~144] and Moortgat and coworkers 
[145] have greatly clarified the position 
regarding the primary processes occurring in 
the photolysis of acetaldehyde. As discussed 
by Calvert and coworkers [143,144], the 
possihle primRry rrnrp~~ps are: 
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It was concluded [143,144] for A>290 nm 
at 298 Kthat <Pd is negligible. The quantum 
yields <Pa and <Pb determined by these two 
groups at 760 torr total pressure of air are 
in generally excellent agreement, and the 
quantum yields <Pa, <Pb and <Pc are given in 
table 10. These quantum yields are applicable 
only at 760 torr of air, since they are pres
sure dependent [143-145], and reference 144 
should be consulted for further details. 
These data show that radical formation from 
CH3CHO photolysis in the lower troposphere 
is far less than radical formation from HCHO 
photolysis [144]. 

The quantum yields for <Pa and <Pb given 
in table 10 are plotted against wavelength in 
figure 5, and our recommendation is shown as 
the solid curve. Our recommended values of 
~a and ~b ~aken from ~hls figure are alSO 
given in table 10. 

(47) 

Rate constants for this reaction have been 
measured by Niki and coworkers [118,146] and 
by Atkinson and Pitts [119]. The data from 
these stud~es are in very good agreement 
[116], with the recommended rate constant 
being that of Atkinson and Pitts [119], that 
study being the only one carried out over a 
range of temperature, to give the expression: 

6.9 x 10- 12 e(Z50~150)/T 

molecule- l s-l 

3 cm 

= 1.6 x 10- 11 cm3 molecule- l s-l 

at 298 K, with an estimated uncertainty of 
+25%. 

Evidence that the reaction proceeds pre~ 
dominately as shown is obtained from product 
formation studies carried out in smog chambers 
(i.e., PAN formation). 

o 
CH 3CO + 02 ~ CH3~00' (48) 

This reaction is expected to be fast. by 
analogy with alkyl radicals, and the infrared 
electronic spectrum attributed to CH3C03 has 
been observed in the wavelength regions 1.2-
1.8 ~ by Hunziker and Wendt [131,147], 
following the Hg-photoscnsitizcddccomposition 
of CH3CHO, CH3COCOCH3 or CH3COCH3 in the 
presence of 02, and 210-250 nm by Addison et 
al. [148] following the modulated photolysis 
of CH3COCH3 and CH3COCOCH3 in the presence of 
02, or of C12-CH3CHO-02 mixtures. Under 
atmospheric conditions, this reaction is an
ticipated to be the sole reaction of CH 3CO 
radicals. 

It has been shown that PAN thermally de
composes as shown, and that this reaction is 
in equilibrium with the reverse reaction 
[149-151]. Thermal decomposition rate con
stants, k49, have been measured in four 
studies, mainly by using excess NO which per
turbs the equilibrium via the reaction 

The rate constant data reported to date are 
given in table 11. 

The data of Pate et al. [149], Hendry 
and Kenley [ISO] and of Nieboer and Duyzer 
[152] were obtained from the thermal decom
position of PAN in the presence of excess NO, 
where: 

-d In[PAN]/dt ~ k49 

The derivation of values of k49 from the 
n~t~ of Cox and Roffey IISI] involves the 
knowledge of the number of NO molecules re
moved following reaction of CH3C03 with NO, 
and hence is subject to larger uncertainties. 

Flgun:: 6 :shuws an Arrhenius plot: of ~he 
available data--the data of Nieboer and Duyzer 
[152] were reported graphically; hence their 
Arrhenius line has been estimated from their 
figure. It can be seen that the data of 
Hendry and Kenley [150], Pate et al. [149] 
(possibly fortuitous in view of the +1 K 
temperature and the +30% error limits of that 
study) and Nieboer and Duyzer [152] are in 
excellent agreement. In the study of Cox and 
Roffey [151], the determination of the number 
of NO molecules removed per PAN decomposition 
(4.9 + 1.7) was carried out in a static ex
periment at 296 K, and the value of k49 
derived from that experiment [(2.65 + 1.0) x 
10- 4 s-l] is also in excellent agreement with 
the other data [149,150,152]. The lower tem
perature (T<3l3 K) rate constants derived 
from the dynamic experiments of Cox and 
Roffey 1151] are somewhat higher than but, 
because of the much wider error limits, still 
within agreement with the other data. Hence, 
we recommend the Arrhenius expression of 
Hendry ~nd Kenley (150) of 

k49 = 1.95 x 1016 e-13543/T -1 
5 

at 298 K, with an estimated uncertainty of 
+20% over the temperature range 280-320 K. 

(50) 

No direct experimental data are availa
ble for this reaction. The only data avail
able are for the rate constant ratio k50/ 
k(CH3C03 + NOZ) [150,151,153] in combination 
with thermochemical estimates of the entropy 
change associated with reaction (49), and with 
a recent absolute rate constant determination 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 
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Table 10. Quantum Yields of the Primary Photodissociation 
Processes for CH 3CHO at Various Wavelengths 

at 760 Torr Total Pressure and 298 K 

CObs = Observed Data of References 144, 145; Rec = Recommended Value) 

A nm ¢a ¢b ¢c 

Obs Rec Obs Rec 

260 0.3l a 0.31 0.47a 0.47 

270 0.38 a 0.38 0.33a 0.33 

280 0.59a 0.59 0.06 a 0.06 

290 0.S4 a ; 0.56b 0.55 O.OOa; O.Olb 0.01 0.026b 

300 0.44 a ; 0.37b 0.415 O.OOa; O.OOb 0.00 0.OO9b 

310 O.29 a 0.235 O.OOa 0.00 

313 0.141..1 O.Olb 0.OO2b 

320 O.lOa; O.OS3b 0.08 O. OOa; O.Olb 0.00 O.OOb 

330 O.OOa 0.00 O.OOa 0.00 

331-2 O.Olb O.Olb O.OOb 

a prom [145], values taken at 10 nm intervale from the figurce in that 
presentation. 

bFrom [144] 1 estimated for 760 torr of air. 
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Figure 5. Quantum yields ¢a and ¢b for photo
dissociation nf CH

3
CHO _ n,. - reference 

144,0,1- reference 145,-recommended. 
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Table 11. Rate Constants k49 at Room Temperature and 
Arrhenius Parameters for the Thermal Decomposition of PAN 

E/T (K) 4 
10 x k49 s -1 T K Reference 

1. 95 x 1016 

7.94 x 1014 

1 x 1018 

lxl0 

~ 
I 

(/) 

2 

2.9 

13543 + 453 

12510 + 385 

14595 + 1007 

3.0 3.1 

2.8 + 0.8 296 + 1 

3.70 + 0.37 298 

4.7 298 

4.0 + 1.5 298 

3.2 

o Dynamic; Cox and Roffey [151] 
() Static; Cox and Roffey [151] 

I Pate et al. [149] 
I 

__ 1_ Hendry and Kenley [150] 
~ and recommendation 

-- Niebor and Duyzer [152] 

3.3 3.4 3.5 3.6 

1000/T (K) 

Figure 6. Literature Data For the Thermal Decomposition of PAN. 

149 

150 

151 

152 
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of the rate constant for the reaction CH3C03 
+ N02 [148]. These thermochemical estimates 
assume that both reaction (50) and the reaction 
CH3C03 + N02 + PAN have zero temperature 
dependencies, and hence they are realistically 
good to an order of magnitude only, predicting 
[150,151] that k50 ~ 3 x 10-12 cm3 molecule- l 
s-l at room tempera1ure, while the large un
certainties in the rate constant ratio kSO/ 
k(CH3C03 + N02) and in the recent determination 
[148] of the rate constant for the reaction 
of CH3C03 + N02 also leads to large (factors 
of 2 or 3) uncertainties in k sO . 

We take the approach of considering R02 
+ NO reactions as a class, and derive/estimate 
a rate constant which, in the absence of fur
ther data, we assume applies to all ROZ + NO 
and RC03 + NO reactions. We then-proceed to 
do the same for the RO Z + NO Z reactions: 

(SO) 

R0 2 + NO + Products 

RC0 3 + NO + Products 

Table 12 gives the rate constants obtained 
for the reaction of R02 radicals with NO, by 
both absolute and relative rate techniques. 
It can be seen that there is a discrepancy of 
a factor of 2-3 in the rate constant data for 
both methylperoxy and ethylperoxy radicals. 

The recent studies of Cox and Tyndall 
[lS8,159], Sander and Watson [161], Ravishank
ara et al. [16Z], Simonaitis and Heicklen 
[163] and Plumb et al. [164] concerning the 
CH30Z + NO reaction appear to be free of pos
sible experimental problems, and are seen to 
be in good agreement as to the magnitude of 
the rate constant kSO at room temperature. 
No significant pressure dependence has been 
observed [161-163]. From these studies NASA 
recommends [3] a rate constant of 

7.6 x 10-lZ cm3 molecule- l -1 s 

at 298 K, with an uncertainty of a factor of 
1. Z. 

The two temperature dependent studies 
[16Z,163] show that the rate constant kSO 
(CH30Z + NO) has a small negative temperature 
dependence, and based upon these two studies 
[16Z,163] NASA [3] recommends 

with 

kSO = 4.Z x 10- 12 e(180~180)/T cm 3 

molecule- l s-l 

kSO = 7.6 x 10- 12 cm 3 molecule- l -1 
s 

at 298 K, as stated above. 
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The datum of Plumb et al. [166] for the 
reaction of CZH502 with NO also appears to be 
free from experimental problems .. Since this 
rate constant is, within the experimental 
uncertainties, identical to those for the 
reactions of HOZ and CH302 radicals with NO, 
we further recommend that 

k50 7.6 x 10- 12 3 molecule -1 -1 cm s 

4.2 x 10- 12 e l80/T cm3 

molecule -1 s -1 

for all R0 2 and RC0 3 radical reactions with 
NO. 

The reaction of CH302 radicals with NO 
has been shown, from product studies r154, 
162,167,168], to proceed primarily via the 
reaction: . 

while Plumb et al. [166] have shown that the 
reaction of C2HS02 radicals with NO produces 
N02 >80% of the time. 

For the larger R02 radicals, however, 
the data of Darnall et al. [169], Carter et 
al. P], and Atkinson et al. [170] show that 
the reaction 

(50a) 

becomes increasingly important as the size of 
the alkyl peroxy (at least for the straight 
chain series) radical increases. The alkyl 
nitrate yields, which can be equated to the 
rate constant ratios ksoa/kSO, determined 
for the Cz through C8 n-alkane series by 
Atkinson et al. [170] at 299+2 K and 735 torr 
total pressure of air are given in table 13. 
For alkyl peroxy radicals other than those 
derived from the n-alkanes, the available 
data indicate that kSOa/kSO ~0.04S for 
cyclopentyl peroxy radicals, ~O.09 for 
cyclohexyl peroxy radic(B.ls and '1.10.05 for 
cycloheptyl peroxy radicals [171] at room 
temperature and atmospheric pressure. These 
rate constant ratios are significantly lower 
than those for the alkyl peroxy radicals de
rived from the n-alkanes, suggesting that the 
alkyl nitrate yields may be very dependent on 
the structure of the alkyl peroxy radical. 
Hence it is possible that generalizations 
based, for instance, on the carbon number 
cannot be made. 

Atkinson et al. [170] suggest that the 
reaction of R02 radicals with NO proceeds via 
the pathways: 
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Table 12. Room Temperature Rate Constants, k 50 , 
for the Reaction of R02 Radicals With NO 

12 
10 x k50 cm3 

R molecule- l s -1 Techniquea Reference 

>1. 2 Relative Rate [154] 

>1 PP-KS [155] 

8.0 + 2.0 DP-MS [156] 

3.0 + 0.2 FP-KS [157] 

6.5 + .2.0 MMS [158, 159] 

app - KS : 
DF-MS: 
MMS: 

3.3 + 1. 8 Relative Rate - 1. 2 
7.1 .j. 1." FP-KS 

7.8 + 1.2 FP-KS 

7.7 + 0.9 FP-KS 

8.6 + 2.0 DF-MS 

2.7 + 0.2 FP-KS 

B.9 + 3.0 DF-MS 

>1 FP-KS 

flash photolysis - kinetic spectroscopy. 
discharge flow - mass spectrometry. 
molecular modulation spectroscopy. 

Table 13. Rate Constant Ratios kSOa/kSO for the 

[160] 

[161] 

[162 ] 

[163] 

[164] 

[165] 

[166] 

[155] 

Cz throughC B n-alkanes at 299 + 2 K and 73S Torr Total Pressure, 
From [170] 

n-Alkane ksoa/kso 
a 

Ethane <0.014 

Propane 0.036 + 0.005 

n-Butane 0.077 + 0.009 

n-Pentane 0.117 .j. 0.013b 

n-Hexane 0.Z08 + 0.OZ7b 

n-Heptane 0.Z93 + O.042 b 

n-Octane 0.318 + 0.OZ7b 

alndicated error limits are two standard deviations. 

bSecondary alkyl nitrate yields only (see [170]). 
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R02 + NO ~ ROONU* ~ RO + NO Z 

[RoLtJ Rot. ~ 
where the asterisk denotes vibrational exci
tation. Such a reaction sequence suggests 
that the alkyl nitrate yields should be pres
sure dependent. Indeed, the most recent 
study of Atkinson et a1. [172] shows that for 
n-pentane and n-heptane the alkyl nitrate 
yields are pressure and temperature dependent, 
with the yields decreasing with decreasing 
pressure and increasing temperature. These 
data, and those obtained at 299 K and 735 torr 
total pressure for propane through n-octane, 
were shown to be fit with an expression simi
lar to the generalized fall-off expression: 

Y~ ;~e~~~r:l~y~i~i~~~~) ~~~l~e!~era_ 
ture T (K) 

y300 4.15 x 10- 6 e l . 079 n 
o 

and n is the number of 
atoms in the n-alkane 

y~OO 0.384 

m 
0 

5.05 

m 
00 

4.17 

and F U.4b/ 

carbon 

We recommend use of this expression for 
calculation of the alkyl nitrate yields from 
the n-alkanes propane through n-octane over 
the temperature and pressure ranges ~Z80-340 
K and ~50-740 torr total pressure, respectively. 

(51) 

and 
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There are few direct experimental data 
for the rate constants for these reactions, 
the data being for R = CH3 and C2H5 . 

For CH302 radicals, the two recent flash 
photolysis-kinetic spectroscopy studies of 
Sander and Watson [161] and Ravishankara et 
al. [173] have shown that these reactions are 
in the fall-off region below atmospheric pres
sure. Data were obtained for the diluent 
gases He, N2 and SF6 over the pressure range 
50-700 torr at 298 K [161] and for N2 over 
the pressure and temperature ranges 76-722 
torr and 253-353 K [173]. The data for N2 
as the diluent gas at 298 K from both studies 
are in excellent agreement ~nd Ravishankara 
et a1. [173] have fit the data from both 
studies with NZ as the diluent gas by 

where 

cm 3 molecule- l -1 
5 

2.2 x 10- 30 (T/298)-Z.5 cm6 

molecule- Z s-l 

7 x 10- 12 (T/298)-3.5 

molecule- l s-l 

3 cm 

This expression, which we recommend, is 
slightly different from that recommended by 
NASA [3], but gives a better fit to the ex
perimental data [3]. 

For 2:.C2 alkyl peroxy radicals we recom
mend that 

-1 
s 

at 298 K and 760 torr, uncertain to a factor 
of 2. This value, i.e., the limiting high 
pressure value. is taken as the kSl (p -+ (0) 
value given above for CH 30 2 + N0 2 , 

For the case of C2HS02 it is expected 
that kSl will be pressure dependent at total 
pressures below atmospheric, but it is likely 
that the rate constant at 298 K will be at or 
close to the high pressure second-order limit 
at 760 torr of air, while for the higher 
homologues the fall-off region will obviously 
move to progressively lower pressures. 

(SIb) 

For the acyl peroxy radical reactions 
with NO Z' i.e., 
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the only available experiment data to date ~re 
t.he rat.e const.ant. rat.ios kso/kSlb from studles 
l) f PAN and PBzN thermal decomposl tions in the 
prt!:;)t!m.;c of NO and NOZ [150,151,153,174], and 
:1 recent determination of the absolute rate 
constant for the reaction of CH3C03 radicals 
with NOZ [148]. For PAN, the experimental 
rate constant ratios 

l.e., k50/k51b' at. room temperat.ure are: 

3.1 ~ 0.5 (Hendry and Kenley [150]); 

1.7 (Coxetal. [153]); 

a.nd 

+0.85 
1.85_ 0 . 41 (Cox and Roffey [lSI]); 

while for PBzN, Kenley and Hendry [174] have 
determined a rate constant ratio of 

kSO/kSlb = 1.52 + 0.12 at 303 K, 

Hence it appears that at room temperature the 
rate con5tants for the reaction of RC03 
radicals with NOZ are lower than those for 
reaction with NO. 

The recent determination of k51b(R=CH3) 
by Addison et al. [148] using molecular-modu-
lation spectroscopy yielded values (at 302 + 
I K) of 

-12 3 (Z.l ! 0.1) x 10 em 

molecule 1 5- 1 

at 28 torr (mainly 02) and 

kSlb = (4.7 ! 0.3) x 10 12 cm 3 

molecule- l 5- 1 

at 715 torr (mainly 02). There thus appears 
to be a pressure effect on the rate constant 
for this reaction. Because of the experimen
tal complications caused by the high value of 
the rate con:3tant, Addi:3on et al. fl~8] 
recommended that at 715 torr and 30Z ! 1 K 

(6.0 ! 2.0) x 10- 12 

molecule- l s-l 

3 cm 

The modeling study of NOx photooxidations oi 
n-butane-propene-air mixtures of Carter et 
al. [7] concluded that the best fi t for cal
culated and experimental PAN profiles occurs 
for kSO/kSlb = 1.5, somewhat lower than the 
experlmental rate constant ratio data [150, 
151,1531 for PAN, but consistent with our 
recommended value of kSO and the recent 
determination of kSlb [148]. Obviously, 
further work is necessary to refine this rate 
constant ratio, but based mainly on the model
ing study of Carter et al. [7], we recommend 
that 

1.5, independent of tempera
ture, 

at atmospheric pressure (it is possible that 
the datum of Hendry and Kenley [150] was ob
tained at lower total pressures in the fall
off region), and hence 

kSlbCRC03) = 4.7 x 10 12 cm 3 

molecule- l s 

at 298 K and atmospheriC pressure with an 
uncertainty of a factor of Z. This recommen
ded value is consistent with the recent value 
of kSlb (R=CH3) determined by Addison et al. 
[148J. 

The available experimental data show con
clusively that the reactions of ROZ and RC03 
radicals with NOZ proceed via formation of 
peroxynitrates as shown above [148-151,153, 
174180]. 

(S2) 

Only recently have the alky+ peroxy
nitrates (R02NOZ) been characterlzed and 
studied [176-181]. Table 14 gives the avail
able thermal decomposition rate constant data 
for these compounds, along with rate constant 
data for HOzN02 a~ a comparison. It can be 
seen that the Arrhenius activation energies 
for the thermal decomposition of H02N02'1 
CH307NO and C3H70ZNOZ are ~20 kcal moI- . 
Whlle tRe H02N02 and CH302NOZ ·decompositions 
are not at the high pressure limit at atmos 
pheric pressure, the Arrhenius activation 
energy for H02NOZ decomposition at the high 
pressure limit will be only slightly higher, 
and Baldwin and Golden [182] have derived 
(from RRKM calculations) the high pressure 
rate constant 

k(HOZNO Z ~ HOZ • NO z) 

e-l1S75/T s-l 

2.7 x 1016 

(i.e., E 23.0 kca1 mol-I). 
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It is anticipated that the preexponential 
factor will be very similar for other alkyl 
peroxynitrate decompositions 

(as it is for PAN, where A = 1.95 x 1016 s-l). 

Hence the data of Edney et al. [179,180], 
Hendry and Kenley I178] and of Bahta et al. 
[181] indicate that the activation energy ~or 
thermal decomposition of the alkyl peroxynI
trates is <ZZ.O kcal mol-I, very similar to 
that estim~ted by Hendry and Kenley I178] from 
thermochemical arguments. For CH30ZNOZ the 
thermal decomposition rate constant at 760 
torr is a factor of ~1.5-Z lower than the high 
pressure first order limit [161,173,181] 
(the rate constant for HOZNOZ is a factor of . 
~3-4 off the high pressure limit at atmospherIc 
pressure and Z98 K [83,18ZP: .For ~he..::CZ 
alkyl peroxynitrates the lImItIng hIgh pres
sure region should be attained at 21 atmos
phere, and hence, for all the a~kyl pe~oxy: 
nitrates their thermal decomposItIon lIfetImes 
are expected to be <1 s at Z98 K, and il min 
at 273 K. Hence we consider that for lower 
tropospheric modeling studies, T ~Z85 K, the 
role of alkyl peroxynitratcs will be negligi
ble. 

(53) 

This reaction is considered, based on the 
thermochemistry, to be fast, such that it is 
the sole reaction pathway of the CH3COZ 
radical under atmospheric conditions [7]. 
Therefore, the precise value of the ~ate con
stant is not important for atmospherIC model
ing studies. 

(54) 

and R + 0 Z -+- RO 2 

At atmospheric pressure and Z98 K, the 
reaction of CH3 and higher alkyl radicals 
with Oz have rate constants of 

-1 
s > 1 x 10- lZ cm 3 molecule- l 

kS4 'v 

[Z,3,184 l86J and with the high. atmospheric Oz 
concentration is the sole reactIon pathway for 
these radicals. Thus Hunziker and Wendt [147] 
have observed the electronic infrared spectra 
of CH30Z, C2H50Z and (CH3)2CH02, while Parkes 
and coworkers have observed the spectra of 
these peroxy radicals and of (CH3)3COZ in the 
ultraviolet [155,187-189]. 

The subsequent reactions leading to meth
oxy radical production have been discussed 
above, i.e., 

( 50) 
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(51) 

(55) 

-+- HCHO + HNO (b) 

and 

RO + NO -+- RONO (a) 

-+- R'W'CO + HONO (b) 

Except for a single very recent absolute 
rate constant determination of k55 for R=CH3 
[190J, no other direct rate constant da~a are 
available for these reactions. The avaIlable 
information has been derived from the thermal 
decomposition rates of alkyl nitrites (-55a) 
and thermochemical data [19l-Z03]. The 
Ailltenlu::. C!l:Livat.ion energies for alkyl ni
trite decomposition are observed to be 
identical, within the experimental error~ 
(~+l kcal mol-I), with the heat of reactIon, 
6H~SA. From the entropy of reac~ion, 4SS5a' 
values of the preexponential factors ASSa 
were derived, as given in table 15. These 
preexponential factors are in the range 

(1-5) x 10- 11 cm3 molecule- l -1 s 

with no clear-cut trend with the alkoxy radi
cal size or structure. In view of the lack 
of further information, we estimate a mean 
preexponential factor of 

independent of the alkoxy radical. and with an 
uncertainty of a factor of 3. USIng a zero 
Arrhenius activation energy for these reac
tions I19Z] leads to 

k 3 X 10 -11 cm3 molecule- 1 
55a = 

-1 s 

independent of temperature, with an uncertain
ty of a factor of 3. We should point out, 
however by analogy with other NO recombina
tion re~ctions [3,23,Z4] a slightly negative 
Arrhenius activation energy of ~-(200 ~ ZOO)/T 
may be expected for these reactions. 

For R = CH3, the CH30NO thermal decompo 
sition rate is pressure dependent below ~lOO 
torr total pressure for CF4 as the bath gas 
[201-203] and has not re~rhpn the high pres
sure second-order limit at 700 torr total 
pressure of NZ: 

k55a/k5~a ~0.8 at one atmosphere of NZ 

[Z OZ] . 

Hence for air, this reaction and the reverse, 
i. e. , 
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will be somewhat in the fall-off regiQn at 
around atmospheric pressure [Z03]. Recently 
Sanders et al. [190] have determined, by 
monitoring CH30 by laser induced fluorescence, 
that 

kSSa (R=CH3) = (2.08 ! 0.12) x 10- 11 cm3 

molecule- l s-l 

at room temperature. Since this determination 
was carried out at a total pressure of 10-15 
torr of diluent gas (Ar or N2) [190] it is 
hence expected to be in the f~ll-off region. 
Although this rate constant is in the range 
expected from the above discussion, further 
studies are obviously necessary as a function 
of the t~tal pressure. 

Since the alkyl nitrites RONO photolyse 
rapirlly, uncertainties in their formation 
rate constants kSsa have a minimal impact on 
modeling calculatlons. However, since alkyl 
nitrites, like HONO, do ph6tolyse rapidly to 
yield radical species, their presence at the 
commencement of irradiations is of importance. 

For reaction (SSb), various studies have 
been carried out to determine the rate con
stantratio~ kssb/kSsa' T~e values for this 
ratlo are glven ln taD1e 10. 

In evaluating these rate constant ratios 
kSSb/kSSa care must be exercised since these 
ratlos will be upper limits if ~he combina
tion reactions kSSa are in the fall-off region, 
i.e., below their limiting second-order 
kinetic values. This is especially so for the 
case of CH30 where the combination reaction 
(SSa) is in the fall-off region at atmospheric 
pressure. From the most recent, approximately 
atmospheric pressure, work of Batt and Rattray 
[Z03J 

-12 3 
~l. 3 x 10 cm 

-1 -1 molecule s , 

approximately independent of temperature. 

For the higher alkoxy radicals, the ab
straction reaction apparently becomes more 
important, as may be anticipated because of 
the higher exothermicities of the reaction, 
and we recommend using 

0.22 + 0.05, 

independen~ of ~empera~ure, i.e., 

kSsb = 6.6 x 10- 12 cm 3 molecule- l -1 
s 

independent of temperature. 

a (S6) 

-)- HONO + HCHO b 

RO + NO Z -)- RONO Z a 

-)- R'R"CO + HONO b 

No direct determinations of the rate 
constants for these reactions are available, 
and the data come solely from relative rate 
studies. For the rate constant ratios kssa/ 
ks6a, the available data are given in table 
17. There appears to be no trend with R, and 
a simple average yields ksSa/ks6a = 2 + 1, 
independent of temperature (also arrived at 
by Barker et al. [219]), in agreement with the 
data cited by Batt [202] and with the recent 
study of Batt and Rattray [203J for R = CH3 . 
This leads to our recommended value of 

independen~ Of temperature, with an uncertainty 
of a factor of ~3 at 298 K. 

From a study of the thermal decomposition 
of CH30N07. Batt and Alvarado-Salinas [220] 
have, from the thermochemistry of the overall 
reaction, derived a rate constant 

-1 -1 molecule s 

(to within a factor of 4), independent of tem
perature, while Mendenhall et al. [19lJ, using 
their very low pressure pyrolysis (VLPP) tech
nique, derived the high pressure rate constant 
for the thermal decomposition of n-propyl 
nitrate and, from the calculated entropy of 
the reaction, obtained an estimate of ks6a 
for R = n-propyl of 

-12 3 -1 -1 kS6a = S.3 x 10 cm molecule s 

at 300 K. While this value is lower by a 
factor of ~3 than those derived above, the 
ratio kSSa (R = t-butyl)/kS6a (R = n-propyl) 
= 2 from the VLPP work of Mendenhall et al. 
[191] again implies that the ratio of kSsa/ 
ks6a = Z is much more accurately known than 
the absolute values of ksSa or kS6a ' 

There are few data available for the rate 
constant iatio kS6b/kS6a (tahle lR). Ratt and 
Robinson [2Zl] point out that the value used 
by Barker et al. [219] for R=CH3 is high 
because of the pressure dependence of reaction 
(S6a) (i~e., in the fall-off region at the lower 
total pressures used 'by Barker et al. [219]). 

More recently, the data of Batt and Rat
tray [203J indicate that for R=CH3, 0<kS6bl 
ks6a<O.Os with a most probable value ~f ~0.01. 
This~ together with the value quoted by Batt 
[202] for isopropoxy suggests that the abstrac
tion pathway can be neglected. 

(S7) 

and 
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R 

CH3 

C3H7 
(n- and iso-
mixture) 

t-(CH3)3C 

H 

R. ATKINSON AND A. LLOYD 

Table 14. Rate Constants k~2 for the Thermal Decomposition 
of Alkyl PeroxynitrateS R0 2N0 2 and of H0 2N02 

A s-l E kcal mol- l Lifetime z (slz at 
298 K 273 K 

6 x 10
15a 

21.1 :!: 1.5a 0.5a 13a 

1.2 x 1015 19.8 0.3b 6b 

«2·.3 

!1.3 x 10
14 20.7 12 290 

2.7 x 1016 23.0 2.7 96 

Reference 

[181] 

[179, 180] 

[178, 183] 

[81, 83]c 

[182]d 

aAt a total concentration of 1.3 x 1019 molecule cm- 3 (401 torr at 298 K). 

bReca1culated using a ratio of k(R0 2+NO)/k(R0 2+N0 2) 1.0 instead of 2.4 as used by 
Edney et al. [179, 180]. 

CAt atmospheric pressure. 

dCa1culated high pressure limit. 

Table 15. 

lOll X A55a cm3 

R molecule- 1 5- 1 

CH3 ' 2.1 

2.6 

C2HS' 3.3 

(CH3) 2CW 5.3 

CH3CHC ZHS 4.2 

(CH3)3C' 4.2 

1. 05 

(CH3)2 CC 2HS 5.3 

CH 3CH 2CH 2CH 2 . 4.Z 

Uncertainty 
Factor Reference 

4.0 [197] 

2.5 [Z031 

2.5 [196] 

2.5 [195] 

2.5 [194 ] 

1.6 [193] 

[191] 

1.6 [198] 

(199) 

Table 16. Rate Constant Ratios kS5b/k55a for RO Reactions 

R kS5b /k 5Sa at T K Reference 

CH
3 

. 0.13 298 [204] 
0.17 298-423 [205] 

0.18 + 0.02 373-473 [192] 
0.01 - 0.05 383-423 P03) 

C2HS' 0.3 298 [206] 
0.30 .!. 0.05 368-408 f207] 

0.34 473 [208] 
0.20 298 [ 209] 

CH3CH 2CH 2 0.42 373-423 [210] 

(CH 3)2CH 0.16 299 [211] 
0.20 350 [211] 
0.22 377-422 [212] 
0.17 299-453 [2131 
0.15 394-432 r 214] 

CH 3CHCH 2CH 3 0.2 413 [215] 

0.26 373-413 [216] 
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RR'CHO + O2 + RR'CO + H02 

The sole direct determination of rate 
constants ks7 for the reaction of alkoxy radi
cals with 02 is that of Gutman et al. {222]. 
Using a flash photolysis-laser induced fluor
escence technique, rate constants for the 
reaction of CH30 radicals with 02 were deter
mined over the temperature range 413-608 K, 
and for the reaction of C2HsO radicals with 
02 at 296 and 353 K. Based upon these data 
for R=CH 3 and the value of 

ks7 = 1.32 x 10- 15 cm3 molecule- l s-l 

at 298 K derived by Cox etal. [223] from the 
photolysis of CH30NO in the presence of O2 and NO Z' Gutman et al. [222] derived 

at 298 K. 

1.0 x 10- 13 e-130U/T cm j 

-1 -1 molecule s 

1.3 x 10- 15 cm3 molecule- 1 -1 s 

We recommend this rate expression, which 
is consistent with the upper limit ·of 

at room temperature derived by Sanders et al. 
[190] using a technique similar to that used 
by Gutman et al. I222]. This value of kS7 at 
Z98 K is judged to be uncertain by a factor 
of'V3. 

For the higher alkoxy radicals, Gutman 
et al. [222] have, based upon their data for 
CH30 and CZHSO and the procedures of Baldwin 
et al. [224], estimated Arrhenius parameters 
and rate constants ks7 at 300 K for several 
alkoxy radicals. Their estimated data are 
given in table 19. The limited data in table 
19 suggests that for primary alkoxy radicals 
(?ther than CH30) , the rate constant kS7 is 
glven by 

kS7 (primary a1koxy) ~ 7 x 10 14 e- 690 / T 

cm3 molecule- l s-l 

'V 7 x 10- 15 cm3 
'V 

mo1ecu1e- 1 s-l 

at 298 K, while for secondary alkoxy radicals 

ks7 (secondary alkoxy) ~ 3 x 10- 14 cm 3 

molecule- l s-l, 

independent of temperature. 

We recommend these expressions, while 
emphasizing that much further work is requij
ed. 

OH + CH30NO Z + products (58) 

No rate constant for this reaction has 
been determined. However, from the rate con
stants for the reaction of OH radicals with 
a series of alkyl nitrates recently determined 
by Atkinson et al. [225], it is apparent that 

-1 s 

at 298 K, and hence this reaction can be 
neglected for modeling purposes. 

For the rate constants kS8 for ~eleL~ed 
primary (I-butyl) and secondary (2-propyl, 
2-butyl, Z and 3-pentyl, 2 and 3-hexyl, 
3-heptyl and 3-octyl) nitrates, reference 
22S should be consulted. 

OH + CH 30NO + products (59) 

The rate constan~ for this reaction has 
been determined in three studies [226-Z28], 
all using relative rate techniques. Campbell 
and Goodman [226] and Audley et al. [227], 
using the heterogeneous N02/HZ02 reaction to 
generate OH radicals, have obtained rate con
stants of 

1.6 x 10- 12 cm 3 molecule- l s-l [116,2Z6] 

and 

1.2 x 10- 12 cm 3 molecule- l s-l [227] 

at around room temperature. However, more 
recently Tuazon et al. [228] have, using the 
N2H4 + 03 reaction as a dark source of OH 
radicals, determined that 

s 
~l 

at 300 K. 

Since this latter value of k~Q is consis
tent with the upper limit for the rate con
stant for the reaction of OH radicals with 
CH30NOZ' which is expected to proceed by a 
similar reaction pathway (i.e~, H-atom reac
tion), we recommend this value, which makez 
this reaction totally negligible for computer 
modeling purposes (see also reaction (60) 
below). 

(60) 

RONO + hv + RO + NO 

This photodissociation is by far the 
major loss process of alkyl nitrites under 
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Alkoxy 

CH30 

CZHSO 

n-C 3H70 

i-C 3H7O 

n-C4HgO 

i-C 4HgO 

s-C 4HgO 

aAt 300 

R. ATKINSON AND A. LLOYD 

Table 17. Rate Constant Ratios k(RO + NO -)- RONO)/ 
k(RO + NO Z -)- RONO Z) 

R kSSa/ kS6a T K Reference 

CH3 1.1 [205 ] 

Z.7 403 [217] 

1.8 363 [Z18] 

Z.O + 0.5 [203] 

CZHS 2.5 403 [217] 

(CH3)3 C 1.7 + 0.25 403 [ 217] 

Table 18. Rate Constant Ratios kS6g/k86a for the 
Reaction of RO Radicals WIt N 2 

R kS6b/ kS6a T (K) Reference 

CH
3

' 0.11 403 [Z17] 

0.30 + 0.05 391-432 [ 219] 

'VO.OS 383-433 [Z21] 

0000- 00051 
383-423 [203] 

'VO.01 

CZH S' 0.46 403 [Z17] 

(CH 3 )ZCH. 'VO.01 [Z02] 

Table 19. Arrhenius Parameters and Rate Constants kS7 at 300 K for 
Selected A1koxy Radicals, as Estimated by Gutman et a1. [Z22] 

1014 x A 
E 

15 a 
10 x kS7 

Radical (cm3 mo1ecu1e- 1 s -1) (kca1 mol-I) (cm 3 mo1ecule- 1 s-l) 

10 2.6 1.3 

7 1.3 

7 1.3 7 

3 0.0 30 

7 1.4 7 

7 1.1 10 

3 - 0.2 50 

K. 
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daytime atmospheric conditions [229]. In the 
actinic region, absorption coefficients are 
given by Calvert and Pitts [230], and for 
CH30NO, by Taylor et al. [229]. The photo
dissociation quantum yields are high [230], 
that tor photodissociation of methyl nitrite 
to.CH30 + NO being unity within experimental 
taror [223]. 

(61) 

N0
3 

+ RCHO + products 

Rate constant determinations have been 
carried out for the reaction of N03 radicals 
with CH3CHO by Morris and Niki [231] and by 
Atkinson et al. [130]. Both studies monitored 
the decay of N20S in NZOS-N02-CH3CHO-air mix
tures and derived k6l trom a knowledge of ~he 
equilibrium constant K7,8 for the reactions 

Using the value of K7 8 commended by MaIko 
and Troe [27], values'of 

k6l (CH3CHO) = 1. 4 x 1 0 - 15 cm 3 

molecule-Is -1 

at 300 K r 231] , and 

k6l (CH 3CHO) = 1.34 x 10- 15 l: I113 

molecule 1 s-l 

at 298 ~ 1 K [130] were obtained. 

These rate constants are in excellent 
agreement, and we recommend: 

-1 -1 molecule s 

at 298 K, with an estimated uncertainty of a 
factor of 1.5. By analogy with the reactions 
of HCHO, CH3CHO and the higher aldehydes with 
O(3p) atoms and OH radicals [116] we expect 
that the higher aldehydes will react somewhat 
more rapidly with N03 than does CH3CHO, i.e., 

k6l (RCHO, R ~C3) ~l.S x 10-
15 

cm
3 

molecule- l s-l 

at 298 K. No temperature dependences can be 
recommended. 

The reaction pathway appears 1231] to be 
one of H atom abstraction. 

N0 3. + RCHO + RCO + HN03 

5. Alkene Chemistry 

In the following section the atmospheric 
chemistry of the alkenes ethene, propene, 1 
butene and trans-2-butene is evaluated. 
Because of their similarities, we treat the 
reaction steps as a group with the differing 
rate constants/products noted. 

O(3p ) + Alkenes + products (62) 

Absolute rate constants for these reac
tions have been determined in numerous studies 
utilizing a variety of experimental techniques 
I232,233, and references therein]. The two 
most recent and extensive rate constant de
termination~ are those of Singleton and 
Cvetanovic I232] using a modUlation-phase 
shift technique, and Atkinson and Pitts [233] 
using a flash photolysis - N02 chemilumines
cence method. Nicovich et al. [234] and Sato 
and coworkers [235,236] have also recently 
determined absolute rate constants for the 
reactions of O(3p) atoms with ethene and a 
series of alkenes, respectively. Table 20 
gives the room temperature rate constants k62 
and Arrhenius activation energies obtained, 
together with the earlier relative rate 
constant data of Cvetanovic [237]. These 
recent absolute rate constant determinations 
are in generally excellent ~STeement an~ aTe 
totally consistent with the relative rate 
constant data of Cvetanovic [237] and with 
earlier absolute rate constant data (see 
reference 233). We recommend taking a least 
squares mean of the data of Singleton and 
CVetanovic [232] and Atkinson and Pitts [233] 
for ethene, propene and I-butene, and since 
the study of Atkinson and Pitts [233] is the 
only absolute rate constant determination for 
trans-2-butene carried out as a function of 
temperature, we recommend that as is. Figures 
7 and 8 show Arrhenius plots of the data of 
Singleton and Cvetanovic [232] and Atkinson 
and Pitts 1233] for ethene, propene and 1-
butene, along with the recommended Arrhenius 
lines. 

Recommendations 

ethene: k62 = 1.04 x 10- 11 e- 792 / T cm3 

molecule- l 5- 1 

at 298 K with an estimated uncertainty of 
+15%. 
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Table 20. Recent Room Temperature R~Ie Constants k62 and Arrhenius 
Activation Energies E (cal mol ) for the Reaction of 

O(3p) Atoms With Alkenes . 

Alkene 

E"thene 

Propene 

I-Butene 

trans-2-Butene 

1012 x k 62 

O.7S
a 

0.702 + 0.017 

0.761 + 0.076 

0.694 + 0.058 

1.0 + 0.2 
0.87 

4.33a 

3.79 
4.47 + 0.45 

4.7 + 0.3 

4.33 a 

4.01 
4.54 + 0.46 

4.7 + 0.5 

21.3a 

23.5 + 2.4 

23 + 3 

E 
-1 (cal mol ) 

1679 + 94 

1475 + 200 

1794 + 362 

1564 

722 + 40 
515 + 200 

659 + 45 
665 + 200 

-20 + 200 

Reference 

1237J 

[232J 
[233] 

[234] 

I235J 

[236] 

[237] 

[232J 

[233 ] 

[235] 

[237J 
[232] 
[233] 

[235] 

[237] 

[233] 

[235] 

aRe1ative rate constants placed on an absolute basis using k62 [O(3p) + 
cis-2-butene] = 1.79 x 10- 11 cm3 molecu1e- 1 s-l at 298 + 1 K; mean of 
1.81 x 10-11 cm3 molecule- 1 5- 1 I233] and 1.77 x 10- 11 cm3 mo1ecule- 1 
5- 1 1232J. 
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'Ill 

1 x 10-12 

2.0 

• Singleton and Cvetanovic (232] 

o Atkinson and Pitts [233] 

--Reconnnendation (see text) 

2.2 2.4 2.6 

IOOO/T (K) 

2.8 

Ethene 

3.0 3.2 3.4 

Figure 7. Arrhenius Plots for the Reaction of O(3p) 
Atoms with Ethene and Propene. 

• Singleton and Cvetanovic [232] 

o Atkinson and Pitts [233] 

Recommendation (see text) 

lxlO-12 

2~.-O-------2~.-2-------2~~-4-------2~.-6-------2~.~R-------3~.~O-------3~.~2-----~3.4 

IOOO!T (K) 

Figure 8. Arrhenius Plot for the Reaction of O(3P) Atoms with I-Butene. 
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propene: k62 = 1.18 x 10- 11 e- 324 / T cm3 

molecule- l 5- 1 

= 4.0 x 10- 12 cm3 molecule- l 5- 1 

at 298 K with an uncertainty of +20%. 

I-butene: k62 1.25 x 10- 11 e- 326/ T cm3 

molecule- l 5- 1 

= 4.2 x 10- 12 cm3 molecule- l 

-1 s 

at 29R K with :In llncp.rtainty of :.20%. 

tran5-2-butene: k62 = 2.26 X 10- 11 e lO / T cm 3 

lllo1ecule- 1 5- 1 

molecule 1 5 1 

at 298 K with an uncertainty of +20%. 

3 While the mechanism for the reactions of 
O( P) atoms with alkenes has been studied ex
tensively by both I1conventional" product 
studies [237,238] as well as by molecular 
beam and low pressure flow tube studies ([239, 
240], for example), the recent molecular beam 
and ~pectroscopic studies of Inoue and Aki
moto [241], Kleinermanns and Luntz [242], 
Hunziker et al. [243] and Buss et al. [244] 
concerning the formation of the vinoxy radi
cal, C2H30, have radically changed the previ
ously accepted viewpoint of these reaction 
mechanisms. While the reaction mechanism is 
not totally understood [243], the present 
data show that the following product schemes 
appear to be applicable: 

Ethene 

Fragmentation totally dominates at atmos
pheriC pressure and below, with three frag 
mentation pathways beIng operable: 

c 

The product studies of Cvetanovic [245], Pruss 
et al. [2401 and Blumenberg et al. [246] have 
shown that pathway (62c) accounts for 4-5% of 
the overall reaction. While previously reac
tion (62a) was supposed to account for the 
remainder of the reaction, the recent data, 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

especially that of Hunziker et ale [243], 
shows that this is not the case. The defini
tive data of Hunziker et al. [243] yield the 
rate constant ratios k6Zb/k62 = 0.36 + 0.04 
and k62a/k62 = 0.55, independent of pressure 
(between 80 and 760 torr total pressure). 

Within the experimental errors the frac
tional yield of these three pathways add up 
to unity at both pressures, and we recommend 
use of these data. 

Propene 

From the data of Cvetanovic [238], 
Blumenberg et ale [246] and Hunziker et ale 
[243], we recommend that at atmospheric 
pressure: 

where CZH30 is the vinoxy radical. 

The fragmentation/stabilization ratio is 
pressure dependent, increasing with decreasing 
pressure [238,243], with the yield of the 
vinoxy radical being ~0.3 at 80 torr ~otal 
pressure [Z43]. 

I-Butene 

Based on the data of Cvetanovic [238] 
and Hunziker et ale [243] (H atom abstraction 
being negligible [232,247J) we recommend: 

with C2H30 being the vinoxy radical [243]. 
These yields are independent of pressure over 
the range ~80-760 torr total pressure [238, 
2431. It is possible that other reaction 
pathwaY5 are opcrabl~ at the level of up to 
~10-20% [246]. 

trans-2-Butene 

Since none of the more recent molecular 
beam [244] or spectroscopic [242,243] studies 
have investigated trans-2-butene, there is 
less relevant information available for this 
alkene. Based upon the data of Cvetanovic 
[238], Kanofsky et ale [239] and Blumenberg 
et ale [246], and.by analogy with the above 
discussion, we tentatively recommend: 
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(cis + trans). 

+ 0.20 (CH3CH=CHO' + 

although other fragmentation pathways cannot 
be excluded. 

The atmospheric reactions of the vinoxy 
radical, CHZCHO, are not known with any cer
tainty. The sole data concerning their reac 
tions are those of Nelson and Gutman [248], 
who observed that the reactions of 02 and NO 
with CHZaIO are pressure dependent. The kin
etics of the reaction of CH2CHO with NO indi
cated that this reaction is an addition reac
tion, with a second order rate constant of 

at room temperature and 400 torr total pres
sure of N2 [248]. However, Lhe reacLion WiLh 
02 appears to have a limiting low pressure 
rate constant of 

at room temperature, attributed to the reac 
tion pathway: 

CH 2CHO + O2 + HCHO + CO + OH 

At higher pressures, the second order rate 
constant tends towards a value of 

s -1 

at room temperature 1248], indicating the 
involvement of an addition reaction: 

which under atmospheric conditions is presum
ably followed by 

OOCHZCHO + NO + 0lH2CHO + N0 2 

HCHO + HCO 

In the absence of further information, 
we recommend the use of these reaction path
ways, with the reaction of vinoxy with 02 
being totally dominant over reaction with NO 
(and presumably NO Z) under atmospheric 
conditions. 

,0, p, 
The epoxides. i.e. CH 3CH-CH Z' CH3CH ZCH-CH Z p, 

and CH3CH-CHCH3, appear to be relatively unre
active under atmospheric conditions [116]. 
From the disappearance rates of epoxypropane 
and 1,Z-epoxybutane in irradiated NOx-organic
air mixtures, Winer et al. [249] obtained the 
following OH radical rate constants at 300 + 
1 K: 

and 

,0, 
CH3CH-CH Z (1,2-epoxypropane); 

(1.3 ~ 0.8) x 10- 12 cm3 

molecule- l 5- 1 

... 0, 
CH3CH Z-CH-CH 2 (1,2-epoxybutane); 

(2.4 ! ~.7) x 10- 12 cm3 

moiecule- l s-l 

Thus, in view of the low reactivities of 
those epoxides and the low importance of 0(3p) 
atom reactions with the a1kenes under realis
tic atmospheric conditionz, the epoxidez may, 
as a first approximation, be regarded as stable 
products. 

OH + Alkenes + Products (63) 

The rate constants for the reaction of 
OH rAdicAl~ with the Alkenes ethene. propene. 
I-butene and trans-2-butene have been evalua
ted by Atkinson et al. [116]. 

For ethene the rate constant is pressure 
Ut:pt:llUt:Ul, bt:Iug III LItt: fi:l11-u[[ 1t:glull 
between third- and second-order kinetics 
below ~225 torr total pressure of argon, and 
below ~300 torr pressure of helium [116]. 
For propene, the fall-off pressure would 
appear to be below ~ZO torr helium [250]. 
Table 21 gives the available absolute rate 
constant data, that for ethene belng obtained 
at the high-pressure limit. 

It is obvious that the flash photolysis 
studies of Atkinson et al. [25l,Z57], 
Ravishankara et al. [250], Paraskevopoulos 
and coworkers [252,258] and Tully [Z53] are 
in good or excellent agreement. RelaLive 
rate studies of Wu et al. [260], Lloyd et al. 
[261] and, more recently, of Atkinson et al. 
[262] are in agreement, within their experi
mental errors, withthe5e flash photolysis 
studies [116,262]. The only studies carried 
out as a function of temperature in the high 
pressure second-order kinetic regime are those 
of Atkinson and Pitts [257], Atkinson et al. 
llSl] and Tully [253]. 
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i ';)I"o!,IIlI", f()!" the Reaction of OH Radicals With Ethene, 
; ""'" ;111.1 II 

Alkelle 

Ethene 2.18 

Propene 

4.1 

I-Butene 

7.6 

trans-2-Butene 

11. 2 

E cal mo1- 1 

-770 + 300 

-535 + 82 a 

-1080 + 300 

-930 + 300 

-1090 + 300 

7.85 + 0.79 
10.0 + 1.7 

8. Z-b 
17 + 4 

5.0 + 1.7 
14.5 + 2.2 

5 + 1 

25.1 + 2.5 
25.6 + 1.2c 

24.6 + 2.8 

40.8 

15 + I 

35.3 + 3.6 

29.4 + 1.4c 

33.4 + 2.5 

71. 4 

12 + 10 

69.9 + 7.0 

from individual rate constants at 291, 361.5 and 438 K [253]. 

bCalculated from Arrhenius parameters for T 298 K. 

at T K 

299 
296 

298 

300 

"'300 
298 

300 

298 

298 

297 

298 

300 
298 

298 
297 

298 

300 

298 

Reference 

[251] 
[252] 

[253] 

[146 ] 

[254 ] 
[255] 

(2561 
[257] 

[250 ] 

[258] 

r 2 59] 

[256] 
[ 257] 

[250] 

[258] 

[259] 

[256J 
[257] 

cTuLal pr~ssure, 20 ~orr of helium, no pressure dependence no~ed over the total pressure 
ranges 20-200 torr helium for propene and 3-20 torr helium for I-butene. 
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We recommend: 

1.66 x 10-12 e 474 / T cm3 molecule- l 

-1 s 

= 8.1 x 10-12 cm3 molecule- l -1 s 

at 298 K, with an uncertainty of ~ 20%. 

This expression is based upon a least 
squares analysis of the data of Atkinson et 
al. [251] and Tully [253]. 

Propene 

A mean of the latest three flash photoly
sis studies [250,257,258] is recommended, 
namely: 

at 298 K, with an uncertainty of + 20 •. 

The temperature dependent expression is 
that of Atkinson and Pitts [257], which also 
fits the mean 298 K datum: 

k63 - 4.1 x 10-12 e544/ T cm3 molecule-1 

-1 
8 

It should also be noted that the recent room 
temperature relative rate constant data of 
Atkinson et ale [262] for ethene, propene and 
n-butane are in excellent agreement with the 
rate constants recommended here and in 
section 6. 

I-Butene 

A mean of the three flash photolysis 
studies [250,257,Z5H] is recommended, i.e.: 

at 298 K, with an uncertainty of ~ 20%. 

The temperature dependence obtained by 
A~kinson and Pitts [257] for this reaction is 
used with this room temperature value; yield
ing 

k63 6.9 x 10- 12 e 468/ T cm3 

molecule- l s-l 

trans-2-Butene 

In view of the above recommendations, we 
recommend the expression of Atkinson and 
Pitts [257], i.e.: 

k63 = 1.12 x 10-11 e549/ T cm3 

molecule-1 
8-

1 

7.0 x 10-11 cm3 molecule- l s-l 

at 298 K, with an uncertainty of ~ 25%. 

As has been discussed in detail by Atkin
son et al. [116], the preponderance of kinetic 
(i.e., the fall-off behavior of ethene) and 
mechanistic data, including the very recent 
mass spectrometric studies of Hoyermann and 
Sievert [263] and Biermann et al. [264], show 
that at around room temperature: 

a) OH rRdic~l arldi~ion ~o ethene 
followed by, at atmospheric pressure, 
collisional stabilization of the 
adduct is the exclusive reaction 
pathway, and 

b) OH radical addition is by far the 
predominant (>95% of the total) 
reaction for propene [263-265] 
reaction pathway, with the OH 
radical adding ~65% of the time to 
the terminal carbon atom, and ~35% 
of the time to the internal carbon 
[265]. OH radical addition is also 
almost certainly by far the predom
inant reaction pathway for trans-
2-butene and other methyl-substi
tuted ethenes. 

However, for alkenes with longer (>C2) 
sidechains containing weak allylic hydrogens, 
such as I-butene, it has recently been shown 
[264], using a discharge flow system with 
photoionization mass spectrometric detection 
of radicals, that H-atom abstraction is a 
significant reaction pathway at ~298 K. 

(63a) 

In the recent discharge flow-mass spec
trometric study of Biermann et al. [264], the 
fraction of the reaction pathway for I-butene 
proceeding via H-atom abstraction was deter
mined to be 0.20 + 0.06, which is in good 
agreement with the previous estimate, using 
linear free energy correlations, of Atkinson 
et ale [266]. For I-butene, we thus recommend 
that k63a/k63 = 0.20 + D.06 at room temperature 
and, from the evidence of Atkinson et ale [116, 
266], that this ratio is independent of tem
perature over the small temperature ranges 
applicable to smog chamber modeling studies. 

Hence, the recommended reaction mechanisms 
for the initial reaction of OH radicals with 
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the alkenes are: 

Ethene 

OH + CH Z 

at Z98 K. 

Propene 

CH
Z 

[ 

both at Z98 K. 

trans-Z-Butene 

at Z 98 K~ 

I-Butene 

k63 = 8.1 x 10-lZ 

cm3 molecule- l s-l 

CH3CHCH ZOH k63 = 1.65 x 

10- 11 cm3 

molecule- l s-l 

CH 3CHOHCHZ k63 = 8.S x 

10-lZ cm3 

molecule- l -1 s , 

k63 = 7.0 x 10- 11 

cm3 molecule- l s-l 

CH3 CH ZCHCH ZOH 

-11 
k63=1.7xlO 

CH3CHZCHOHCHi 
-12 

k63 = 9.4 x 10 

6.6 x 10-lZ 

at Z98 K, (the partial rate constants being in cm3 molecule- 1 s-1 units). 

In the case of I-butene we have used the same 
mode of addition as in propene, i.e., ~65:35 
terminal: non-terminal OH radical addition 
[Z65]. These hydroxy-alkyl radicals are then 
expected to react solely with Oz under atmos
pheric conditions: 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

R + Oz -+- RO Z 

followed by reactions (SO) and (51): 

RO Z + NO -+- RO + NO Z 

M 
-+- RONO Z 

(54) 

(SOb) 

(SOa) 

(51,5Z) 

Because of the short lifetimes of alkyl 
peroxy nitrates (ROZNOZ) under atmospheric 
conditions, reaction (51) is of little or no 
consequence, and hence the species formed are: 

Ethene 

00 0 
, I 

CH3CHCH ZOH + NO -+- CH3CHCH ZOH + NO
Z a 

ONO Z 
I 

-+- CH3CHCH ZOH b 

and 

a 

b 

with, at atmospheric pressure, kb/(ka + kb) 
~0.04, based upon the data of Carter et al. 
17] and Atkinson etal. [170] for propane. 

trans-Z-Butene 
00 , 

CH 3CHOHCHCH
3 

o 
I 

+ NO I~ CH3CHOHCHCH3 + NO Z 

CH3CHOHCH(ONO Z)CH3 

a 

b 

with, at atmospheric pressure, kb/(ka + kb) 
~0.08 based upon data for n-butane [7,169, 
170] . 

I-Butene 

00 
I 

CH 3CH ZCHCH ZOH 
o 
I 

+ NO [ CH3CHZCHCH ZOH + NO Z 

CH 3CH ZCH(ONO Z)CH ZOH 

a 

b 

a 

b 
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with, at atmospheric pressure, kb/(ka + kb) 
~O.08, as noted above for trans-Z-butene. 

However, the allylic radical formed after 
H atom abstraction from I-butene, after adding 
°Z: 

can either react with NO 

o 
I 

NO [ CH3CHCH = CHZ + NO Z 

CH3CH(ONO Z)CH = CH Z 

a 

b 

(with k /(k + k ) ~0.08, at atmospheric pres
sure), 8r c~Clisg: 

00 
I 

CH 3CHCH 

For the cyclisation reaction, Demerjian et al. 
[Z67] estimated a preexponential factor of 
1011.5 s-l and an activation energy of 11 kca1 
mo1-l (5 kcal mol- l for the addition plus ~6 
kca1 mol- l for the resulting strain energy.of 
a 5-membered ring). This then yields k 
(cyclization) ~3 x 103 s-l. Atkinson et al. 
[11] for analogous systems assumed a preexpo
nential factor >1010 s-l and an activation 
energy of [<9 kca1 mol- l plus the reaction 
endothermicTty (if any)]. Since the above 
cyclisation can be calculated from group addi
tivity to be ~6 kcal mol- l exothermic, then 
k (cyclisation) ~ Z.5 x 103 s-l at Z98 K. 

Since the reaction with NO [reaction 
(50)] has a rate constant of 

-12 3 -1 -1 
~7 x 10 em molecule s , 

then for NO concentrations of 1 ppm (Z.5 x 
1013 molecule cm- 3) reaction (50) has a rate 
of ~180 s-l. Hence for sub-ppm concentrations 
of NO at > Z98 K cyclisation is expected to 
dominate Tn agreement with Dermerjian et al. 
[267) and Atkinson et a1. Ill]. 

However, experimental data on analogous 
sys'tems lndica'te 'thal: cycli::salloJ1 v[ such 
radicals does not occur. Thus Arnts and Gay 
[268] observed the formation of methyl vinyl 
ketone and methacrolein during the early 
stages (before significant 03 production had 
occurred) of· NOx-air photooxidations of iso
prene, showing that the reaction of OH 
radicals with isoprene proceeds via 

~3 0z ~3 ~3 
OH + CHZ = CCH = CHZ ~ HOCHZC-CH = CHZ + CHZ = C-CHCHZOH 

I I 
00' 00' 

NO tooz 
iH

3 IH
3 

CH
2 

- CCHCH
2

0H 

I o· 

.HOCH
2

CCH ... CH
2 I 

o 

whereas peroxy radical cyclisation would have 
been expected to yield methylglyoxal and 
HOCH 2 CHO as two of the products. 

Hence, it appears that cyclisation of 
peroxy radicals does not occur, and we thus 
neglect this pathway. The resulting alkoxy 
radicals from the respective alkenes at this 
stage are then: 

Ethene 

Propene 

I-Butene 

° I 
CH 3CH 2CHCH 20H, CH 3CH 2CHOHCH ZO and 

o 
I 

CH Z=CHCHCH3 

trans-2-Butene 

° I 
CH 3CHOHCHCH 3 

Alkoxy Radical Reactions 

The alkoxy radicals (both those above and 
in general) can react via three routes. 
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a) React with O2 : 

RR'CHO + O2 + RR'CO + H0 2 

(reaction 57) 

b) Unimolecularly decompose: 

0 
I 

CH3CHCH 2OH + CH3CHO + CH 2OH, 

(reaction 64) or 

c) Isomerise: 

CHRR'CR"R"'O' + 'CRR'CR"R"'OH 

(reaction 65). 

These three pathways are illustrated for the 
following case: 

The rates of these general pathways have re
cently been theoretically discussed [6,7, 
200-202,224,269,270], and experimental data 
exist for some of these reactions [7,200-202, 
222,271,272]. The reactions of alkoxy radi
cals with 02 have been discussed in section 4 
(reaction 57). The conclusions of these theo
retical and experimental studies are summarized 
below: 

Alkoxy Radical Reactions With O2 (57) 

As discussed in section 4, thp. recent 
data and estimations of Gutman et al. [222] 
form the basis of the present recommendations. 
As discussed there, we recommend that at 298 
K 

-1 -1 molecule s 

k57 (other primary alkoxy + O2) = 

7 x 10- 15 cm3 molecule- l s-l 
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k57 (secondary alkoxy + O2) ~ 

3 x 10- 14 cm3 molecule- 1 s-1 

Note that these recommendations do not extend 
to alkoxy radicals containing substituent 
groups such as -OH, -halogen, etc. (see ref
erence [127], for example). Since many of 
the experimental data are obtained relative 
to k57, these above values form the basis for 
comparison of experimental and theoretical 
data. 

Isomerisation (65 ) 

The available calculations (tables 22 
and 23) were carried out in a similar manner 
by both groups [224,269] and the estimated 
isomerisation rates agree reasonably well 
(within a factor of 10 except for the 1.5-H 
:::;hifl fl"UIII :::;t:H,:ullllar"y C-H gruup:::;), when i 1: i!; 
considered that Baldwin et al. [224] e~timate 
that the uncertainties are of the order of a 
factor of "-'60. 

The experimental data available, from 
n-butane-NOx-air irradiations, concern only 
the l-butoxy radical with rate constant ratios 
of 

k65/k57 1.65 x 1019 molecule cm- 3 

at 303 K [7]; 

(1.5 + 0.5) x 1019 molecule cm- 3 

at 296 K [27lJ; 

= (1.9 ~ 0.2) x 1019 molecule cm- 3 

at 298 + 2 K [272] having been derived. Taking 
the value of 

at Z98 K given above, these data yield rate 
constants k65 of 

"-'(1.0 - 1.4) x 105 -1 s 

at ,,-,Z99 + 3 K for the isomerisation of the 1-
butoxy radical, in reasonably good agreement 
with the calculated data (table 23). 

Alkoxy Radical Decomposition (64) 

Some alkoxy radical decomposition rates 
have been determined experimentally [ZOO-Z02J 
and others have been estimated by Baldwin et 
al. [224], Batt [200-202] and, from smog 
chamber data, by Carter et al. [7J and Cox 
et al. I27l]. The data thus obtained are 
summarized in tables 24 and 25 for selected 
alkoxy and S~hydroxyalkoxy radicals of 
interest for this project. 

The data shown in table 25 are obtained 
from the above discussions for selected 
alkoxy and S-hydroxyalkoxy radicals produced 
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Table 22. Estimation Procedures for Alkoxy Radical Isomerizations 

Hydrogen Atom 
Abstracted Baldwin et a1. [Z24]6 Carter et a1. [Z69] 

RCH 2-H 

RCH(OH)-H 

Rl R2CH-H 

Rl RZR3C-H 

RC(OH)Z-H 

5 membc:aeu T lng 

6 membered ring 

5 membered ring 

6 membered ring 

7.2 7.4 

6.0 

4.1 5.8 

4.1 4.1 

4.1 

Strain Energy (kcal mol-I) 

5.9 V.O 

0.5 1.5 

~lOA Factor (per abstractable H atom) s-1 

11. Z 

10.9 

12.0 

11.3 

aThese abstraction activation energies were, in both cases, derived by analogy 
with the experimental data for the H atom abstraction activation energies for 
alkoxy radical reactions. 

bUncertain to + 2 kcal mol-I. 

Table 23. Rate Constants, k65, at 298 K for Isomerization of 
Various A1koxy Radicals 

1.4-H Shift 

1. 5-H Shift 

Hydrogen Atom 
Abstracted 

RCH 2 -H 

RCH(OH)-H 

R1RZCH-H 

Rl RZR3C-H 

RC(OH)Z-H 

RCHZ-H 

RCH(OH)-H 

RlRZCH-H 

R1R2R3C-H 

RC(OH)2- H 

-1 k65 s per Abstractab1e H Atom 
Baldwln et a1. [224] Carter et al. [269] 

39 1.5 x 10 2 

3.0 x 102 

7.3 x 103 2.2 x 103 

7.3 x 103 3.9 x 103 

7.3 x 103 

1.8x 105 5.9 x 104 

1.4 x 106 

3.4 x 107 8.8 x 105 

3.4 x 107 1.6 x 107 

3.4 x 107 

361 
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Table 24. Estimated Alkoxy Radical Decomposition Rates 

k64 s-l (1 atmosphere air, Z98 K) 

Alkoxy Radicals 

CH 3 -CH 20 

CH 3CH 2CH Z-CH ZO 

'0 
CH 3CH z-CHCH3 

S-Hydroxy Alkoxy Radicals 

CH 3CHOH-CH 20 

o· 
CH3tH-CH ZOH 

0' 
CH 3CHOH-tHCH3 

Baldwin et al. [224]a Batt [ZOO-Z02] 

<0.14 

0.3 

5 x 103 

U.Z 

3 x 10- 2 to Z 

30 to Z x 103 

3RecaicuiaLed frum Lhe A facLur, aCLivaLion energy and fall-off 
correction given by Baldwin et al. [224] in their Table II. Some 
of these recalculated values differ by a factor of 10 from those 
cited by Baldwin et al. [224] - reason unknown. 

bReference 270. 

Table Z5. Summary of Reaction Pathway Rates for Selected Alkoxy and 
S-Hydroxyalkoxy Radicals at Z98 K and Atmospheric Pressure 

(760 Torr Total Pressure) 

Reaction Rate (s-l) 
Alkoxy Radical Reaction with 0z Decomposition 

CH 3CH ZO 3.6 x 10 4 'VZ x 10- 5 

CH 3CH 2CH 2CH ZO 3.6 x 104 0.3 

0 
I 

1.6 x 105 103 CH3CH 2CHCH 3 5 x 
('V8 x 104)b 

S-Hydroxyalkoxy Radicals 

HOCH 2CH 20 

CH 3CHOHCH ZO 

O' 
CH 3tHCH ZOH 

CH3CH ZCHOHCH ZO 

CH 3CH Z8HCH ZOH 

CH3CHOHgHCH 3 

c 

c 

c 

c 

<6 

d 

d 

Isomerization 

Negligible 

2 x 105 - 6 x 
(,"1.2 x 105)a 

lZO-450 

Negligible 

120-450 

\ 

Negligible 

lZO-450 

120-450 

105 

aExperimental value, relative to reaction with 0Z' [7, 271, 272] at 296-303 K. 
bEAperimeulal value, relallve to reaction with 02' [7, 271] at 296-303 K. 

cNot known; may be similar to those for primary or secondary alkoxy radicals 
given above (but see [127]). 

dNot estimated. 
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in the alkane and a1kene-NOx -air photooxida
tions. Two points in table 25 need to be 
noted. The first is that, while there is good 
agreement between the calculated and experi
mental isomerisation rates for the 1-butoxy 
radical, the decomposition rate constant for 
the 2-butoxy radical obtained from environ
mental chamber data [7,271] is an order of 
magnitude higher than the experimental value 
of Batt and McCulloch [194]. Since these 
isomerisation and decomposition rates obtained 
from environmental chamber data [7,271,272] are 
based upon the RO + 02 rate constants, it is 
obvious that further research as to the iso
m¢risation, decomposition and reaction rates 
~ith 02 are urgently needed. Secondly, 
although, as noted in table 25, nb data are 
available for the rate constants for the reac
tion of the hydroxyalkoxy radicals with 02, 
these reactions are expected to be as fast as, 
or possibly faster than £127], those for the 
corresponding alkoxy radicals, i.e .. ~ 3 x 104 
s-1 a~ 298 K and a~mospheric pressure. Hence, 
for the a-hydroxyalkoxy radicals produced in 
the OH radical reactions with the alkenes of 
interest here, these data imply that reaction 
with 02 should dominate. except for the 
CH3CHZCHOHCHZO radical derived from internal 
OH radical addition to I-butene, where isomeri
sat ion may dominate. 

IIowever, in recent product studies of 
the ethene, propene and trans-Z-butene-HONO
NO-air irradiation systems, Niki et al. [Z73, 
274] monitored products by FT-IR (Fourier 
transform infrared) spectroscopy under condi
tions where photolyses of the product aldehydes 
were minimized, and from these definite studies 
[Z73,274] the following data were obtained: 

Ethene 

The most recent study of Niki et al. 
[Z74J has shown that the a-hydroxyalkoxy 
radical HOCHZCHZO reacts via: 

with 

(5.4 ~ 1.0) x 10- 20 cm 3 

mo1ecu1e- l 

(64) 

(57) 

at room temperature (the indicated uncertainty 
being one standard deviation), based on the 
observed glycolaldehyde and formaldehyde 
yields at varying Oz concentrations. Thus, 
at 760 torr total pressure of air and 298 K, 
the fraction of HOCHZCHO radicals reacting 
with 02 to yield glycolaldehyde is 0.22 + 
o . OS, with the remainder decompos ing to' yield 
HCHO+ CHZOH. These data are in good agree
ment with the earlier study of Niki et al. 
[Z73] where 81% of the ethene reacting with 
OH radical5 proceeded via reaction (64) at 
700 torr total pressure of air and 300 K. 
Hence, we recommend the above rate constant 
ratio k57/k64' 

Propene 

The study of Niki et al. [273] showed 
that 8.1 ppm of propene reacting with OH 
radicals yielded 7.0 ppm of HCHO and 7.9 ppm 
of CH3CHO. These data indicate that >86% of 
the propene reacted yields HCHO and CH3CHO 
via decomposition of the 8-hydroxya1koxy 
radical. Since the (decompo?ition/reaction 
with 0Z) ratio is expected to increase 
significantly in going from ethene to propene, 
we recommend that decomposition of the 8-
hydroxyalkoxy radicals be taken to be the 
sole reaction pathway at 300 K and 760 torr 
of air, i.e., 

CH3CHOHCH ZO + CH3CHOH + HCHO 

° I 
CH 3CHCH 20H + CH3CHO + CH 20H 

trans-Z-Butene 

Again, the data of Niki et al. [273] show ° . 
that the CH3CHCHOHCH3 radical reacts essen-
tially solely by decomposition (6.1 ppm of 
trans-Z-hutene yie1rlprl 17.8 ppm of CH

3
CHO)' 

O' 
I 

CH 3CHCHOHCH 3 + CH3CHO + CH 3CHOH 

We recommend these reaction pathways, and 
recommend that the ~-hydroxyalkoxy radicals 
formed after terminal OR radical addition to 
1-butene also react only via decomposition, 

followed by reaction of the a-hydroxy 
radicals (RR'CHOH) with OZ to yield the 
aldehyde (see reaction (~6) belpw). 

However, (a) for the radical 
CH 3CH ZCHOHCH ZO; isomerisation 

(65) 

must also be considered as a possible pathway. 
From table 25, this isom~risation is estimated 
t?lhave a rate at 298 K of 2 x 105 to 6 x 105 
s . From smog chamber data for the l-butoxy 
radical [7,271,2721, we recommend that 

k65 (CH 3CH ZCH 2CH ZO') ~l.S x lOll 

e-4200/T s-l 

-1 
s 

at Z98 K, which is in good agreement with the 
thermochemical estimates (table 22). 
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Since decomposition predominates over 
reaction with Oz for the S-hydroxyalkoxy 
radicals derived from OH radical addition to 
ethene, propene and trans-2-butene [273,274J, 
the decomposition rate constants k64 for the 
radicals RCHOHCH20 (including the radical 
HOCHZCHZO) are probably >1 x 105 s-l at Z98 K. 
Hence, it appears that, even for the 
CH3CHZCHOHCH20 radical, decomposition will be 
competitive with isomerisation and, until 
further evidence .is forthcoming, we recommend 
that the CH3CHZCHOHCHZO radical be considered 
to only undergo decomposition under atmos
pheric conditions: 

o 
I . 

(b) the CH3CHCH=CHZ radlcal, formed after 
initial H atom abstraction from I-butene, can 
react via three pathways: 

o 
I 

CH 3CHCH=CH 2 + Oz ~ CH 3COCH=CH 2 + HO Z c 

Of the decomposition pathways (a) and 
(b), (a) is thermochemically more favorable, 
but because of the weak allylic C-H bond, it 
is, a-priori, expected that reaction with 
OZ, i.e., pathway (c), should be the major 
reaction pathway to form methyl vinyl ketone. 
It should be noted that since the radical 

is an alkoxy radical, albeit unsaturated, it 
should be more amenable to thermochemical 
estimates than the above discussed S-hydroxy
alkoxy radicals. 

(66 ) 

a-Hydroxy radicals are formed during NO_
air-organic photooxidations from two major x 
reaction paths; decomposition of S-hydroxy
alkoxy radicals (as shown above), and from 
alkoxy radical isomerisations; an example of 
the latter process being: 
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Isomerisation 

I °2 

N01-
N02 

.OCH2CH ZCH ZCH ZOH l r~omerisation 
HOCH2CH 2CH 2CHOH 

The fates of such a-hydroxy radicals under 
atmospheric conditions have recently been 
investigated. Niki et al. [2731, Carter et 
al. I275] and Ohta et al. [276] have concluded 
from product studies on irradiated HONO-NO
alcohol-air or ClZ-NO-alcoh~l-air mixtures 
that a-hydroxy radicals, RCHOH, react essen
tially exclusively with Oz by the reaction: 

RCHOH + O2 ~ RCHO + HOZ 

since neither carboxylic acids, which could 
have resulted from 

00' NO O' 

I * I RCHOH + 0 2' ~ RCHOH --4-__ RCHOH 
NO 2 

RCOOH + HO Z 

nor hydroxyalkyl peroxynitrates. 

OONO Z I 
RCHOH 

were detected. 

These findings, while perhaps definitive 
for computer ~odeling purposes, are interest
ing, since the observation of HOCHZOON02 
from the HOZ + HCHO system in the presence of 
NOZ [129J indicates that ,the HOCHZOO specie 
is a stable radical. Thus, why the reaction 
of Oz with CHZOH appears to proceed via H
atom abstraction to yield HCHO + HOZ, and not 
via addition to yield the HOCHZOO radical, is 
not totally clear at the present time. Fur
ther work on these systems is obviously re
quired. 

Additionally, however, Radford [277], 
uc::; ng thp rp::lC t ion of Cl a to.me: wj th methl'lnnl 
to generate exclusively CH 20H radicals [2781 
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In a discharge flow-laser magnetic resonance 
(LMR) system, obtained, by monitoring the HO Z J,IvIR signal as a function of the O2 concentra
,ion, a rate constant of 

:1 t 300 K for the reae t ion 

Tilis reaction is thus rapid under atmospheric 
(onditions, totally consistent with the above 
cited product data [273,27S,276]. 

Hence, we recommend that the reaction of 
It-hydroxy radicals wi th 0z proceeds via the 
pathway 

with a rate constant at 300 K of 

and that this reaction is the sale tropospheric 
fate of the a-hydroxy radicals. The OH radi
cal reaction pathways for the four alkenes 
discussed above are shown schematically in 
figures 9 through 12. 

N0 3 + Alkenes ~ Products (67) 

The reactions of N03 with alkenes in the 
gas ph~se have been studied by Morris and 
Niki [Z31J, Japar and Niki 1279], Hoshino et 
a1. [280J and Atkinson et a1. [130]. In the 
rreliminary study of Morris and Niki [231] 
and in the much more extensive study of Japar 
and Niki [279] rate constants k67 were derived 
from the NZOS decays in N20S-NOz-alkene 
mixtures. This technique and a relative rate 
technique were used by Atkirtson et al. [130]. 
Both of these techniques yield rate constants 
which are linearly depend on the equilibrium 
constant for the reaction system. 

With the recommended equilibrium constant 
K7,8 of MaIko and Troe [27J, the rate con
stants k6? obtained at ~298 K for ethene, 
propene, I-butene and trans-2-butene are: 

(1.09~O.12) x 10- 15 em3 molecule 1 

s-1 [279] 

(6.l~2.6) x 10- 17 cm 3 mo1ecule- 1 

5-
1 (130) 

Propene 

k67 (3.S~O.9) x 10- 15 3 molecule -1 cm 

s-l 1231) 

(6.2~O.4) x 10- 15 cm3 molecule -1 

5- 1 [2791 

(4.2:,0.9) x 10- 15 cm 3 molecule -1 

s-l [130 J 

(9.1:.1.0) x 10- 15 cm3 molecule- 1 

s-l [279] 

(S.4~1.2) x 10- 15 cm3 mo1ecu1e- 1 

s-1 [130] 

trans 2-Butene 

k67 = (1.6~O.12) X 10- 13 cm 3 mo1ecu1e- 1 

5 -1 [279] 

(2.11~O.24) x 10-13 cm 3 molecule- 1 

s-l [130J 

Apart from ethene, these data are in general 
agreement and the recommended values of k67 
are those of the most recent study of Atkinson 
et al. 1130J: 

Ethene 

k67 6 x 10- 17 cm 3 molecu1e- 1 s-l 

at 298 K with an uncertainty of a factor of 3. 

Propene 

k67 = 4.2 x 10- 15 cm 3 molecule- 1 -1 s 

at 298 K with an uncertainty of a factor of Z. 

k67 = 5.4 x 10 15 cm 3 molecule 1 5-
1 

at 298 K with an uncertainty of a factor of 2. 

2.1 x 10- 13 cm3 molecule- 1 -1 s 

at 298 K with an uncertainty of a factor of 2. 

In the studies of Morris and Niki l231J and of 
Japar and Niki [279], a product was observed 
which had an infrared absorption band at 1670 
cm- 1 for propene, and at similar frequencies 
for the other alkenes. This band was attribu
ted to a nitrite. The marked increase in the 
rate constant with the degree of alkyl sub
stitution (from 
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HCHO + CH
2

0H 

(78%) 

HCHO + H0
2 

(78%) 

Figure 9. Recommended Reaction Pathways in the 
Irradiated NO -air-CzH4 System (Stable 
Products are Onderlinea). 

NO 

,N02 l' 
CH3CHCHzOH + CH3CHCH20H 

(Z.6%) ! 
• CH3CHO + CH20H 

(62.4%) 

Total CH
3

CHO yield 96% 

HCHO yield 96% 
?N02 

~+ HOZ 
(62.4%) 

CH3CHCH20H yield ~2.6% 

CH3CHOHCH20NOz yield ~l.3% 

NO 

CH3CHOHCH20. + CH3fHOHCHZONOZ 

~ (1.3%) 

CH3CHOH + !:!f!:!Q. 

(33.7%) 

I °2 
CH3CHO + HOZ 

(33.7%) 

Figure 10. Recommended Reaction Pathways in the 
Irradiated NOx-propene-air system. 
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+ 

r 
OIpl2rilH 

~N02 
CH3CHCH=<li2 

CH3CH2CHO + CH200 OI,CHPfCH20 
(48%) t 

t Oz 
(1.6%) 

Yields~ 

!:!9!Q. + HO 2 

(48%) 

CH3CHZCH(ONOZ) CH 20H 

CH3 CHZCHOHCHZONOZ 
CH

3
CH (ONOZ) CH=CH2 

CH
3

CH
2

CHO 

HCHO 

CH
3

COCIl::CB
2 

4.2% 

2.2% 

1.6% 

74% 

74% 

18% 

HCHG + CH
3

CH
2

CHOH 
(261)0) " 

(' 
f!!.;f!kCHO + 1102 

(26%) 

+ 

Q 

01'101.01
, 

9:!.3COCH::::CH2 -+ H02 

(18%) 

Figure 11. Recommended Reaction Pathways in the Irradiated NOx-l-butene-air 
System. 

Total Products 

CH3CHO 184% 
?N02 

CH3 CHOHCHCH3 8 % 

o· , 
CH, CH01""H' 

CH
3

CHO + CH
3

CHOH 

(92%) 

CH::,CHO -I- H0
2 

(92%) 

Figure 12. Recommended reaction pathways in the 
irradiated NO", -trsns-2-butene-air system. 
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6 x 10- 17 cm3 molecule- 1 -1 
5 

for ethene to 

3.1 x 10- 11 cm3 molecule- 1 -1 s 

for 2,3-dimethyl 2-butene [1301) indicates 
[130,279] that the initial reaction is one of 
N03 addition to the alkene double bond (taking 
propene as an example): 

?N0 2 
CH 3CHCH 2 • (minor) 

Hoshino et a1. [280 J and Atkinson et a1. 
[130] from an FT-IR study of the reaction of 
NZOS with propene also observed a product with 
an IR absorption band at 1670 cm- 1 (together 
with bands at 1280 and 840 cm- I ). These ab
sorption bands were attributed by Hoshino et 
al. [280], by comparison to those of an 
authentic sample, to propylene glycol-I,2-
dinitrate (PGDN): 

ON0 2 I 
CH 3CHCH 20NO Z 

This assignment was confirmed by the observa
tion of a peak at mle = 167 by GC-CIMS (gas 
chromatography - chemical ionization mass 
spectrometry). 

This product, i.e., PGDN, was also ob
served (281] in irradiated NOx (1.5 ppm) -
propene (3.0 ppm) - air mixtures at a level 
u f 'v O. lOp pm • 

However, the mechanism of formation of 
such dinitrates is not immediately obvious 
in the presence of 02. The initial reaction 
is expected to form mainly 

formation being the minor pathway. Under 
atmospheric conditions, reaction with 02 
ehould then predominate; 

INOZ INOz 
CH3CHCH~ + 02 + CH 3CHCH ZOO. 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

Reaction with NOZ should then yield the 
thermally short lived peroxynitrates 

?ONO Z 
t CH3 CHCH 20NO z 

consistent with the observations of Bandow 
etal. [Z82J. 

In dark N 0S-propene-air mixtures, as 
studied by Ban&ow et al. [282], self-reaction 
of the peroxy radicals can lead to the corres
ponding alkoxy radicals 

ONO Z I IN
0 2 

2 CH3CHCHZOO -1- Z CH 3CHCHzO + °2 

00 ° I I 
+ °2 2 CH

3
CHCH2ONO Z 

-+ 2 CH3CHCH20NO2 

and Bandow et a1. [Z82J derived a rate coln
stant of '" 1.2 x 10- 12 cm 3 mo1ecule- 1 s-
fur the~e aelf-reKctiun~ Kt room temperature. 
These alkoxy radicals can then combine with 
N0 2 to yield PGDN 

?NO z 
CH 3CHCH 20 + NOZ~.. ?NOz 

~ ~,~~CH3CHCH2oNq2 
CII3CIICII ZONO Z ' NO Z 

or decompose to yield the other observed 
products CH 3CHO and HCHO [Z82J. 

ONO., 
I .. 

CH 3CHCH ZO 4 CH 3CHONOz + HCHO 

° I 
CH

3
CHCH ZONOZ ~ CH 3 CHO T CHZONOZ 

{-

HCHO + NO Z 
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In irradiated systems, where if NOx is 
present~ NO is present (albeit sometimes in 
low concentrations) formation of PGDN may 
occur via, for example: 

a 

b 

where the ratio ka/kb is not known, but is 
possibly of the order of 0.1 at atmospheric 
pressure. 

03 + Alkene5 ~ Product5 (68) 

The overall rate constants k68 have been 
measured for a variety of a1kenes in numerous 
studies (see Niki [283] for a brief discussion 
covering the subject through mid-1978).. The 
most extensive absolute rate constant studies 
for the alkenes have been those of Japar et 
al. [284], who mp.R<;llrp.rt the decay of 03 in 
excess alkene with one atmosphere of air as 
diluent, and of Herron and Huie [285,286], 
who monitored the loss rate of 03 in excess 
alkene at ~3-4 torr total pressure of 02. 
The absolute rate constant data for ethene, 
propene, I-butene and trans-2-butene from 
these and other studies are shown in table 
26. 

As seen from table 26, and as discussed 
by Niki [283], the reported literature rate 
constants agree reasonably well for the 
te~mina1 alkenes, but scatter far beyond the 
estimated experimental precision for the 
internal alkenes. While the recent data of 
Adeniji et a1. [297] are in good agreement 
with the extensive study of Japar et a1. [284], 
the recent studies of Atkinson et a1. [298, 
300J, using techniques very similar to those 
used by references 284 and 297, yield lower 
rate constant data which are more in agreement 
with the rate constants obtained by Huie and 
Herron [286]. Since secondary reactions are 
known to occur in these systems [293,301,302], 
all 03 + alkene rate constants must rigorously 
be regarded as upper limits. We recommend: 

From a unit-w&ighted least squares 
analysis of the data of DeMore [290], Stedman 
et a1. l291J, Herron and HUle {2BS] , Japar 
et a1. [284,293], Toby et a1. [294], Su et 
a1. [295], Kan et a1. f296], Adenij i et a1. 
[297] and Atkinson et a1. [298], a rate 
constant of 

k68 = 1.75 x 10- 18 cm 3 molecule- 1 -1 s 

at 298 K, with an estimated uncertainty of 
+ 30%. 

1.2 x 10- 14 e-2633/T cm3 

mo1ecule- 1 s-l 

is recommended. 

Propene 

From a unit-weighted least squares analysis 
of the data of Cox and Penkett [299], Stedman 
et a1. £291], Herron and Huie [285], Japar et 
a1. [284,293], Adeniji et a1. [297] and 
Atkinson et a1. [298], a rate constant of 

k68 = 1.13 x 10- 17 cm3 molecu1e- 1 -1 s 

at 298 K, with an estimated uncertainty of 
~+ 30%, 

1.3 x 10- 14 e-2l05/T cm 3 

mo1ecule- l s-l 

is recommended. 

I-Butene 

From a unit-weighted least squares analysis 
of the data of Japar et a1. [284], Huie and 
Herron [286] and Adeniji et a1. [297], a rate 
constant of 

k68 = 1.10 x 10- 17 cm 3 molecule- l -1 s 

at 298 K, with an estimated uncertainty of 
+ 30%, 

3.5 x 10- 15 e-17l3/T cm 3 

mo1ecu1e- l s-l 

is recommended. 

trans-2-Butene 

From a unit-weighted least squares analysis 
of the data of Cox and Penkett [299], Stedman 
et a1. 12911, Japar et a!. [L~4,L~j], HUle and 
Herron [286] and Adeniji et a1. [297], a rate 
constant of 

-1 s 

at 298 K, with an estimated uncertainty of 
+ 40% 

9.1 x 10- 15 e-1136/T cm 3 

molecu1e- 1 s-1 

is recommended. 
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Table 26. Absolute Rate Constants (At Room Temperature) and Arrhenius Activation 
Energies for the Reaction of 03 With Ethene, Propene, I-Butene and trans-2-Butene 

Alkene 

E1:hene 

Propene 

I-Butene 

trans-2-Butene 

18 3 
10 x k68 cm 

mo1ecu1e- 1 s-l 

3.6 T 1.4 

1. 35 

2.7 + 0.3 
1. Za 

1.55 + 0.15 

<2.S c 

1.9 + 0.1 
1. 7"d 

1.69 + 0.13 

1. 04d 

1.6 

1.43 + 0.19 

D.l 

8.1 

12.6 

12.5+1.0 

14.5 

13.0 + 0.1 
10.~d 

13.2 + 0.3 

12.6 
10.4 + 1.4 

10.3 

12.3 + 0.4 

10.3d 

12.6 

432 + 66 

257 

275 + 23 

260 + 9 

176u 

256 + 15 

288 

at T K 

b 

b 

303 

29S 

299 + 2 
298 

299 + 2 

298 

303 

208 

294 + 

296 + 2 

b 

b 

296 

299 + 2 

298 

299 + 

298 

299 
294 + 

206 + 2 

303 

299 + 2 

298 
294 + 

303 
296 

299 + 

299 + 2 
298 

299 

294 + 

E/R(K) 

2100 + 200 

2365 + 101 

2491 + 101 

2557 + 167 

2828 + 181 

'\,2920 

1968 + 101 

1897 T 109 

'\,2010 

1686 + 20 
'\,1960 

100 + 150 

1051 + 43 

Reference 

[287] 

[288] 

[ 289] 

[ 290] 

[291J 
[ 292] 

[284,293] 

[285] 

[294] 
[20S,296] 

[297 ] 

[298] 

lll:57] 

[ 288] 

[299 ] 

[291] 
[292 ] 

[284] 
[285] 

[293] 

[2971 

[298 ] 

[ 289] 

[284] 

[286 ] 

[297 ] 

[289] 
f2 99 ] 

[291] 
[284] 
[286] 

[293] 

[297 ] 

a Data obtained at 178-233 K. The room temperature rate constant requires a lengthy 
extrapolation of the Arrhenius expression and hence is not of high accuracy. 

bNot reported, room temperature. 
clnsufficient 02 present to suppress secondary reactions, hence an upper limit [292]. 

dCalculated from Arrhenius expression. 
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While numerous product studies have been 
carried out, the most definitive mechanistic 
data have emerged from the studies of Cox and 
Penkett [299], Niki et al. 1303-305], Herron 
~nd coworkers [301,302,306], Calvert and co
workers [295,296], and Dodge and Arnts [307]. 
These studies and the relevant data are sum
marized below. 

It is now reasonably well established 
from these studies that the initial step in 
the 03-alkene reaction is the formation of a 
"molozonide" which rapidly decomposes [308, 
309] to a carbonyl and a biradical, which is 
~lso initially energy rich: 

/0, 
RIO OR3 "I 1/ C-C 

I
" R? R1 

(a) (b) 

["OO'c~] [:~c:o-o"] 

with [30Z], ka ~ kb . 

Hence, the major problem lies in the sub
sequeI].t,reactions of the "hot" biradicals 
[RlRZCOO], and the information available is 
summarized below for increasing complexity of 
the biradical: 

, .The most unambiguous data concerning the 
CHZOO biradical arise from studies of the 03-
ethene reaction. Herron and Huie [301] used 
photoionization-mass spectrometry to study 
the products and mechanisms of the 03-ethene 
reaction at a total pressure of ~4 torr. 

Secondary reactions were observed to be 
very important, especially those involving OH 
radicals, By extrapolating their data back 
to zero reaction time, the initial stoichi
mctry observed was: 

+ 0.Z7 COZ + 0.06 HCOOH + 0.03 CH30H 

and this was rationalized by the reaction 
sequence: 

/0' 
-+- CH Z ..... 0· 

J 
[HCOOH] 

where [CHZQO] denotes an energy rich biradical, 
while CHZOO denotes the thermalized biradica1 
species. 

/0 
The HZC'6 species was observed by Lovas 

and Suenram [310] by microwave spectroscopy 
and by Martinez et al. [311] by mass spectro
metry at low temperatures, and this sequence 
is in agreement with that P9stulated by Wadt 
and Goddard [312] and Harding and Goddard 
I308]. The highly energized acid was sug
gested 1301,306] to decompose or be colli
sionally stabilized: 

[HCOOH] ~ CO 2 + H2 

-+- CO + H ..... O 
t. 

~ H + HCO Z 

! 
H + COZ 

~ HCOOH 

With these pathways, the amount of CO 
formed is equal to that of HZO, and the 
amount of HZ is equal to that of C02. This 
then yields an essentially 100% carbon and 
hydrogen balance. 

Herron and Huie [301] thus deduced the 
following initial reaction scheme for their 
conditions: 

18% 

67% 

~ H + H + CO
2 9% 

-+- HCOOH 6% 

with thermalized HCOOH being formed by wall 
collisions or by third-body interactions. 
This above reaction scheme for the [CHZOO] 
biradical has been used by Dodge and Arnts 
[307] to model the observed stoichiometries 
and products from the 03-propene reaction. 
From this low pressure study [301] it appears 
that under their conditions the rearrangement 
of the energy-rich biradical via 
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/0. 
and CH Z '0. 

species, to hot HCOOH with subsequent decom
position, is so fast that bimolecular reac
tions of CHZO Z are unimportant. 

Although secondary ozonide formation has 
not been observed in the gas phase 03-ethene 
reaction [Z95,Z96,303-305,313], the recent 
FT-IR spectroscopic studies of Niki et al. 
[305] and Calvert and coworkers [Z95,296] 
have shown that at atmospheric pressure a 
substantial amount of thermalized CHz0Z 
biradicals are indeed formed and take part 
in bimolecular reactions with CO, HCHO, 
CH3CHO and SOZ. Thus, addition of CH3CHO to 
03-ethene-Oz-Nz mixtures yielded propene 
ozonide [Z 9 5] , 

showing the presence of thermalized CH20Z 
biradicals. From this and other observations 
it has been concluded [295,Z96,305] that ~37% 
of the "hot" [tHz0Z] biradicals are thermal
ized at atmospherlc pressure, while ~63% 
fragment or rearrange in unimolecular steps, 
this latter fragmentation/rearrangement 
pattern being very similar to that estimated 
by Herron and Huie [301]. 

Thus, for atmospheric conditions, from 
the data of Herron and Huie [301], Niki et 
al. [305] and Calvert and coworkers [Z95,Z96], 
we recommend: 

CHZOO (thermalized) 40% 

[HCOOH] 60% 

followed by the decomposition reactions of 
[HCOOH] as proposed by Dodge and Arnts [307] 

[HCOOH] ~ COZ + HZ 20% 

70% 

~ CO 2 + Z H 10% 

The apparent discrepancy between the conclu
sions of Herron and Huie [301] and later work 
[Z95,Z96,305] regarding thermalized CHZ00 bi
radicals almost certainly arises because of 
the expected pressure dependent thermalization 
process 

. . 
[CHZOO] + M ~ CHZOO + M 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

Hence, under atmospheric conditions, the 
above reaction sequence leads to our recom
mended pathways for [tH 202] reactions: 

0.4Z CO + O.lZ HZ + 0.42 HZO + 

0.12 HO Z 

Information regarding this biradical 
comes mainly from the low pressure photoion
ization-mass spectrometry study of Herron and 
Huie [302], the FT-IR spectroscopic study of 
Niki ct al. [304] and earl ier wurK uf Cux and 
Penkett [299]. 

For the 03-propene reaction, carried out 
at ~4 torr total ~ressure, the observed ini
tial stoichiometry was [30Z]: 

03 + CH 3CH = CH Z ~ 0.94 HCHO + 

0.45 CH 3CHO + 

0.04 HCOOH + 0.Z4 COZ + 

and it was concluded that the initial reac
tions were: 

The subsequent reactions of [HCHOO], as 
deduced [rom the jJlev iou~ :s tully uf the 03-
ethene reaction carried out at the same total 
pressure, which we believe to be applicable, 
were used to deduce the subsequent reactions 
of the [tH3CHOQ] biradical. However, the fate 
of the [CH3CHOO] biradical could not, because 
of the greater complexity of the system, be 
unambiguously determined, but it appeared from 
computer modeling that [30Z]; 

[CH 3CHOO] ~ [CH 3C0 2H] [ CH 3 + H + CO 2 

CH3 + CO + OH 

or, 

a 

b 
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[~H3CHOOJ + [HCOOCH3J [ CH3 + H + CO 2 

CH 30 + HCO 

c 

d 

. Herron and Huie [302] concluded that 
these sets of pathways were vf eyual impol--
tance, i.e., (ka + kc ) = (kb + kd) and that 
the relative importance of (ka + kb)/(kc + kd) 
could not be determined from their data. 

Niki et al. [303,304] used FT-IR spec
troscopy to study the gas phase products of 
the reactions of 03 with a series of alkenes 
at ppm concentrations. Secondary ozonide 
formation has been observed [303] from alkenes 
as. small as propene, contrary to the earlier 
LPIR (long path infrared) study of Hanst et 
ai. [288]. For the reaction of 03 (5 ppm) 
with cis-2-butene (10 ppm) in the presence of 
10 ppm of HCHO, Niki et al. [304] obtained an 
18% yield of propene ozonide, probably formed 
by the reaction sequence 

other products 

(propene ozonide) 

Addition of 5 ppm S02 to this system comple
tely quenched the ozonide formation, and S02 
was consumed to an extent comparable to the 
ozonide yield observed in the absence of S02' 
Thi~ then indicates that 

CH3CHOO + S02 ~ products (possibly S03 + 

CH3CHO, but see later) 

More recently, Dodge and Arnts [307] 
have used the data of Herron and Huie [301, 
302] and of Niki and coworkers [303,304] to 
develop a mechanism for the 03-propene reac
tion at atmospheric pressure which fitted 
experimental 03-propene runs carried out at 
ppm concentratIon levels in air [307]. 

Dodge and Arnts [307] proposed that: 

M 
[CH3CHOO] 

[ 
CH3CHOO (thermalized) 20% 

° 80% CH 3- C./ I 
H'"/ -0 

to account for the observed ~20% ozonide 
yields in the cis-2-butene-HCHO-03 system of 
Niki et al. [304J. Furthermore, since Niki 
et al. [304] observed a yield of ~14% CH4 
from the cis-2-butene-03-HCHO system, Dodge 
and Arnts [307], combining this observation 
with those of Herron and Huie [3~2J, deduced 
that reasonable deco.position pathways of the 
dioxirane type comp.ound are as follows: 

Under atmospheric conditions, i.e., in the 
presence of 02' these reactions lead to [307]: 

[CH3CHOO] ~ 0.20 CH3CHOO (thermalized) + 

0.12 CH 4 + 0.46 CO 2 + 0.34 CO + 

0.41 H0 2 + 0.27 OH + 0.07 CH30 + 

Another set of data which shed light on 
the amount of thermalized biradicals formed 
at atmo~pheric pressure in 03-alkene reactions 
comes from an earlier investigation of 03-
alkene-S02-H20-air systems at atmospheric 
pressure by Cox and Penkett [299]. They also 
showed that an intermediate was capable of 
oxidizing S02 to (ultimately) H2S04 aerosols, 
and it was noted that aldehyde yields were 
increased in the presence of S02, indicating 
that this intermediate reacts with S02 to 
yield the aldehyde and (presumably) S03. A 
substantial effect of relative humidity was 
noted, with the conversion of S02 to H2S04 
aerosol (relative to the 03 + alkene reaction 
rate) decreasing wi.th inrT~~~ing T~l~tive hu
midity (at constant temperature). Calvert et 
al. [3141 have reviewed and reevaluated this 
data of Cox and Penkett [299] and, by a slight 
extension of Cox and Penkett's [299] suggested 
lllel:hani:sm, pv::.LulaLt::u LIlaL (taking l;..is-2-
butene as an example and simplifying the 
mechanism of Calvert et al. [314]): 

CHCH3 ~ 

other products 

(wh~re.a is the fraction of thermalized 
CH3CHOO radicals formed)l followed by reac 
tions of thermalized CH3LHOO biradicals: 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 



374 R. ATKINSON AND A. LLOYD 

a 

b 

CH 3CHOO + other products c 

Then, 

1 

More recently, Martinez and Herron [315] have 
obtained essentially the same equa~io~ by 
postulating that the reaction of RCHOO with 
S02 proceeds via: 

a 
RCHOO + S02 + 

0-0 
RCH/ 's 

--0/ 

HZO 

RCHO + H2S04 

° 

with (a) being the rate determining step, 
Although this reaction pathway better accounts 
for the observations of Cox and Penkett [299] 
(as discussed by Martinez and Herron [315]). 
it results in an identical expression to that 
given above. 

Hence, as observed by Cox and Penkett 
l2 99 J and Calve r t eta 1. [ 314], a p 10 "t 0 f 
-d[03]/dt/d[S03]/dt against 1/[S02] yields a 
straight line with an intercept of 1/0 and a 
slope/intercept of (kb[HZO]+kc)/ka' 

Table 27 gives the intercepts obtained by 
Cox and Penkett [299] for a variety of alkenes 
at Z95 + 2 K. For cis- and trans-Z-butene, a 
weightea mean of the intercept yields l/a = 
2.3, :shuwlug LhaL [UI the5e alkene::; reaction 
wit~ 03 leads to a yield of ~43% thermalized 
CH3CHOO biradicals. Similar intercepts were 
obtained for the higher alkenes (table 27) 
cis-Z-pentene and 2-methyl-l-pentene, also 
indicating an ~40% yield of thermalized bi
radicals. While for cis-2-butene, this esti
mate of 43% is substantially higher than 
obtained from the more recent FT-IR investi
ga tion of Niki et al. [304], it is remarkab ly 
(perhaps fortuitously) similar to the ~38% 
CHZ02 formation yield from the 03-ethene 
reaction [295,296,305]. 

We re~om~end using a 40% Yield.of.therm
alized CH3CHOO biradicals from [CH3CHOO], and 
hence, based on Dodge and Arnts [307] mechan
ism; we recommend: 
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followed by 

i.e. , 

M 

[ CH3CHOO (thermalized) 

CH~C/~ 
H/ "'0 

-E
20

% CH4 + COz 

50% ClI + CO + OU 

64% (CH COOH)~CII3 + CO + H 
3 3 2 

50% nco + CII 0 

16% (HCOOCB )..c;:H + co ~ CH 
3 2 3 

+ 0.36 COZ + 0.24 CO 

+ 0.Z9 HOZ + 0.19 OH 

40% 

60% 

Thus, based on these recommendations. for. the 
fates of the initially energy rich [CHZOO] 
and [CH3CHOOl biradicals, the "initial" prod
ucts from the 03-alkene reactions considered 
here are recommended to be: 

03 + ethene + HCHO + 0.40 CHZOO + 

0.18 COZ + 0.42 CO + O.lZ HZ 

+ 0.4Z H20 + O.lZ HOZ 

The radical yield from ethene is thl1C; low, 
only O.lZ HOZ radicals being formed per 
ethene reacted. 

Propene 

03 + propene + 0.5 HCHO + 0.5 CH3CHO 

+ O.S [CHZOO] + 

fol1o~ed by the above recommended reactions of 
[CHZOO] and [CH3CHOO]. 
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With respect to radical and biradical 
formation, the 03-propene reaction forms: 

. . 
03 + propene + O.ZO CHzOO + O.ZO CH3CHOO 

+ 0.Z05 HO z + 0.095 OH 

and the radical yield is close to the estimate 
of ~30% derived by Japar et al. [Z93] from 
the effect of 0z on 03-propenekinetics. 

The lack of formation of acetyl (CH3CO) 
radicals is consistent with the absence of PAN 
formation in 03-NOZ-propen~-air mixtures [15Z]. 

trans-Z-Butene 

No experimental data comparable to that 
obtained for ethene and propene by Herron and 
Huie [301,302] are available, but since. the 
only biradical formed can be the CH3CHOO 
radical, the mechanism recommended is: 

fol19we~ by the above reactions of the 
[CH 3CHOO] radical. 

I-Butene 

For this system, we must estimate, based 
on the above alkene system~, rhe decomposi
tion pathways of the [CZHSCHOO] biradical. 
By analogy with the propene system, we assume 
that the initial reaction is 

The reactions of the energy-rich [HCHOO] bi
radical have been discussed above. For 
[CH3CHztHOb], we postulate: 

. . 
[CH3CH ZCHOO] + CH 3CH ZCHOO (thermalized) 

40% 

70\ [C
2
H

s
COOH] .. C2HS + COz + II 50\ 

H'c"'O• 
.. Czli s + CO + 011 50\ 

" ... , 
10\ [HCOOC

2
H

5
] [CII3CH2CHOOJ .. C2HS O. .. II + CO2 + C2H5 50\ 

.. HCO + CZHsO S61 

ZO\ 
C2"6 + CO 2 

We have based the relative reaction path
way percentages on (a) thermaliz&tion of the 
bira~ical has bee~ a?sumed to be the same as 
for CHZOO and CH3CHOO and consistent with the 
data of Cox and Penkett [Z99], and (b) the 
decomposition pathways of the biradical are 
consistent with those proposed by Herron and 
Hui~ I~OZ] and Dodge and Arnts [307] for 
CH3CHOO, allowing for the fact that the H 
atom migration pathway yielding the "hot" 
acid will be progressively favored over mi 
gration of the alkyl group as the size of the 
alkyl group increases. 

Thl::i :sdU::Ult: then IJl"eulc.t.:SLh~L,.ullut:r 
atmospheric conditions, the [CZHSCHOO] bi
radical initially formed will yield: 

+ O.lZ CZH6 + 0.36 COZ 

+ 0.Z4 CO + 0.45 CZHSO Z 

+ 0.Z7 HOZ + O.Zl OH 

+ 0.03 CZHsO 

and hence, for radical production, the 03 + 1-
butene reaction is postulated to yield: 

03 + I-butene + O.ZO CHZOO + 

O.ZO CzHSCHOO + 

O.ZZS CZHSO Z + 0.195 HOZ 

+ 0.105 OH + 0.015 CzHSO 

Table 28 summarizes the products obtained 
(in L~e presence of 02) from these 03-alkene 
reactIons. 

The products/radicals shown in table Z8 
will react further under atmospheric condi
tions - many have been dealt with earlier in 
this report, the remainder are dealt with 
below: 

Reactions of thermalized biradicals RCHOO 
under atmospheric conditions (69-74) 

As has been discussed above in the eluci
dation of the reaction pathways.of.the ini
tially energy rich biradicals RCHOO, several 
bimolecular reactions of the thermalized bi
radicals have been observed with aldehydes 
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Table 27. Intercepts From Plots of -d[0~)/dt/dI503]/dt Against 1/1502] 
Obtained by Cox and Penkett (299] for a Variety of A1kenes at 295 ~ 2 K 

Alkene 

cis-2-Butene I 
trans-2-Butene 

cis-Z-Pentene 

1-Hexene 

2-Methy1-l-pentene 

Table 28. posl:U1al:ed Inil:ia1 

Relative Humidity 
(%) 

<10 

40 

75 

40 

40 

40 

40 

Intercept 
(l/a) 

2.32 + 0.08 

2.31 + 0.15 

3.38 + 0.58 

2.20 + 0.13 

Z.72 + 0.44 

1.24 T 0.08 

2.7 + 0.5 

Producl:s and Their fracl:ional Yields Prom t:he 
Reaction of 03 With Ethene, Propene, I-Butene and trans-2-Butene 

in the Presence of O2 

Alkene 
trans-2-

Product Ethene Propene I-Butene Butene 

HCHO 1. 00 0.50 0.50 

CH3CHO O. SO 1. 00 

C2H5CHO 0.50 

CHZOO 0.40 O. ZO 0.20 

CH 3CHOO 0.20 0.40 

CZHSCHOO 0.20 

CH4 0.06 0.12 

CZH6 0.06 

CO 0.42 0.33 0.33 0.Z4 

COZ 0.18 0.Z7 0.27 0.36 

HOZ 0.12 0.205 0.195 0.29 

OH 0.095 0.105 0.19 

CH 30 o.on o_os 

CH 30 2 0.215 0.43 

CZH50 0.015 

CZH50 Z O.ZZS 

HZO 0.42 0.21 0.21 

HZ 0.12 0.06 0.06 
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[288,Z95,Z96,303-305], with SOZ [295,299,304, 
314], and with H20 [Z99,314,316,317J. The 
recent study of Hatakeyama ~t al. L317] is of 
great interest in that the CHZOO radical was 
produced by the addition of 0z to CHZC3B1), 
formed by photolysis of ketene. Addition of 
HZO tophoto1ysed ketene-air mixtures led to 
an increase in the HCOZH yield, and !he use 
of HSIBO led to the formation of HCI OOH and 
HCOI OH. However, few kinetic data are avail
able for these reactions of RtH06 radicals. 
Su et al. [Z95] have, from an analysis of 
their FT-IR product data, for the reactions, 

CHZOO + HCHO ~ product (a) 

CHZOO + SOZ ~ product (69) 

(b) 

The only other reported.dara allowing an 
evaluation of the fates of RCHOO biradicals 
are those of Cox and Penkett [299] from stud
ies of 03-alkene-S02-H20-air systems. As has 
already been noted above, it was observed by 
Cox and Penkett [Z99J that an intermediate 
was capable of oxidizing SOZ to (ultimately) 
HZS04 aerosol. It was also observed that 
.ldehyde yields were increased in the presence 
of SOZ, showing that the intermediate reacts 
with SOZ to yield the aldehyde and (presum
ably) 503. A substantial effect of relative 
humidity was noted, with the conversion of 
SOZ to HZ S04 aerosol (relative to the 03 + 
alkene reaction rate) decreasing with increas
ing relative humidity (at constant tempera
ture). Calvert et al. 13l4] have reviewed 
and reevaluated this data of Cox and Penkett 
[299], and, by a slight extension of Cox and 
Penkett's [Z99] suggested mechanism, postula
ted that (taking cis-Z-butene as an example 
and simplifying the mechanism of Calvert et 
al. [314] somewhat and taking into account 
the recent analysis of Martinez and Herron 
[315]) : 

CHCH3 ~ 

a CH 3CHOO + other 

products 

Then, 

CH3CHOO ~ other products 

I 
0: 

(c) 

Hence, as observed by Cox and Penkett [Z~~] 
and Calvert et al. [314], a plot of -dI03]/dt/ 
d[ S03]/dt against l/[SOZ] yields a straight 
line, with the above kinetic scheme, with an 
intercept of l/a and a slope/intercept of 
(k70 IH ZO]+kc)/k69' 

Table Z9 gives the slope/intercept ratios 
obtained by Cox and Penkett [Z99] fOT cis-Z
butene at various relative humidities and, 
for comparison, since the same biradical is 
involved, for trans-Z-butene at 40% relative 
humidity. For cis-Z-butene, the slope/inter
cept ratios increase markedly with relative 
humidity (being the same at 401 relative hu
midity for the two Z-butene isomers). On the 
basis of the above reaction scheme, a plot of 
slope/intercept ratio versus [HZO] should 
yield a ~traiEht lin~ or slope k70/k60 ann 
Intercept kc/k69' FIgure 13 snows such a 
plot; within the rather substantial scatter 
and limited data, they support a linear in
crease of the slope/intercept ratio with HZO 
concentration. From the approximately "best
fit" line drawn, kc/k69 ~O.3 + 0.13 ppm and 
k70/k69 ~(5~Z) x 10-5. -

However, since the reaction 

HZO 
RCHOO + SOZ ~ RCHO + HZS0 4 (69) 

probably occurs, then it is expected that the 
reactions 

RCHOO ~ NO ~ RCHO ~ NOZ' and (71) 

RCHOO + NO Z ~ RCHO + N03 ( 7Z) 

will also occur. 

Under atmospheric conditions at ~50% 
relative humidity at 300 K, the HZO concen
tration is ~ Z ~ 104 ppm, and hence k70[HZO]/ 
k69 ~ 1 ppm. SInce NO and NOZ are expected 
to re~ct much more rapidly than SOZ with 
RR'tOO radicals (by analogy with HOZ, ROZ and 
05 1~i1~Liull::> with NO Z and SOZ), "then we expec"t 

where ~ is the fraction of thermalized that the reactions 
CH3CHOO radicals formed, with th~ s~bsequent re-
reactions of the thermalized CH 3CHOO biradica1 
being: 

HZO 
CH 3CHOO + SOZ ~ CH 3CHO + HZS0 4 (69) 

( 70) 

··INO! INO! RR'COO+ + RR'CO + 2 
N02 N03 

may predominate over any reactions with H20 
for NOx ~ 10 ppb (but see below). 

Thus, under atmospheric conditions, we 
should initially consider the reactions: 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 



378 

!§ 

~ 
.... 
;) 
u ... 
I:) .... 
I:: 

...... 
~ 
0' 

CIJ 

R. ATKINSON AND A. LLOYD 

Table Z9. Slope/Intercept Ratios From Plots of 
-d[03J/dt/d[S03J/dt Against 1/fS02] Obtained 

by Cox ana Penkett I299] for the 
03-2-Butene SOZ Reactions at 295 + 2 K 

Relative Humidity 
Alkene (%) 

cis-Z-Butene <10 

40 

75 

trans-Z-Butene 40 

Slope/Intercept 

0.30 + 0.03 

0.63 + O.lOa 

1.44 + 0.50 

0.64 + 0.13 

~The quoted value of R03/Kso3 for cis-2-butene at [SUZ] = 2.12 ppm 
in table 2 of Cox and Penkett [299J of 2.0 is apparently in error. 
It should be 3.0 as derived from the quoted values of -d[03]/dt 
and dfS03]/dt and as given in their Figure 12. This will modify 
the plots shown by Calvert et al. [314] slightly (their Figures 7 
and 8) and the slope of their Figure 8. See text here. 

2.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0 

0 O.S 1.0 1.5 2.0 4 2.SxlO 

Figure 13. Plot of (k 70 [H 20] + kc)/k69 = slope/intercept against 
[HzO] for the 03 + SOZ + cis-2-butene + H20 system of 
Cox and Penkett [299]. 
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RCHOO + NO -?- RCHO + N0 2 (71) 

RCHOO + N0 2 -?- RCHO + N0 3 (72) 

RCHOO + S02 -?- RCHO + S03 (or other ( 69) 

products) 

RCHOO + HZO -?- RCOOH + HZO (70) 

RCHOO + CO -?- products (73) 

RCHOO + R'CHO -?- RCH ~--> CHR' (74) o 

Making the, perhaps gross, assumption that 
t~e ~inetic data from Su et al. I295J for 
CHZOO and that obtained from the data of Cox 
and Penkett [Z99] for CH3CHOO can be amalga
mated, and estimating from the data of Akimoto 
et al. [316) that k71 "" 10k72 "" 100 k69, (see 
below) the rates shown in table 30 are ob
tained for two sets of conditions, smog cham
ber runs and ambient atmospheric conditions. 
In the smog chamber NOx-propene-air irradia
tions of Akimoto et al. [316,318], the maj or 
effect of added HZO on the product distribu 
lluH wa:::, lu illCl-ea5e mal~kedly the IICOOH yield. 
After '\,200 mins irradiation of run Z, NIES 
78070 [316,318], -d[HCOOH]/d[propene] ",,0.3 
which is certainly comparable to, if not 
gr~ater.tha~, our recommended yield of therm
al1sed CHZOO species (20%) In the U3-propene 
rea~tio~. This then implies that, if reaction 
of CHzOO with H20 is the major source of HCOOH 
~nder these conditions, then the majority of 
rH200 radical~ TP~rt with H20~ Since there 
are obviously other sources of HCOOH (e.g., 
HOZ + HCHO, heterogeneous processes, etc.), 
the relative rate constants given in table 30 
have been adjusted to give an appreciable 
HCOOH furmation rate under conditions pertain
ing to the observations of Akimoto et al. 
[316,318]. It is obvious that reaction with 
CO may be neglected but the other reactions 
should be considered. 

We recommend that, in the absence of 
experimental data, the reaction of RCHOO bi
radicals with NO has a similar rate constant 
to its reaction with alkylperoxy radicals, 

at 298 K with an uncertainty of at least a 
factor of 10. 

Any temperature dependence is expected to 
be small for these values of k7l. This value 
of k7l, coupled with the (extremely uncertain) 
relative rate constants given in table 30 
yield (at ""298 K): 

k72 (RCHOO + N0 2) ~ 7 x 10- 13 cm 3 

molecule- 1 s-l 

. 
7 x 10- 14 3 

k69 (RCHOO + S02) 'V em 

moleeuIe- 1 -1 
s 

k70 (RCHOO + H20) '\, 4 x 10- 18 cm 3 

mo1ecuIe- I s-l 

and k74 (ReHOO + RICHO or R1RZCO) 

'\, 2 x 10- 14 cm 3 molecule- l s-l 

The uncertainties in these constants must be 
at least a factor of 100, although some of 
the rate constant ratios, i.e., k70/k69 and 
k74/k69 are probably good to within a factor 
of 10. The comprehensive article by Herron 
e!- af. [309] deal ing wi th the reactions of 
RCHOO radicals in ozone-alkene reactions 
shOUld also be consulted. Specifically 
based upon the data of Martinez et al. b19] 
on the effect of NOZ on ozonide yields in the 
reaction of 03 with trans-2-butene, Herron et 
a1. [309] derive k72/k74 ",,14 and the rate 
constants (at 300 K) 

k72 ~ 1 x 10- 17 to x 10- 14 3 em 

molecule- l s 1 

k69 "" 3 x 1 0 -15 to 10 -11 3 x cm 

lIlulecult!-l ::, 
-1 

k70 '\, 2 x 10- 19 to x 10- 15 cm3 

molecule- l 1 

k74 '\, 2 x 10 16 to 8 x 10- 13 cm 3 

molecule- l s-l 

together with 

These estimated values of k69, k70 and 
k74 are consistent with the above estimations 
while that for k72 is lower by a factor of -, 
> 10. Obviously much more experimental data 
are neces in order to allow further 
elucidation these reaction pathways. 
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As discussed previously in this report 
for ROZ and RO radicals, the reaction sequence 
for the ethylperoxy (and ethoxy) radicals are: 

CZHSO Z + NO Z 
-+ 
+ CZHSOONO Z (Sl,52) 

CZHS0 2 + NO -+ CZH50 + NO Z (50) 

CZHSO + NO Z -+ CZH5ONO Z (56) 

CZHSO + NO -+ CZH5ONO (55) 

CZHSO + °z -+ CH 3CHO + H02 (57) 

The atmospheric reactions of CZHSCHO will be 
considered later. 

6. Alkane Chemistry 

In the following section the atmospheric 
chemistry of the two alkanes n-butane (CH3CHZ
CHZCH3) and 2,3-dimethylbutane [(CH3)ZCHCH
(CH3)2] are evaluated. Because of similari
ties, their reactions are treated as a group 
with differing rate constants/products noted. 

0(3 p ) + alkanes -+ products (75) 

Surprisingly, relatively few absolute 
rate constant studies have been carried out 
for the reaction of O(3p) atoms with n-butane 
and 2,3-dimethylbutane. The absolute rate 
constant data available, which should be free 
from stoichiometric corrections, etc., are: 

1014 x E cal 
-1 Alkane ~75(298 K) mol Reference 

n-butane 4.1 4200 [320] 

2.l a 5200 a [321J 

2.2 + 0.4 4170 + 300 [322J 

2,3 di 21 3260 a {321 ] 
methylbutane 

aBased on a 1esst squares treatment of the 
rate constant data over the temperature 
range 307-441 K. 

In view of the proven reliability of the 
flash photolysis - N02 chemiluminescence . 
technique used by Atkinson et a1. [32Z] (see 
for instance, [233]) and the fact that Herron 
and Huie [321] stated that their n-butane 
data was the least reliable of all of their 
data on the alkanes, we recommend: 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

for n-butane: 

2.5 x 10- 11 e-Z099/T cm3 

mo1ecule- l s-l 

= 2.Z x 10- 14 cm3 molecule- l -1 s 

at 298 K, with an uncertainty of a factor of 
1. 5. 

For 2,3-dimethylbutane the sole data are 
those of Herron and Huie [3Z1J. However, in 
view of the discrepancy for n-butane with 
their data, we hesitate to recommend their 
data for 2,3-dimethylbutane~ but propose, 
based on a lower effective Arrhenius pre
exponential factor than for n-butane over the 
:same temperature range, that f01 2,3-ulUl~Lhyl

butane: 

k75 1.4 x 10- 11 e-1250/T cm 3 

mo1ecule- l s-l 

= l.l x 1U- 13 cm 3 mOlecule- 1 s 1 

at 298 K, with an uncertainty of a factor of 
Z at 298 K, increasing rapidly with tempera
ture. 

These reactions can proceed via: 

+ OH (a) 

+ OH 

0(3 p ) + (CH3)2CHCH(CH3)2 -+ 

/CH Z ' 
(CII 3 ) 2CIIC!!, + OH 

CH 3 

(b) 

(c) 

Cd) 

The data of Herron and Huie [321] and their 
review [323] show that for 2,3-dimethylbutane: 

increasing slowly with temperature, while for 
n-butane, 

again increasing with temperature. Since for 
typical alkane levels in environmental chamber 
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studies the O(3 p) atom reactions are of minor 
significance, we recommend: 

n-butane - formation of CH3CH2CH2CH2 
occurs 12% of the time, inde
pendent of temperature over 
the small ranges typical of 
smog chamber modelling (273-
323 K): with the radical 
CH3CH2CHCH3 being formed the 
rest (88%) of the time. 

2,3-dimethylbutane - to a good approxi
matIon, sole product~on of 
the radical (CH3) ZCHC (CH 3) 2 
over a small temperature 
range around 298 K. 

N0 3 + alkanes ~ products (76) 

2. 57 [3.2 5], 2. 35 + O. 3 S [326 J, 2. 72 + 0.27 
1327J and 2.67 + 0.22 1328J, with a mean value 
of 

2.58 x 10- 12 cm3 molecule- l s-l 

The Arrhenius activation energies obtained by 
Greiner [325J and Perry et ale [327] of (1041 
+ 185) cal mol- l and (1110 + 300) cal mol-I, 
respectively, are in excellent agreement. We 
recommend the Arrhenius activation energy of 
Perry et al. {327J, combined with a rate con
stant of 

2.58 x 10- 12 cm3 molecule- l s-l 

The sole data reported to date concerning 
these reactions are from Atkinson et al. [324]. at 298 K, i.e., 
From the increased NZOS decay rates upon the 
addition of the alkanes to NZOs NOZ air mix 
tures and from relative rate measurements, k77 (n-butane) 1.68 X 10- 11 e- SS9 / T 

rate constants of 

k /o en-butane) 

at 298 + 1 K and 

(2.0 ~ 1.0) x 10- 17 

-1 -1 molecule s 

k76 (2,3-dimethylbutane) = 0.2 + 0.5) 

x 10- 16 cm3 molecule- l s-1 

at 298 + 1 K were obtained [324]. These rate 
constants are linearly dependent on the value 
of K7 8 used [27]. We recommend these rate , . 
constants, I.e., 

k76 Cn-butane) 2.0 x 10- 17 3 cm 

molecule- 1 s-l 

k76 (2,3-dimethylbutane) 1.2 x 10- 16 

cm 3 molecule- 1 s-l 

at 208 K, with an estimated uncertainty of a 
factor of 2. The data obtained by Atkinson 
et al. [324] indicate that these reactions 
proceed predominantly via H-atom abstraction 
from the secondary or tertiary C-H bonds. 

OH + alkanes ~ products (77) 

The relevant rate constant and mechanis
tic data for n-butane and 2,3-dimethylbutane 
are those of Greiner [325], Stuhl [326], Perry 
et ale [327], Paraskevopoulosand Nip [328] 
and Atkinson et al. [262]. For n-butane the 
room temperature rate constants obtained from 
absolute rate constant studies are 

cm 3 molecule- 1 s 1 

molecule- l s-l 

at 298 K, with an uncertainty of + 15% at 298 
K. 

For 2,3-dimethy1butane the sole absolute 
rate constant determination is that of Greiner 
[325J, with 

k77 = 4.8 x 10- 12 e(129~67)/T cm 3 

molecule- l s-l, 

i.e., a negative temperature dependence. As 
discussed by Darnall et al. [329] and Atkinson 
et a1. I116,262], the rate constant obtained 
by Greiner [325] at 300 K of 

k77 = 7.45 x 10 12 cm3 molecule 1 s 

appears to be somewhat high. 

We recommend, based on the room temDera 
ture rate constant of Atkinson et al. [262] 

k77 = 6.26 x 10- 12 cm 3 molecule- l s-l 

at 299 + 2 K, which is based on the above 
recommendation for n-butane, and the higher 
temperature (493-498 oK) data of Greiner [32S] 
that 

-12 k 77 (2,3-dirnethylbutane) = 6.3 x 10 

cm 3 rnolecule- 1 s-l, 
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independent of temperature, with an estimated 
uncertainty of ~ 15% at 298 K. 

As discussed by Darnall et al. [329J and 
Atkinson et al. [116], the 1 i tera ture data 
for > C3 alkanes (apart from cyclopropane and 
cyclobutane) can be reasonably well fit over 
the temperature range 300-500 K (within + 20% 
or better) by the modified Greiner I3ZS]
formula: 

1.01 x 10-IZ N e- 8Z3 / T 
1 

+ Z.41 x 10-IZ N
Z 

e- 4Z8 / T 

+ Z.IO x 10-IZ N3 cm3 molecule- l 

-1 s 

where Nl, N2 and N3 are the number of primary, 
secondary and tertiary C-H bonds, respectively. 
Recent work by Atkinson et al. [330,331] has 
shown that this formula and approach is an 
oversimplification. However, these more 
recent data yield an essentially identical 
conclusion as to the reaction pathways at 
Z99 + Z K as the above formula. 

Use of this formula to derive the rate 
constant for H-atom abstraction from the 
primary C-H bonds indicates that over the 
temperature range 270-330 K; for n-butane 
formation of the primary radical CH3CH2CH2CH2 
occurs ~14% of the time, while for L,3-
dimethylbutane formation of the primary radical 
(CH3)2CHCH(CH3)CH2 accounts for 10-17% of the 
reaction, depending on the temperature. Fig
ure 14 shows the calculated fractions, ka/(ka + 
kb), for the reactions: 

OH + alkane + HZO + primary alkyl 

radical (a) 

+ HZO + secondary (n-butane) 

or tertiary (2,3-dimethyl-

butane) alkyl radical (b) 

The reactions under atmospheric conditions 
of this alkyl radical have been covered above 
in the various reaction classes. The specific 
reactions are given below, with brief discus
sion where necessary: 

This reaction is fast, 

(7.5 + 1.4) x 10- 12 cm 3 molecule- 1 

-1 
s 
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at room temperature fI8S], and hence, because 
of the high atmospheric Oz concentration, is 
the sale reaction of this, and other, alkyl 
radicals (see reaction 54). 

a 
CH 3CH 2CH 2CH ZOO. + NO + CH3CHZCHZCH20NOZ (SO) 

b 
+ CH 3CH ZCH ZCH ZO + NO Z 

where ka/(ka + kb) ~ 0.08 [7,169,170] at 
atmospheric pressure (but see [170] for the 
possibility of lower nitrate yields for 1-
alkylperoxy radicals) 

and 

-IZ 3 -1 (k
a 

+ kb) = 7 x 10 em molecule 
-1 s 

at Z98 K (see reaction (50) above in section 
4) . 

This alkoxy radical can isomeri5e, 

react with 0Z, or decompose. Based upon the 
data of Gutman et al. [2ZZ] for the reactions 
of 02 with CH30 and C2HSO, Gutman et al. [222] 
have estimated that the reaction 

(57) 

has a rate constant of 

at 298 K. 

In an atmosphere of air, this leads to a 
first order rate constant for the reaction with 
0z of 

3.6 x 104 -1 s 

at 298 K. The decomposition reaction 

is estimated [224] to have a rate constant at 
298 K of '" 0.3 s-l, i.e., to be negligible 
with respect to the reaction with O2 , The 
isomerization 

(65) 

is estimated (table 25) to have a rate con
stant at 298 K of ~ 2 x lOS - 6 x lOS 5- 1 
[224,269] and is hence expected to dominate 
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Table 30. Estimated Reaction Rates for RCHOO Biradicals 

"Smog Chamber" "Ambient" 
Relative a 

Reactant Rate Constant Concentrationb Relative Concentrationc Relative 
(ppm) Rate (ppm) Rate 

NO '\,100 0.002 0.2 0.01 1.0 

NO Z '\,10 0.09 0.9 0.1 1.0 

5°2 0.05 0.05 

H2O 5 x 10- 5 2 x 104 1.0 1 x 104 0.5 

CO 2 10- 3 1.0 2 x 10- 3 10.0 0.02 x 

RCHO 0.Z5 3.0 0.75 0.02 0.005 

aBased upon relative rate data discussed in text. 
hBased on smog chamber da~a of Akimo~o e~ al. [310], pho~uoxidatiun of the prupene-NOx-air 

system at 40% relative humidity (Run 2, 200 mins.). 

cReasonab1e values from the Los Angeles air basin. 
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Figure 14. Calculated fractions of the reaction of O(3 p) 
atoms with n-butane and 2,3-dimethylbutane yield
ing the primary alkyl radicals CH3CH2CH2CH2 and 
(CH3)2CHCHCH2' respectively. 
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over the reaction with 02, the activation -1 
energy for reaction (65) being ~ 8 kcal mol 
[224,269]. 

A pri~ri, no more preci~e estimate of the 
isomerisat10n rate constant 1S available and 
it may be adjusted to fit the experimental 
data. The room temperature (296-303 K) ex
perimental data of Carter et a1. [7], Cox et 
a1. [271] and Niki et a1. [272], obtained 
from irradiations of NOx-n-butane-air [7], 
HONO-n-butane-air [271] or n-C4H90NO-air 
[272] mixtures, show that, based upon the 
above rate constant for the reaction of n
butoxy radicals with 02' i.e. 

7 x 10- 15 cm3 molecule- l 

at 'V 300 K, then 

-1 s 

k65 = (1.0 1.4) x 105 s-l at 'V 300 K. 

Based upon this data, we recommend that 

-1 s 

at 298 K, with an uncertainty of a factor of 
'V 1.5, and 

k65 = 1.5 x lOll e-4200/T -1 
s 

Note that (a) the split between reaction 
with 02 and isomerisation is temperature de
pendent A with a temperature dependence of 
~ e-350u/T, and (b) this isomerisation rate 
derived from the experimental data is in 
remarkably good agreement with the thermochem
ical estimates [224,269] given in table 25. 

Butyraldehyde chemistry is discussed along 

since this isomerisation is estimated [224] to 
be ~ 1.2 kcal mol- l more facile, i.e., a 
factor of ~ 5 faster at 298 K (when the number 
of abstractable H atoms are taken into ac
count), than the first isomerisation of the 
CH3CH2CH2CH20' radical. This a-hydroxy 
radical will then [7,275-277] (see discussion 
under reaction 66) react rapidly with 02 to 
form 4-hydroxy~butanal: 

(66 ) 

CH 3"-..... ".CH 2 · 
CH-CH reactions 

--- CH{-.. --........ CH 3 

Similar reaction sequences occur here, 
since the alkoxy radical isomerisations are 
expected to be facile. Hence: 

with that for propionaldehyde in section 7. with ka/(ka + kb) 'V 0.1 

The hydroxyalkyl radical resulting from 
the isomerisation will undergo the sequence of 
reactions: 

a 
·oorHzrHzrHzl.HzOH + NO ~ OzNOCHzCHzCHzCHzOH 

b 
~ 'OCH ZCH ZCH 2CH ZOH + NO Z 

with 

at atmospheric pressure and 

at 298 K, followed almost exclusively by 
another alkoxy radical isomerisation, 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

at atmospheric pressure [332] and 

at 298 K, followed by either isomerisation or 
reaction o~ the alkoxy radical with 02' The 
reaction w1th 02: 

+ HOZ 

(57) 

may be assumed [222] to have a rate constant 
of: 

equivalent to a first order rate at 298 K and 
1 atmosphere air of 3.6 x 104 s-l. Since 
there are twice as many abstractable H atoms 
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for the isomerisation reaction as in the cor
responding n-butane reaction, its rate constant 
may be estimated, by analogy with the n-butane 
system, to be 

-1 s 

in agreement with the expectation that the 
H-CH(OH) bond energy is significantly less 
than the H-CH Z bond energy. 

be: 
The subsequent reactions are expected to 

at 298 K. Hence the isomerisation reaction is 
expected to predomi~ate over reaction with 0z and 
by a factor of ~6 

CH 3CH3 
'OOCHZ~HJHCHZOH + NO 

yH3PH3 
~ 'CH 2CHCHCH 20H 

I °2 

a 

b 

with (in the absence of firm data) 

at atmospheric pressure and 298 K. The next 
isomerisation can proceed in two ways: 

CH 3CH 3 
17 

.OCHZCHCHCHZOH 

CH CH . 
,3 1 Z Cd) 

HOCHZCHCHCHZOH 

As estimated by Bal dwin et a1. [224] and 
discussed above, reaction (c) should predomi
nate over Cd) by a factor of ~ 5, i.e., 

with, in the absence of firm data, 

at atmospheric pressure and 298 K, followed by 

CH3CHZOH 
• I I (c) 

HOCHCH-CHCHZOH 

CHi CHZOH 
I / (d) 

HOCHZCH-CHCHZOH 

again with 

These radicals then react: 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 
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CH"OH CH20H 

'\ /. 
HOCHZCHCHCHOH 

02 I fast 

CHZOH 

I 
(HOCHZ)ZCHCHCHO + HOZ 

With the reaction pathway rate constant 
ratios used here, this leads to the following 
product pattern shown in figure 15 (NOz + RO 
combination has been neglected since the iso
Derisation rates of > 105 5- 1 are> 103 
faster than nitrate formation even~at 1 ppm 
NO Z concentrations). 

CH 3CH 2CHCH
3 

Radical Reactions 

As discussed under the various reaction 
classes the atmospheric reactions of this 
radical will be 

with [1i.l4,185] 

1.7 x 10- 11 cm 3 molecule- l 

at 298 K. 

O' 

I 

-1 s 

CH 3CH ZCHCH 3 + 

N02 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

(54) 

(a) 

(b) 

where 

at atmospheric pressure [7,169,170] and 

at Z98 K. 

-1 
s 

The Z-butoxy radical can either react 
with Oz or decompo~e; isomerisation is esti
mated (I7,Z24J and table 25) to be unimport
ant: 

(64 ) 

Smog chamber data [7,Z7l] show that at 
~300 K and atmospheric pressure these two 
reaction pathways are of comparable importance. 
For reaction (64) the experimental data of 
Batt and McCulloch [194] over the temperature 
range 440-470 K yields 

k = 8 x 1014 e-7700/T 
64 

- ] 
s 

~t one a~m?sphere of NO. Even though this 
decomposltlon may be in the fall-off region, 
NO is expected to have a similar third-body 
efficiency to NZ + OZ, and hence this 
expression should be approximately applicable 
to atmosphere conditions. 

For reaction (57), the estimates of 
Gutman et al. [ZZ] lead to 

k = 5 x 10- 14 cm3 molecule- l 
57 

-1 s 

at 300 K for the 2-butoxy radical, indepen 
dent of temperature. 

(We have recommended 

3 x 10 14 cm3 molecule -1 
s 

independent of temperature, for secondary 
alkox)' radicals in general.) 

These rate constant expressions for k57 
and k64 lead to values of k64/k57 of ' 

Z.5 x 1017 molecule cm- 3 at 303 K and 

1.3 x 1017 molecule cm- 3 at 296 K. 

However, the experimental values are 
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(l0%) CH .. CH3 I .)\ 
CH

2
CHCHCH

2
OH 

~ 
1313 

HOCH~ CHCHCHO + 

(57.4%) 

\3120H 

HCOCHCHCH20H 

(R.n) 

(14%1 

13r2 

HOCH
Z

CHCHCH20H 

+ 

(7.6%) 

f3iHZONOZ 

HOC 2CHCHCHzOH 

(1.1%) 
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3.1 x 1018 molecule cm- 3 at 303 K [7] and 

(2.60 ~ 0.35) x 1018 molecule cm- 3 at 296 

K [271]. 

Hence the experimental data from smog chamber 
data are, using our recommended rate constants 
k57 for the reaction of 2-butoxy radicals with 
02, an order of magnitude higher than the 
extrapolation of experimental 2-butoxy decom
position data. These inconsistencies imply 
that either our recommendation of k64 is in
correct, or that the 2-butoxy radical decom
position rate constant is higher than esti
mated by extrapolation of the data of Batt 
and McCulloch [194]. We thus make no firm 
recommendation for k64 (2-butoxy) at this 
time, but note that the rate constant ratio 
k64/ks7 is temperature dependent, with a 
temperature dependence of the order of 
"" e-7000/T, i.e. 

k /k ~ 4 x ID 28 e-7000/T molecule cm- 3 
04 57 ' 

at 300 K. 

Furl.ht:!r wur-k un the genenil reaCl.lull!::> uf 
alkoxy radicals (i.e., decomposition, isomeri
sation and reaction with 02) are obviously 
necessary. 

The reactions of methyl ethyl ketone 
(CH3CHZCOCH3) under atmospheric conditions 
will be dealt with in a later section (7), 
while those for ethyl radicals have been dealt 
with above in section 5. 

° ,NO Z 

(CH3)2CHt(CH3)Z + N0 2 ~ (CH3)2CHC(CH3)2 (56) 

with (section 4) 

independent of temperature, and 

Hendry et al. [6] estimate from thermo
chemical considerations that 

at 303 K 

Since this rapid decomposition means 
that reactions with NO or NOZ (reactions- 55 
and 56) will be essentially negligible at sub
ppm levels of NOx , the precise value of k64 
is somewhat immaterial, we then recommend 
this estimate of Hendry et al. [6], that 

at 298 K with an uncertainty of a factor of 
These radicals will react with 02 and NO: ~ 20 1224]. 

The atmospheric chemistry of acetone will 
be dealt with in a later section, while the 

(54) isopropyl radical will react as follows: 

90 ?NOz 
(CH3)ZCHC(CH3)2 + NO ~ (CH3)2CHC(CH3)2 (a) 

(b) 

with [332] ka/Cka ~ kb) ~ 0.1 at atmospheric 
pressure and, as discussed previously, 

at 298 K. 

7 x 10- 12 cm3 molecule- l 

0' 
I 

-1 s 

The (CH3)2CHC(CH3)2 radical cannot react 
with 02 (no appropriate abstractable hydrogen 
atom) and [224,269] isomerisation will be very 
slow, so the sale reaction pathways will be 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

(54) 

with p,J70], ka/Cko + kb) = 0.04 at atmos
pheric pressure and, as discussed above, 
(section 4), 

at 298 K. 

(a) 

(b) 

The 2-propoxy radical can react via 
(isomerisation will be negligibly slow [224, 
269]) : 
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(64) 

(57) 

rogether with the previously discussed reac
rions with NO (reaction 55) and N0 2 (reaction 
.i 6) . 

Experimental or estimated data are avail
;\ble for these two pathways: 

k64 = 4 x 1014 e-8656/T s-l 

at the high pressure limit £195,200-202] and 

independent of temperature 1222]. 

-1 s 

The decomposition pathway (reaction 64) 
will be in the fall-off region at atmospheric 
temperature and pressure I195,200-202,224], 
and hence at 298 K 

k64 < 100 
-1 s 

Baldwin et a1. [224J estimate, with a correc
tion for fall-off, that 

k64 = 18 -1 
s 

to be compared with 

k S7 [02] '\; 1.5 X 10 5 -1 
'\; 

5 

(table 25). Hence, reaction with 02 will 
completely dominate over decomposition. We 
thus recommend the expression: 

-1 s 

independent of temperature with an uncertainty 
of at least a factor of 2 at 298 K. 

i . Atmospheric Chemistry of 
Vari0us Carbonyls 

In this section, the atmospheric chemistry 
u[ variOU5 carbonyl compounds produced as 
products of the NOx photooxidations of alkenes 
(section 5) and alkanes (section 6) are discus
sed. The carbonyls considered here are 
propionaldehyde (CH3CH2CHO), butyraldehyde 
(CH3CH2CHZCHO), methyl ethyl ketone (CH3CH2-
COCH3), and acetone (CH 3COCH 3). 

The atmospheric chemistry of the various 
hydroxy-substituted aldehydes (such as HOCH2-
CH2CH2CHO, etc.) formed from the alkanes are, 
in the absence of experimental data, expected 
to behave essentially identically to the cor
responding aldehyde. However, the 1,4-
hydroxyaldehydes may undergo cyclization: 

which would, after H atom abstraction by OH 
radicals lead to difunctional compounds con
taining carboxylic acid and carbonyl groups 
(CHOCHZCHZCOZH). While for the above example, 
the cyclic form is calculated to be ~ 4 kcal 
mol- l mOTe stable than the 1.4-hydroxyalde
hyde, the activation energy for cyclization 
is expected to be high. 

For the aldehydes such as (CH3)2CHCH(CH3)
CHO, little information is available. 

Propionaldehyde 

Under atmospheric conditions, the reac
tions of any importance are expected to be 
those with N03 and OH radicals and photolysis. 
Reaction of O(3p) atoms with propiona1dehyde 

k 1.3 x 10- 11 e-(869 33)/T 

molecule- l s-J 

7.0 x 10- 13 cm 3 moJecule- l 

3 cm 

- 1 
s 

at 298 K [138] ,,,i]] be of minor import:mre. 
Reaction with N03 [reaction 61) has been dis
cussed in section 4. 

( 78) 

The rate constant for this reaction has 
been determined from relative rate studies 
[118,259,333] at room temperature. 

Relative to our recommended rate constant 
for the reaction of OH radicals with ethene, 
the mean of the data of Niki et a!. [1181 and 
Kerr and Sheppard [333] leads to the recom
mended value of: 

-} 
s 

at 298 + Z K, WItD an estimated uncertainty of 
a factor of 1.5. 

This recommended value is consistent 
with the rate constant of 

-1 
s 

at 298 K obtained by Audley et al. [334] 
relative to the rate conS1:an1: for -che reCict-iull 
of OH radicals with CH 3CHO of 

1.6 x 10- 11 cm 3 molecule- 1 s-l 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 
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By analogy with the reaction of OR 
radicals with CH3CHO (reaction 47) we antici
pate a similar negative temperature dependen
ce, and hence: 

k78 : 9.0 x 10-lZ eZ50/T cm3 molecule- 1 

-1 s 

This reaction is expected to proceed via 
H atom abstraction to yield 

Based upon the data for methyl ethyl 
ketone and other ketones [335] and acetalde
hyde, path (b) is expected to be essentially 
negligible. 

The behavior uf the CzH~to I~Jlcal will 
be totally analogous to the CH3CO radica~, as 
evidenced by the formation of peroxyproplonyl 
nitrate (PPN) from irradiated NOx/l-butenejair 
systems [336,337]. 

°2 CH 3CH ZCHO + hv ~ C2HS0 2 + H02 + CO 

The recent data of Shepson and Heicklen 
[338,339] yield a quantum yield at atmosphere 
pressure of 

¢a ~ 0.20 + 0.08 

from Z54-334 nm. The quantum yield ¢b was 
determined to be essentially zero for A ~ 313 
nm. While this data are the only information 
available, further work on the photolysis of 
propionaldehyde is ?bviously ~ecessary. Ab
sorption cross-sectIons are gIven by Calvert 
and Pi tts r 230] . 

As with propl0naldehyde, the reacLions of 
importance are expected to be those wi~h NO~ 
and OH radicals and photolysis. ReactIon WIth 
O(3P) atoms 

with 

J. Phys. Chem. Ref. Data, Vol. 13, No.2. 1984 

k 1.66 x 10- 11 e-(857 + 20)/T cm 3 

molecule 1 s-l 

at 298 K [138] will be of minor importance. 

The reaction with N03 radicals (reaction 
61) has been dealL wi1.ll in !jeL1.lull 4. 

a (80) 

Two recent relative rate constant studies 
have been carried out by Kerr and Sheppard 
1333] and by Audley et al. [334]. Relative 
to the rate constants fbr the reactions of OH 
radicals with ethene of 

8.1 x 10 12 cm 3 molecule- 1 s-l at 298 K 

and with acetaldehyde of 

1.6 x 10- 11 cm 3 molecule- 1 s-l at 298 K 

(our recommended values), values of 

[333] and 

(2.4 ± 0.1) x 10-11 crn3 molecule-1 

-1 
5 

(2.6 + 0.3) x 10- 11 cm 3 molecule- 1 

-1 
s 

[334] were obtained at 298 K. 

Hence we recommend the rate constant 

-11 3 -1 -1 kao = 2.5 x 10 em molecule s 

at 298 K, with an uncertainty of a.factor of 
~1.5. The temperature dependence IS expected 
to be close to zero by analogy with HCHO and 
CH3CHO and it is expected (see reaction (78) 
above) 'that the major reaction path~ay will 
be via (BOa) to yield the CH

3
CH2CH2CO 

radical. 

. This radical will behave analogously to 
CH3CO and CH 3CH 2CO. 
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(81) a 

The absorption cross-sections are as ~ CH COCH 0' + NO b 
given by Calvert and Pitts I230]. The gas 3 2 2 
phase photolysis of n-butyraldehyde at 313 nm 
has recently been studied for Forgeteg et al. with 
[340]. At 100 torr of n-butyraldehyde and 
room temperature, the following quantum yields 
were obtained: ka/(ka + kb) ~ 0.04 

¢ 0.34 + 0.02 

¢> = 0.17 .::. 0.01 

with other photodecomposition pathways being 
essentially negligible (quantum yields <0.025). 
The quantum yield for formation of C3H7-+ HCO 
is in excellent agreement with the previous 
value of 0.36 using the iodine trapping 
technique [341]. 

The effect of added 02 is unknown, but 
we recommend using the above quantum yields 
at 313 nm. 

Acetone 

The sole rate constant obtained for this 
reaction is a value of 

-13 3 -1 -1 k82 ~ 5 x 10 cm molecule s 

at room temperature 1342]. By analogy with 
ethane and biacetyl [116,343] for which the 
C-H bond strengths are equal to those in 
acetone [344], a rate constant of: 

kS2 ~ 1.7 x 10 11 e 1230/T cm 3 molecule 1 

s-l 

~ 2.8 x 10- 13 cm3 molecule- l s 

at 298 K is estimated 1116,343] and recom
mended. 

The CH
3

COCH 2 ' radical is expected to re
act via: 

(54) 

at atmospheric pressure {7,170] and 

at 298 K. The CH3COCH20 radical can decompose 
or react with 02 (besides reactions (55) and 
(56) discussed previously): 

(64) 

Based on a calculated endothermicity of 
~ 4 kcal mol- l for the decomposition, it can 
be estimated, using the procedure of Baldwin 
et al. [224], that at 298 K, 

3 -1 
k64 '" 1 x 10 s 

at the high pressure limit. This should be 
compared with an estimate, based on the data 
of Gutman et al. [222] for other RCH 20' 
radical reactions with 02' of 

at 298 K. Thus we recommend that reaction 
with 02 predominates to yield methylglyoxal. 

(83) 

Absorption cross sections are given by 
Calvert and Pitts [230]. Detailed quantum 
yield information as a function of wavelength 
under atmospheric conditions is not available, 
but recently Cox et al. [345] have reported 
an average photodissociation quantum yield of 
0.33 + 0.06 over the 280-350 nm region, i.e. 
signiTicantly lower than unity. Photodis 
sociation will, however, because of the slow
ness of the OH radical reaction, be the major 
loss process of acetone under atmospheric 
conditions. 

Methyl ethyl ketone 

The loss processes for this carbonyl 
under atmosperhic conditions will be via 
photolysis and OH radical reaction: 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 
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(84) 

Rate constants k84 have been determined 
by Winer et al. [346], and Cox et al. [271, 
342]. Although the values obtained vary by 
a factor of ~4, the latest, and lowest, value 
o f k 8 4 de term in e d by Cox eta 1. f 2 71 ] i 5 
totally consistent with the recent work of 
ATkinson eT al. (335) on The higher keTones. 

Thus we recommend the rate constant of 
Cox et a1. [271J, i.e., 

8.S x 10- 13 cm 3 molecule- 1 -1 
5 

at 298 K with an uncertainty of a factor of 
l.5. The data of Cox et a1. [271] further 
show that reaction (84a) accounts for ~62% 
of the overall reaction at 296 K, i.e., 

k
S4b 

~ 3.3 x 10- 13 c~3 molecule 1 5 

The subsequent reactions are expected to 
be (see also [271]): 

(54) 

a 

b 

at atmospheric pressure and 

at 298 K. O. 
I 

The CH3CHCOCH3 radical is, from thermo 
chemical estimates, expected to decompose 
rapidly [7,224] 

J. Phys. Chem. Ref. Data, Vol. 13, No.2. 1984 

(64) 

with [224] 

3.2 x 1014 e-6440/T -1 
5 

1.3 x 10 5 
5-

1 at 298 K. 

Reaction with O2 : 

is expected to have a rate constant similar 
to those for other secondary a1koxy radiral~ 
of [222J: 

at 298 K, with a first order rate of 

- 1 
s 

at 298 K and atmospheric pressure. However, 
the lack of observation of biacetyl [271J 
shows that thBse pst;matpc of kS7 anrl/or k64 
are in error, since CO)( et a1. [271J derived 
k64/kS7 [02] Z 100. Further work on reactions 
(57) and (64) are obviously necessary. The 
radicals . CH2CH2COCH3 and CH3CH2COCH2' (of 
which the former is more like] to b~ IUlmeJ 
[335]) will react with 02 and to yield 
OCH2CH2COCH3 and CHSCH2COCH20 respectively. 
The reactions of these alkoxv radicals are 
not known with any certainty, 'but due to the 
low rate constant for reaction (84) they can 
probably be neglected to a first approximation 

(85) 

The photodissociation pathways and quantum 
ylt:ld:s CI.["t: Hut known. HU ..... ~V~l, iL is expected 
that photodissociation to C2HS + CH3CO will 
predominate [7J. 

8. Atmospheric Reactions of Toluene 
and TTl-Xylene 

In this section. the available evidence 
pertaining to the atmospheric reactions of 
toluene and m-xvlerie is discussed. Much of 
the discussion ~ust, at the present time, be 
of a speculative nature because of the 10K 
carbon balance obtained in smog chamber ex-
perIments and the lack ot 1 data 
a to the fates of the c radicals 
initially derived iroD aromatjc~ rJ 1,116]. 

The only significRnt chemical loss pro 
cess of the aromatic (not phe-
nolics) under a is via 
reactibn with the radical 11,116,250,34-
349J. Thus, reactions with radicals, 
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0(3 p) atoms and 03 are negligible under at
mospheric conditions; data for these reactions 
are summarized as follows: 

N0 3 + Aromatic Hydrocarbons 

ror the N0 3 radical rcoction~ with 
toluene and m-xylene, rate constants of 

(2.0 + 1.1) x 10 17 cm3 molecule 1 s 1 

for toluene and 

(7.6 + 3.5) x 10- 17 cm3 molecu1e- 1 s-l 

for m-xylene have been determined at 298 + 1 K 
[130] . 

0 3 + Aromatic Hydrocarbons 

Rate constants for the Ras phase reac
tions of 03 with a series of aromatic hydro 
carbons have been determined at 297 + 2 K 
[349]; rate constants (in cm3 molecule- 1 s-l 
units) obtained ranged from 

~ (7 + 4) x 10- 23 for benzene, 

(l.~ ~ 0.8) X 10- 22 for tOluene, 

~ 6 x 10- 22 for the xylenes to 

(2.2 + 0.6) x 10- 21 for 1,3,5-trimethy1-

benzene. 

The products observed were the a-dicarbonyls 
expected from breakup of the aromatic ring. 
These rea.ct ions are tota11 y ne.gl ig i bl e under 
atmospheric conditions. 

0(3pJ + Aromatic Hydrocarbons ~ Products (86) 

Absolute rate constants, free from stoi
Chiometry corrections, for the reaction of 
0(3p) atoms with the aromatic hydrocarbons 
have been determined recently by Atkinson and 
Pitts [350-352], by Colussi et a1. [353] and 
by Ravishankara and coworkers [234,354]. The 
rate constants recommended for toluene and m
xylene are those of Nicovich et ale [234,354]: 

Toluene 

k86 4.26 x 10- 11 e-19l0/T cm3 

mo1ecule- l s-l 

= 7.1 x 10- 14 cm3 mo1ecule- 1 s-1 

at 298 K [234J with, based on the data from 
[350-353], an estimated uncertainty at 298 K 
of ~ :. 30%_ 

m-Xylene 

3.78 x 10- 11 e-1350/T 

mo1ecu1e- 1 5- 1 

3 em 

at 298 K [354], with an estimated uncertainty 
at 298 K of + 30%. 

Products of the reaction of OC 3p) atom 
with toluene have been investigated [355]. 
However, the reaction pathways under atmos
pheric conditions have not been well estab
lished, and we recommend neglecting all the 
above reactions for computer modeling purposes. 

OH + Aromatic Hydrocarbons ~ Products (87) 

The reaction of OH radicals with the 
aromatic hydrocarbons proceeds via two path
ways: H atom abstraction from the substitu
ent methyl group(s), and OH radical addition 
to the ring 1116,356-360]. 

The rate constants recommended for the 
overall OH radical reaction pathways are taken 
from Atkinson et al. [116], Perry et al. [356] 
and Ravishankara and coworkers [358,359], 
while t.he rat.e cUll:sLan't rallu!:> fu! tilt: ab
straction/addition pathways are those of 
Atkinson et a1. [360] for toluene and of Perry 
et al. I356] and Nicovich at a1. [359J for m
xylene. 

OH + 

with 

o· (87a) 
H20 + 

6 
& OH (87b) 

H 

(k87a + k87b ) = 6.4 x 10 12 cm 3 

molecule- l s-l 

at 298 K [356,358], with an estimated uncer
tainty of + 20%. This overall rate constant 
has a smalr negative temper~ture depenrlpnre 
equivalent to an Arrhenius activation energy 
of ES7 ~ -(1 ~ 1) kca1 mol- l below ~320 K 
[356,358]. At temperatures significantly 
above 300 K the OH-aromatic adduct thermally 
decomposes increasingly Tapidly [116,356,358], 
and in the absence of other reactions of the 
OH-aromatic adduct the addition reaction will 
become significantly less important. However, 
fortunately. under atmospheric conditions the 
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above expression for k87 will hold for tem
peratures ~ 325 K. 

The rate constant ratio k87a/k87b is 
more uncertain, but the recent work of Atkin
son et al. [360J indicates that at 'V300 K, 

kS7a/k87 : 0.08 + 0.03, 

with this ratio increasing with temperature 
[356,35S]. Hence at 298 K we recommend: 

with an estimated uncertainty of ~ 50%, 

with an estimated uncertainty of + 25%. 

Over a small temperature range around 
298 K, i.e. ,.325 ~ T ~ 270 K, we would also 
recommend uSlng tftese values, l.e., assumlng 
essentially no temperature dependence. 

Further work is obviously necessary con
cerning the kinptic~ nf re~rtinn Ria (nr the 
rate constant ratio k87a/k87)' 

OH radical addition is expected [ll,116, 
356,357] to occur mainly at the ortho position, 
as shown. 

m-Xylene: 

wi tt, 

(S7a) 

CH_ (S7b) 

~CH3 + 

H OH 

2.4 x 10- 1] 

-1 - J molecule ~. 

at 298 K [116,356,359]' with an estimated un
certainty of + 20%. This overall rate con
stant is' essentially temperature independent 
[356,359] . 

FroD kinetic studies, k87a/k8~ 'V0_03 at 
298 K, with an uncertainty of at least a 
factor of 2 [356,359]. 

OH radical addition is expected to occur 
at the two positions shown, with, estimated 
from the Oejp) atom distribution obtained by 
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Grovenstein and ~osher [361], an approximately 
equal distribution between the two isomers 
shown. 

The fates of these initially formed rad
icals under atmospheric conditions will be 
discussed in the following sections. 

Atmospheric Reactions of Benzyl Type Radicals 

The reactions of the benzyl radicals 
under atmospheric conditions have been discus
sed previously [11,116,357,360J and are ex
pected to be: 

Toluene 

with 

k54 (benzyl) 'V 1.0 x 10- 12 cm 3 

molecule- l s-l 

(54) 

at room temperature [362,363J, independent of 
temperature [363] over the range 292-372 K. 

(a) 

(b) 

where the ratio ka/eka + kb) is not known 
with any certainty. However, the data of 
Hoshino et al. [364] indicate that at atmos
pheric pressure the ben7yl nitrate yields are 
'V12% of the benzaldehyde yields. In the ab
sence of further data, the overall rate con-
stant (k~ + is recommended to be 

at 298 K, i.e., identical to that for the 
a n a log 0 U :s rea C 1: ion (;:, 0), wit h k a / (k C! ... 1, b I 
'V 0.1 at atmospheric pressure. Reaction of 
C6 H5CH 202 radicals with N02 to yield a benzyJ 
peroxynitrate should also occur (reaction 
51), but by analogy the lifetime of this 
RO?~02 species is expected to be short enough 
th~t it may be neglected. 

The C6HSCH20 radical will then react 
with NO, N0 2 and O2 : 
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Benzyl nitrate 

based on an analogy to the alkoxy 
radical reaction (56) 

Benzyl nitrite 

by analogy to the alkoxy radical 
reaction (55) 

CHO 

~.© 
Benzaldehyde 

(57) 

We recommend the use of a rate constant 
for the reaction with O2 (reaction 57) of 

k57 = 7 x 10- 14 e-b~U/1 cm j molecule 1 

-1 s 

by analogy with simple primary alkoxy radicals 
(section 4) i.e., 

7 x 10 15 cm 3 molcculc- l 

a t 2 9 8 K ( e qui v"a 1 en t to a fir s tor de r rat e 0 f 
3.6 x 104 s-l at 298 K and 1 atmosphere of 
air) . 

The reactions of the & radical 

should be totally analogous to these of the 
benzyl radical shown above, with essentially 
identical rate constants. However, because 
of its small yield (~3~) this reaction path
way will be of very minor importance under 
atmospheric conditions. 

Hence, the initial products formed from 
the H-atom abstraction are: 

Toluene: benzaldehyde, benzyl nitrate and 
benzyl nitrite 

m-Xylene: m-tolualdehyde, m-methylbenzyl 
nitrate and m-methylbenzyl nitrite. 

The nitrites are expected [230] to pho
tolyse rapidly, and hence their formation 
should be of little consequence (see methyl 
nitrite, section 4). However, the aldehydes 
and nitrates will accumulate and react pri
marily with OH radicals, or photolyse [11, 
357] . 

At sub-ppm levels of NOx , the benzyl 
nitrates will be formed in very low yield, 
especially so from m-xylene (because of the 
small amount of H atom abstraction (reaction 
(87a)). Under atmospheric conditions these 
nitrates are expected to react predominantly 
with the OH radical, but no experimental data 
are available on this point. At this time, 
we expect that these nitrates will react with 
OH radicals with somewhat lower rate constants 
than the parent aromatic hydrocarbons. How
ever, because of their low concentrations 
under simulated atmospheric conditions and 
the lack of experimental data, we suggest 
that the subsequent reactions be neglected. 

Atmospheric Reactions of the Aromatic Aldehydes 

The aromatic aldehydes react rapidly with 
the OH radical 1l16,118,333J and also photolyse 
[ll]. The rate constant for the reaction of 

OH radicals with benzaldehyde at 298 + 2 K has 
been determined relative to that for the reac
tion of OH radicals with ethene [118,333]. 
Using our recommended rate constant for that 
reaction, these data yield: 

k88 (OH + benzaldehyde) 

cm 3 molecule- 1 s-l 

at 298 K. 

1.2 x 10-ll 

Since the magnitude of this rate constant 
is essentially identical with those for the 
a1phatic aldehydes [116,118,333], and is much 
higher than would be expected for OH radical 
addition to the aromatic ring, the reaction 
of OH radicals with benzaldehyde must proceed 
almost exclusively via H atom abstraction 
from the -CHO substituent group [11,116J. 

(88a) 

By analogy with the alphatic aldehydes r1l9. 
120], the temperature dependence of this rate 
constant, k88' where 

and k88b is the rate constant for the addition 
reaction of OH radicals to benzaldehyde, is 
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expected to be zero or near zero, and we 
recommend: 

k88 = 1.2 x 10- 11 cm3 molecule- l -1 s 

independent of temperature, with an estimated 
uncertainty of a factor of approximately 1.5 
at 298 K. 

Although a certain amount of OH radical 
addition to the aromatic ring must occur, 
since the -CHO group is electron withdrawing, 
the rate constant for OH radical addition to 
the ring is expected to be less or equal to 
that for the reaction of OH radicals with 
benzene, i. e. , 

-1 
s 

apprOXiJJLli Lt:ly .im.lepende~t o~ tempcro.~ure. 
Hence as a first approxlmatlon reactlon path-
way (8Sb) can be neglected. 

For the case of CHO 

©lCH 
3 

the OH radical addition pathway is then, by 
analogous arguments, expected to have a rate 
constant less or equal to that for OH radical 
addition to toluene 

-12 3 1 -1 (k 88b ~ 6 x 10 cm molecule- s 

independent of temperature) while the H-atom 
abstraction route will have a rate constant 
of 

-11 3 -1 -1 k88a ~ 1.3 x 10 cm molecule s 

independent of temperature. 

Thus, the atmospheric reaction pathways 
expected are as follows (taking benzaldehyde 
as an example): 

co 
OH + 6 

-11 3 -1 
k88a = 1.2 x 10 cm Dolecule 

independent of temperature 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

-1 s 

co 

© 
o 

" 
+ NO Z _ 60NOZ 

Peroxybenzoyl nitrate 
(PBzK) (51) 

As previously discussed (section 4), we 
recommend using 

at 298 K, since 

kSO = 7 10- 12 cm3 molecule -1 s-l x 

at 298 K and 

kso/ks1 = 1. 52 + 0.12 

at 303 K [174] . 

6' + NO 
-+- 6Z 

+ N0 2 (50) 

PBzN thermal decomposition: 

c5
NOZ 

c5 + N0 2 
(89) 

]{a te constants of 

1015 e-(13035 + 45S)/T -1 
kS9 1. 6 x s 

1.6 x 10- 4 s-1 

at 298 K [174] , and 

10 14 e-(12682 + 1509)/T -1 
k89 8.5 x s 

2.8 x 10- 4 -1 s 

at 298 K [365] have been determined. Although 
clearly further work is required concerning 
the ki~etics of this reaction, in vjcw of the 
more detailed study of Kenley and Hendry [174] 
we recommend the use of their Arrhenius ex
pression of [174]: 
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1.6 x 1015 e-13035/T 

1.6 x 10- 4 -1 s 

-1 s 

at Z98 K with an estimated uncertainty of a 
factor of Z. 

The C6H5COz radical formed is expected 
[11,177] to decompose rapidly (see reaction 
53) . 

The phenyl radical (C6HS') will thpn 
react with 0z and NO or NO Z: 

this being the sole reaction of phenyl radi
cals under atmospheric conditions, followed 
by: 

00' o· 

6 + NO---+- cO + NO Z 
( 50) 

00' OONO Z 

6 + NO Z-© ( 51) 

with rate constants of approximately 

7 x 
-1Z 3 -1 -1 In ~m molecule 5 

at Z98 K for both reactions (section 4). The 
decomposition of the peroxyphenyl nitrate 
(C6HsOON02) is expected, accordinR to Hendry 
and Kenley [178], to occur via: 

0' 

6 

because of the weakened 0-0 bond strength 
(because of interaction with the aromatic 
ring), with a very short lifetime (of the order 
of ~sec at room temperature [178]). Hence 
this peroxynitrate itself can be neglected, 
and the reaction written as: 

00' 0' 

6 6 
The fates of phenoxy radicals under at

mospheric conditions are not known with any 
certainty but Niki et al. [177] have observed 
the formation of 0- and p-nitrophenols in 
irradiated CIz-NO-benzaldehyde-air systems, 
presumably via the rea~tion of phenoxy radi
~~ls (formed from r.HSrn r~dir~ls RS shown 
above) with NO Z 0 

O' 

6 (90a) 

o-nitrophenol 

(90b) 

p-nitrophenol 

In the presence of NOx , this appears, 
because of the inherent stability of the 
phenoxy radical, to be the predominant sink 
for phenoxy radicals. The rate constant 
for the reaction 

is not known, but is presumably fast. of the 
same order as for other RO + NO Z reactions 
(i.e., approximately 

at Z98 K). In the absence of NO Z' reaction 
with HOZ is also likely: 

0' 

© 
with a rate constant at 298 K of approximately 

5 x 10- 12 cm3 molecule- 1 -1 
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by analogy with the reaction of CH302 with 
HOZ [3] [since CH300H has a very similar O-H 
bond strength (~90 kcal rnol- 1 [366J) to phenol 
(~87 kcal mol- l [367])J. 

The nitrophenols have low vapor pressures 
and are likely [177] to go to the chamber 
walls (dry deposition) or accumulate in the 
aerosol phase. 

For the 

radical a totally analogous series of reactions 
can be written. At this stage, we recommend 
the above reaction sequence for benzaldehyde 
with the substituent -CH3 group having no 
effect on the reaction rate constants or 
products. Of course, the products formed are 
different, i.e.: 

and 

OH 

AO N0 2 and 

~CH 3 

instead of ~N02 

(PBzN) 

instead of 0- and p
nitrophenol 

However, a small, but probably significant 
portion of the 

will react with OH radicals via OH radical 
addition to the ring. We estimate the rate 
constant for this pathway to be 

< 6 x 10- 12 cm3 mOlecule- 1 
"-' 

- 1 s 

at 298 K, approximately independent of temper
ature (i.e., ~35% of the total OH radical 
rate constant for this aldehyde). Since the 
form?tion of this Rldphydp i~ minOT «4 of 
the total OH + m-xylene reaction) and this 
reaction pathway is also minor, to a first 
approximation we feel it could be negl~cted. 
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N0 3 Radical Reaction 

An upper limit of 

~ 6 x 10- 15 cm3 molecule- 1 5- 1 

at 300 + 1 K has been derived for the reaction 
of N03 Fadieals with benzaldehyde by Carter et 
0.1. [ 3 6 8 ] us in g the e qui 1 i b r i urn con 5 tan t K 7 8 
of MaIko and Troe [Z7}. It is expected, con
sistent with this datum, that these reaction 
rate constants will be similar to those for 
the aliphatic aldehydes (reaction 61), i.e., 

at 298 K, with an estimated uncertainty of a 
factor of "-'3. 

The reaction is also expected to proceed 
via: 

followed by the reactions of the C6HSCO (or 
C6H4 (CH 3)CO) radical discussed above. 

The aromatic aldehydes absorb in the near 
UV [230] and at 3~6 nm an efficient (near 

intersystem crossing from the initially 
singlet to the triplet state of ben

zaldehyde occurs [369,370]. Although the 
photodissociation quantum yield',in the ~b
sence of 02, is very low [230], Inte~actlon 
of 02 with triplet benzaldehyde 1eadlng to 
dissociation is possible. 

In order to fit the benzaldehyde time
concentration profiles in irradiated NOx , 
toluene-air and NOx-benzaldehyde-tolu~ne-alr 
systems (the most sensitive being ObVIously 
the NOx-benzaldehyde-tolue~e-air syste~J, 
Atkinson et al. [11] and Klilus and WhItten 
[371] have found it necessary to include a 
photolysis reaction,of benza~deh~de (as well 
as OH radical reactIon and dIlutIon). There 
is, however, no agreement as to the photolysis 
products. Atkinson et a1. [11] concluded, 
based upon computer model calculations, that 
pnotodissolution into non-ra?ical products is 
necessary. While the most lIkely pathway 
would be to benzene + CO, the small yields of 
benzene observed ("-'0.5-1 ppb) in the NOx -
tOluene-benzaldehyde-air irradiations were 
much less than the amounts expected if it 
were the major product of benzaldehyde pho
tolYsis. However, Killus and Whitten [371], 
also on the basis of computer modeling cal
culations, concluded that radical production 
from benzaldehyde photodissociation must 
occur, and assumed the other obvious pathway 
of phenyl radical + HCO formation. 1t is 
hence obvious that elucidation of the photo 
dissociation pathways and their quant~rn yields 
for benzaldehyde and the methyl suhstJtuted 
benzaldehydes are needed before 311\' r i rm 
recommendations can be made. 
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Atmospheric Reactions of the OH-Aromatic 
Adducts 

As discussed above, the initially formed 
OH-aromatic adducts are expected to be: 

from toluene: 

from m-xylene: 

and ~
CH3 

CH 
H OH 3 

These addition adducts initially contain 
~18 kcal mol- 1 internal energy due to the 
exothermicity of the reaction [116,356], but 
at atmospheric pressure these initially energy 
rich radicals will be rapidly thermalised 
[356]. While these thermalised OH-aromatic 
adducts can thermally de~ompose back to the 
reactants (i.e., an OH radical and the 
aromatic hydrocarbon) with a rate constant of 

~ 3 x 1013 e-9000/T -1 s 

corresponding to half lives of ~0.37 sec at 
298 K and 0.03 sec at 325 K [116,3561, the 
reaction with 02 (see below) of > 104 s-l at 
atmospheric pressure and 298 K m~ans that 
this back decomposition can be totally ne
glected under atmospheric conditions. 

Taking the toluene case as an example, 
Lltt: Lht: IJlli:il.i::.t:d i:iddUl: t CA) l:GlIl l"t:Gll: t under 

atmospheric conditions with 02 via two reac 
tion pathways [11,116,360,372]: H atom ab
straction to form the cresol (reaction 91), or 
reversible addition to form the peroxy radical 
(B) (reaction 9Z, 92): 

6r0H (01) 

&~H 
+ H02 

+ 02L5~H 
(A) (92,-92) 

(M) ° 
2 

(B) 

or it can react with NO Z to form the nitro
toluene: 

+ NO (M) 
2 ---+ 

(93) 

Kenley et al. [357] have concluded from a 
discharge flow sLudy of the reaction of OH 
radicals with toluene, carried out at ~6-lS 
torr total pressure of (Ar + 02), that the 
cresol isomers and m-nitrotoluene are the 
sole initial products of the OH radical ad 
dition pathway, and that 

If these discharge flow results were 
applicable to atmospheric pressure, then for 
sub-ppm concentrations of NOZ, the initial 
products would be ~85% cresols (mainly 0-

cresol [357]) and ~15% benzaldehyde. However, 
smog chamber experiments have shown that: 

a} While there is still a significant un
certainty in the absolute yield of 0-

cresol (the predominant cresol isomer) 
from toluene, the most recent direct 
determination of Atkinson et al. [360] 
has obtained an a-cresol yield of 13.1 + 
7.2%, independent of total pressure from 
62-740 torr. This o-cresol yield is in 
reasonably good agreement with that used 
(21%) to give a fit of calculated to 
experimental data in the modeling study 
of Atkinson et al. [11]. Assuming that 
the isomeric cresol distribution obtain
ed by Kenley et a1. [357], although 
inrnrrect on an absolute basis. is 
correct on a relative basis (o-cresol/ 
total cresols : 0.806 + 0.022 [357]), 
then, based upon the a-cresol yield of 
Atkinson et al. 1360] the overall cresol 
(u- , 1lI- , and p- ) yield becomes 16 -t 

9% (13% a-cresol, 1% m-cresol and 2% p
cresol) . 

b) In irradiated NOy-o-xylene-air systems. 
a-dicarbonyls have been observed in sig
nificant yields [343,360,373]. In all 
of these studies, the concentration-time 
profiles for biacetyl showed that the 
rate determining step for its formation 
was the reaction of OH radicals with 0-

xylene, since the initial formation of 
an hydroxyxlene followed by reaction of 
this hydroxyxylene with OH radicals and/ 
or 03 would have resulted in incorrect 
time-concentration profiles [343]. 
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The biacetyl yields obtained from 0-

xylene are 18 + 4% [343], 26 + 10% 1373] and 
13.7 + 1.6% [360], while Takagi et a1. [373] 
reported methylglyoxal and glyoxal yields of 
85 + 47 and 14 + 10% respectively. These 
studies, together with the observations of 
unsaturated 1,4-dicarbonYls from toluene 1374] 
and 1,2,4-trimethylbenzene [375] lead to the 
conclu:::..iul1 t.haL Lht:: OH-aIUJllaL.ic auuucL:' rt::aLL 
with 02 under atmospheric conditions to form 
ring cleavage products, and not cresols, most 
of the time, and that xhis ring cleavage is 
rapid, not involving OH radical or 03 reaction 
with the adduct. 

Unfortunately, there is almost no defin
itive data on which to unambiguously delineate 
a reaction sequence subsequent to the reaction 
of 02 with an OH-toluene or other OH-aromatic 
adduct, apart from the fact that any reaction 
scheme must predict the rapid formation of 
the a-dicarbonyls glyoxal, methylglyoxal and 
blacetyl irom the o-xylene system 1343,360, 
373,376], methylglyoxal and/or glyoxal from 
the benzene, toluene, m- or p-xylene systems 
[376], and the occurrence of unsaturated 1,4 
oirRrhnnyl.;; [~74,::i7t;]_ Hencp, mllrh nf 'thp 
following discussion is speculative and is 
based upon thermochemical arguments and the 
NOx toluene-air and NOx-cresol-air photooxi 
dation modeling study of Atkinson et al. [11], 
which was based on recent experimental data. 

For the toluene system at atmospheric 
pressure and ~303 K, we recommend for the OH 
radical addition pathway the following reac
tions, based on the o-cresol yield data of 
Atkinson et al. [360]: 

(A) 

with 

and 

6
CH30H + 

+ other 
isomers 

(B) 

(91) 

H02 

(92,-92) 

7 x 10- 14 e- 690 / T cm 3 molecule- l 

-1 s 

(7 x 10- 15 cm 3 molecule 1 s-l at 

303 K). 

The cresol isomeric distribution is based 
upon the data of Kenley et al. [357], and 
0- :m- :p-creso1 ~ 1.0 : 0.06 : 0.18. k92 
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is an overall observed rate constant includ
ing reactions (92) and (-92) and will be 
discussed later. The rate constant k91 for 
the reaction of 02 with the OH-toluene adduct 
to form cresol has been assumed to be the same 
as that for the reaction of primary alkoxy 
radicals with 02 (reaction 57), Hence at 
~303 K, 

eff 
k92 

The uncertainty in the ratio k9l/ k92 eff (the 
parameter which is of importance) is difficult 
to estimate, but + 60% is a reasonable esti
mate based on the-currently available data 
[360] . 

Using this value of k91 leads, from the 
data of Kenley et ala [357J, to 

k93 3.1 x 10- 11 cm 3 molecule- 1 s 

with a large uncertainty, including the pos 
~ihility of a rrp~~lIre ~prpn~enc@ fnr rp~r~inn 
(93) (see reference [11]). 

For the m-xylene system, we recommend 
analogous reactions: 

eM) CH_ 

.. ~~H 0 
~2 

3 

and, in the absence of further information, we 
recommend using the same rate constants and 
rate constant ratios as for the toluene system. 
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Structure and Reactions of the OH-Aromatic-O z Adducts 

In the following section we will focus 
primarily on the OH-toluene-Oz adduct (B), 
with totally analogous reactions and rate 
constants being assumed to apply to the cor
responding adducts in the m-xylene system. 
Thus for the m-xylene case, there is a -CH3 
substituent at the 3- or 5- position in the 
discussion below. 

The structure of the radical (B) is not 
known; addition of 0z to (A) could occur at 
the 1- , 3- , or 5- positions: 

(A) 

qCH
30H 

7 H 

~ 00' 
H 

(Bl) 

(B2) 

(B3) 

0z addition at th~ S-'position sho~ld be the 
least thermodynamIcally favored, Slnce the 
double bonds are non-conjugated. For the 
toluene case shown above, addition at the 1-
position is estimated to be slightly more 
favored thermodynamically over addition to 
the 3- position, although the resulting radi
cal (Bl) also has the most steric hindrance. 

Based on thermochemical estimates (using 
group additivity principles [366] and the heat 
of formation of radical CA) [356], 02 addition 
to radical CA) is ~10 keal mol- 1 exothermic. 
This means that significant back-decomposition 
of (B) to (A) may be occurring (see later). 
No definitive information is available con
cerning the reactIons of radicals CEl) or (BZ), 
possible alternatives being (taking (BZ) as 
an example): 

a) Rp.~rt;on with NO analogous to other peroxy 
radicals: 

(B2) 

&
CH

30H 
~ H 

~ H 
ON0 2 

followed by reaction of the alkoxy radical 
with 0Z: 

d
CH30H 

+ ° --+ H 
Z ~ ~O 

or ring opening: 

~
CH3 OH 

H +-
~ H 

0' 
C

CH30H 

<?' H 

... ~ CHO 

CHOCH CHCH 

CH3 I 
CCHO + H02 

However, this scheme is inconsistent with 
the prompt formation of biacetyl and other a
dicarbonyls from o-xylene [343,360,373,376]. 
Furthermore, for a 1 ppm level of NO, the re
action of (B) with NO will have a rate of 
~180 s-l, much less than the calculated rate 
of back decomposition of (B) to (A) of 

~3 x 1013 e-SOOO/T s-l 

~z x 106 s-l at 303 K. 

It is thus assumed [11] that the OH-aro
matic-O Z radicals CB) undergo cyclization: 
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&
CH

30H 
'0, H 
~o. 

(C1) 

(C2 ) 

~OH 
~~H 

(C3) 

(C4 ) 

.~CH3 OH 
('"\ H 
~o. 

(C2) 

.&CH30H 
o H 

d h 

(C 5) 

In addition to accounting for the ring 
cleavage products observed [343,360,373,374-
376], these reactions are expected to dominate 
on the basis of thermochemical and kinetic 
estimates. Assuming [11] that for cycliza
tion the preexponential factor A > 1010 s-l 
[366] and that the activation energy is (~9 
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kcal mol- l [based on radical double bond 
additions] + the reaction endothermicity) and 
that ~H cyclization ~ (ring strain - 14) kcal 
mol- 1 (based on thermochemical calculations), 
then cyclization of (B) should dominate reac
tion of (B) with NO at 1 ppm if the ring 
strain of the cyclic radicals is less than 
~16 kcal mol-I. Especially for the 2.2.2-
bicyclic forms (Cl and C4) this is expected 
to be so, since the ring strain of multicyclic 
structures appears [366] to be approximately 
the sum of the individual ring strains (so ihe 
2.2.2-bicyclics with 6 membered rings should 
have low, ~5 kcal mol-I, ring strains). 

The overall reaction sequence is complex: 

(T) (A) 

°2 1 6 

6}OH 
+ H02 

CRESOL 

Radicals (C) (Cl is shown as an example) are 
calculated to be stable with respect to back 
reaction to (B) since they are expected to be 
rapidly removed hy reaction with 02 at a rate of 

~s x 10 6 5- 1 

to form bicyclic peroxy iadicals (see below). 
Also, as noted above, bock decomposition of 
(A) to OH + toluene can be neglected, since 
the lifetime of (A) with respect to reaction 
with 02 to form cresol is 

~3 x 10- 5 s 

at 303 K, against ~l s for back decompnsition. 

Using the steady state approximation 
leads to: 
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d(C) 
d(CRESOL) 

Since 02 addition to (A) should have (by 
analogy with alkyl radical + 02 reactions) a 
rate constant of 

and 

-15 3 -1 -1 k6 ~7 x 10 cm molecule 

at 303 K (see above) then k3/k6 ~140. For 
d(C)/d(CRESOL) ~6 as observed at atmospheric 
pressure [11,360], 

is then calculated. lIenee radicals (AJ and 
(B) are essentially in equilibrium at room 
temperature, and using the estimate of k4 
above leads to 

which is greatly in excess of the rate of 
reaction of (B) with NO (~180 s-l at 1 ppm of 
NO). 

Hence, this cyclisation scheme appears 
to be self-consistent, and the rapid back de
composition of (B) to ( (A) + 0z ) is mani
fested by a greatly reduced effective rate 
constant for 02 addition to (A) to form (C). 
The effect of changing the temperature is of 
interest; the temperature dependence being 
exp -((E3+ES-E6-E4)/RT). It is expected that 
E3 ~O, E6 ~1.4 kcal mol-I, E4 ~10 kcal mol- l 
and ES ~12 kcal mol- l based on the very 
approximate above estimate of kS and AS ~3 x 
1013 s -1 . 

Hence, the formation of (C) versus cresol 
is expected to be approximately independent 
of temperature. within the uncertainties of 
E3 through E6' Darnall et al. 1343] observed 
no change, within the experimental error 
limits, of the biacetyl yield on varying the 
temperature from 283-323 K, which is in excel
lent agreement with this prediction, further 
strengthening the above arguments. 

Of the radicals C1-CS, C3 and C5 will be 
the least thermochemically favored, Cl and 
C4 will have the least ring strain, while the 
ring strain in C2 will be somewhat offset by 
resonance stabilization by virtue of its 
allvlic character. Since it cannot be de
ter~ined, a-priori, which of these structures 
will predominate, Cl, C2, and C4 must be con
sidered. 

For m-xylene, the corresponding radicals 
are: 

from: 

from: 

~
CH3 OH 

...... H 
~Q CH 

3 

and 

&
~H3 OH 

I I H 
ClL 0 

j 

These cyclised radicals are then expected 
to add 02 to form peroxy radicals of the type 
(taking C1 as an example) 

'00 CH
3 

+ 0 &OH 2~ " H 
~o 

CD]) 

with a rate constant of 

~lO-lZ cm 3 molecule- l s-l at room 

temperature. 

These bicyclic peroxy radicals are expect
ed to react with NO to form an alkoxy radical 
or yield a stable nitrate (analogous to the 
.:. C3 alkylperoxy case [169,170] (see also 
section 4). 
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'~O CH 3 
'0 OH :;:0. H a 

CE1) 

+ NO 

The overall rate constant is expected to 
be 

at 298 K (reaction 50). The ratio kb/(ka + 
kb) is obviously not known--Atkinson et ale 
[11] obtained a best fit of experimental versus 
calculated data for kb/Cka + kb) = 0.25 at 
atmospheric pressure, though obviously in 
such a complex reaction sequence this must be 
regarded as little more than an arbitrary 
adjustable parameter. Changes elsewhere in 
the model gave rise to large compensating 
changes in kb/Cka + kb) [11], and Killus and 
Whitten [371] neglect nitrate formation. 

A further reaction to be considered is 
recyclisation of Dl, as, for instance: 

CH 3 cr:t
/O 

00' 

I OH 

CDl) H 

1 
o 0 

HO --'---I--~ 'H 

H 0--0 

The thermochemistry of such highly bridg~d 
radicals is, needless to say, obscure and the 
modeling study of Atkinson et al. [11] con
cluded that such recyclisations could not be 
involved in the NOx-toluene-air or NOx -
cresol-air photo-oxidations, since no mechan
istic options subsequent to such recyclisa
tions could fit both the toluene and o-cresol 
systems. For a further discussion of this 
particular point, Gee Atkinson ct 01. Ill}. 

Thus it appears that the ring cleavage 
proceeds via the alkoxy bicyclic radicals (E); 
which should undergo a series of favorable 
S-scission fragmentations: (taking El as an 
example) : 

J. Phys. Chem, Ref. Data, Vol. 13, No.2, 1984 

.~~ CH 30H 
0, H 
~o 

(El) 

I OH 
. 0__ I DO 

HC""" o~ ~CH--C~ 
I ~CH ~CH 
HC~ ~ 1 3 

CH 

OH 0, 
I I 

CH 3 COCHCHCH CHCHO 

! 
CH 3COCHOH + CHOCH 

! O2 

CHCHO 

(reaction of an a-hydroxy radical with 02 
[275,276]) 

While there is only one mode of decomposition 
for radicals Cl via Dl and El, radical C2 can 
react with 02 via two modes to form: 

+ 

NO 

+02 + 
NO z 

CH 3 

'O~OH \ H 
~ 

(E2a) 

~ 
+ CHOCH CHCHO 

CH 3COCHO + H02 

~~H 
O' 

CEZb) 

~ 
CH 3COCH CHCHO + CHOCHOH 

j °2 

(CHO)2 + H0 2 
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While formation of EZa is favored thermo
chemically, the relative formation rates of 
EZa and E2b are not known. Table 31 shows, by 
analogous reaction sequences, the carbonyls 
formed from the various radicals (C). 

There is, a priori, no way of assessing 
the importance of these modes of reaction. 
However, Atkinson et al. [llJ found that, 
regardless of the subsequent chemistry, ex
clusive I-addition of Oz to the OH-toluene 
adduct and Z.Z.2-cyclisation to form radical 
(C4), and its analogy in the o-cresol system, 
was calculated to significantly underpredict 
03 and PAN in the toluene system, and over
predict them in the o-cresol system, and hence 
that this pathway was not exclusively opera
tive. The data could be fitted by either 
exclusive formation of 

CH 3COCHO + CHOCH ~ CHCHO + H0 2 

or a combination of 

CH
3

COCHO + CHOCH CHCHO + HO Z 

and 

More recently Killus and Whitten [371] have 
used exclusive formation of 

CH 3COCHO + CHOCH = CHCHO + H0 2 

in their modeling study. Obviously only 
further experimental evidence as to the 
initial dicarbonyl production will help 
elucidate these uncertainties. 

However, the alternatives cannot always 
be distinguished; thus a combination of Cl 
and C4 cannot be distinguished from C2(a) + 
CZ(b) etc.-~only if there is exclusive form
ation of CH3COCHO or of (CHO)2 as the a-di
carbonyls could unambiguous choices be made. 
The data of Nojima et a1. [376] from the 
irradiation of NO-aromatic mixtures (presumably 
in air) at high concentrations (1000 ppm of 
aromatic, 50, 100 or 200 ppm of NO) show that 
methylglyoxal is the major dicarbonyl product 
from both toluene and m-xylene, indicating 
reaction mainly via Cl or C2a for toluene, 
and Cml, Cm2, Cm3 or Cm5a for m-xylene. Of 
course, to some extent the precise structure 
of the various intermediates is immaterial, 
since all that is necessary are the coeffie 
ients such as a and~: . 

+ a(CH3COCHO + CHOCH CHCHO) 

+ S((CHO)2 + CH3COCH = CHCHO) 

In the following sections, the subsequent 
atmospheric chemistry of the cresols, a-di
carbonyls, y-unsaturated dicarbonyls and 
ketoacids is discussed. 

Atmospheric Reactions of Creso1s and 
Dimethylphenols 

The cresols are known to react rapidly 
with OH Il16,377,378J and N03 [11,368] radi
cals, these reactions being the major loss 
process of the cresols under atmospheric 
conditions. Reaction of the cresols with 0 3 is much slower, but is nevertheless a minor 
contributor to cresol consumption at 03 levels 
of ~ 0.1 ppm [298J. 

0 3 + cresols -+ prnrtl1rtc:; (94) 

The products of these reactions are not 
known, but by analogy with the aromatic hydro
carbons [349J, ring cleavage to a-dicarbony15 
and ketoacids is likely. Rate constants have 
been determined at room temperature for all 
three cresol isomers, the most recent and 
(presumably) accurate values being [298]: 

o-cresol, 

k94 = (2.55 ~ 0.39) x 10-
19 

molecule- l s-l 

m-cresol, 

k94 = (1.94 ~ 0.35) x 10- 19 

molecule- l s-l 

p-cresol, 

k94 = (4.71 ~ 0.66) x 10 19 

molecule 1 s 

all at 296 + 2 K. 

3 cm 

3 cm 

3 em 

We J el..UlIlIUeJlU Lhe!:ie val ues, wi Ih error 
limits of ~ 50% instead of those indicated. 

As noted above, under atmospheric condi
tions.with 03 ~ 0.1 ppm these reactjons 
contrIbute < 5-10% of the cresol loss rates 
at 298 K, and with the current state of know
ledge can probably be neglected as a first 
approximation. 

No rate constants are available for the 
reaction of 03 with the dimethyl phenols 
formed in the m-xylene system. We recommend, 
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in the absence of further information, using 
the above rate constants. 

N0 3 + cresols ~ products (95) 

it has been observed by O'Brien t379J and 
by Carter et al. [368] that the cresols are 
"stable" in the presence of 03 or NOx , but 
disappear rapidly in 03 + N02 mixtures, sug-
8e~tinQ a Tapid Tea~tion with N03 radi~al~_ 
In the model ing study 0 f Atkinson et al. [11] 
a rapid reaction of N03 radicals with the 
~resols was found to be necessary in order to 
fit the observed cresol time-concentration 
profiles, with a rate constant at 298 X in the 
range 

(5-20) x 10- 12 cm3 molecule- l -1 s 

at 303 K. More recently, Carter et a1. I368], 
using a relative rate technique, have derived 
rate constants for the reaction of N03 radi
calS with the three cresol isomers, the rate 
constants being approximately 

11 3 
k95 = 1 x 10 em molecule s 

for all three isomers. Uncertainty limits are 
. likely to be at least a factor of 2. In view 
of the high values of the rate constants at 
approximately 300 K, any temperature depend
ence should be zero or near zero, and we 
recommend: 

independent of temperature, with an uncertainty 
at 298 K of a factor of ~3. While products 
of these reactions have not been determined, 
the variation of the N03 radical rate con 
stants with substituent groups on the aromatic 
ring (very slow for toluene [279,368] and 
methoxybcnzcnc [368], and incrca~ing from 
phenol to the creso1s [368]) indicates that 
H atom abstraction from the weak phenolic O-H 
group (bond strength ~87 kcal moI-l in phenOl 
[367]) is the operative reaction pathway: 

NO 
~OCH3 OH 

3 + ~ 

This is in agreement with the computer 
modeling study of Atkinson et al. [11) and 
with the essential lack of a dependence of 
the NO~ radical rate constants on the posi
tion ot alkyl sub~titucnt~ in the cresol (if 
addition to the ring was the reaction pathway, 
then the m- isomer would, analogous to 0(3 p) 
atom [350,351,354J and OH radical [116] reac
tions, be expected to reac~ faster than the 
0- and p- isomers, contrary to the observa
tion of Carter et al. [368]). 

No information is available for the reac
tion of N03 radicals with the dimethylphenols, 
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but on the basis of the data of Carter et al. 
[368] for the cresols we suggest a rate 
constant, independent of temperature, of 

1.S x 10- 11 cm3 molecule- l s 

uncertain by a factor of at least 5. 

OH + cresols ~ products (96) 

Rate constants have been obtained for 0-

cresol by a flash photolysis-resonance fluor
escence technique over a range of temperature 
[377] and for the three cresol isomers by a 
relative rate technique [378]. The rate con
stants obtained are given in table 32. The 
rate constant obtained by Perry et al. [377] 
may have been somewhat low due to wall losses 
of the a cresol, especially in the UV ad
sorption calibration cell, while the rate 
constants of Atkinson et al. [378] may have 
been high. due to a small contribution to the 
cresol dIsappearance rate at the longer ir
radiation times due to N03 radical reaction, 
which was not known at that time. 

In view of these points, we recommend: 

k96 (OH + a-cresol) = 4.1 x 10- 11 cm3 

molecule- l s 

at 298 K with an uncertainty of + 30%. 

k96 (OH + m-cresol) = 5.9 x 10- 11 cm 3 

molecule 1 s 

at 298 K with an uncertainty of + 40%. 

k
96

(OH + p-cresol) ~ 4.5 x 10 11 cm3 

molecule- l s 1 

at 298 K with an uncertainty of + 40%. 

Perry et al. [377], from their tempera
ture dependent kinetic study, derived the 
amount of H-atom abstraction occurring in the 
reaction of OH radicals with o-cresol to be 
8% (with an uncertainty of a factor of ~2) at 
298 K. The H-atom abstraction rate constant 
Vias given by 

k96 (abstraction) 5 x ]0 11 e 900/T 

cm 3 molecule- 1 s-1 

Upon reevaluation to be consistent with the 
above recommendation, this becomes: 

k96 (abstraction) 6.8 x 10 11 e 900/T 
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Table 3l. Carbonyls AnticiEated From the Ring Cleavage Pathway From the Bicyclic Radicals (C) 

Toluene (CHO)2 

Cl 

C2 a 

C2 b j 

C4 j 

m-xylene 

Crnl 

Crn2 

Crn3 

Crn4 J 
CrnSIl 

CrnS b j 

CH 3 

a= o°xSf°H o. H 
R 

CH 3COCHO CHOCH=CHCHO CH 3COCH=CHCHO CHOCH=C(CH 3)CHO CH 3COCH=C(CH 3)CHO 

j j 
j j 

j 

j 

j j 

j j 
j j 

j 

j j 

j 

CH 3 

b= ~OH b.. H 
Where R = H (toluene) or CH3 (m-xylene), as 
the final alkoxy radical s (E). 

R 
O' 

Table 32. Rate Constants for the Reaction of OH Radicals 
With the Cresols at Room Temperature 

lOll x k96 cm 3 

Cresol Isomer molecule -1 s -1 T K Reference 

o-cresol :;.4 + 0.7 299 [:; 77] 

4.5 + 0.4 a 300 + [37 BJ 

m-cresol 6.5 + 0.7 b 300 + [37B] 

p-cresol 5.0 + O.Sb 300 + 1 [37B} 

aRelative to [k (OH + n-bu~,ne) - k(OH + neopentane)] = 
1.Bl x 10- 12 cm3 molecule 5- 1 at 300 K [262], 
consistent with our recommendation for k(OH + n-butane}. 

b Rate constants of m- and p-cresol, relative to that for 
o-cresol, of 1.42 + 0.08 and 1.10 + 0.05 were obtained. 
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molecule- l s-l 

at 298 K with an uncertainty of a factor of 
2. 

In the absence of further information, 
this is also suggested for the m- and p-creso1 
isomers. Since at ~400 K the H-atom abstrac
tion rate constant for o-cresol is [356,377] 
approximately a factor of 4 hIgher than that 
for toluene, and is ~50% higher than those 
for the trimethylbenzenes, this indicates 
(analogous to the N03 radical reaction, see 
above) that the H-atom abstraction occurs 
primarily from the -OH substituent group: 

OH + 

followed by reaction of these methyl phenoxy 
radicals with N0 2 to form hydroxynitrotoluenes: 

LOH 
-+~ 

N0
2 

as discussed above for the phenoxy radical. 
The OH radical reaction rate constant with 0-

cresol was observed [377] to exhibit a small 
temperature dependence in the range of ~298-
320 K, but within the error limits may be 
assumed to be temperature independent. The 
OH radical addition rate constants then become 
for o-cresol, 

add 
k96 (o-cresol) 

and, by inference: 

k add ( ]' 96 m-creso.) 

3.8 x 10- 11 

5.6 x 10- 11 3 em 

-1 -1 molecule s 
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molecule- l -1 s 

all approximately independent of temperature 
over the range ~270-320 K. 

Rate constants are not available for the 
dimethylphenols, but they may be estimated to 
be: 

for 2,6-dimethylphenol: 

for 2,4-dimethylphenol: 

-1 s 

. -11 3 1 -1 k96 ~ l~ ~ 3) x 10 cm molecule- s 

again independent of temperature over the 
range ~270-320 K. 

Since the H-atom abstraction pathway 
should have a very similar rate constant to 
that for o-cresol, then these OH ~ dimethylphenDl 
reaction:':> will proLt:eJ alJlIU:':>L eHLllt::ly via OM 
radical addition to the ring. 

Thermochemical calculations show that 
for OH radical addition to 0- and p-cresol, 
the isomers: 

and 6 
HO OH 

(F) 

aTe the most favoTable bv ~5 7 kcal mol-I. 
For the case of m-cresol~ formation of: 

~OH 
~_H 

OH 

as well as ~3 
~OH 

OH 

wuuld appeal Lu be al:':>u fa\")l aule, :':>lllLe uutli 
the CH3 and OH substituent groups are 0- , 

p- directing. 

Presumably a similar situation exists 
for the additi;n reaction of OH radicals with 
the dimethylpheno]s. 

In the following discussion, attention 
will be focused on a-cTesol, which is the 
most studied of the three cresol isomers [11]. 
The reaction sequence for the other cresols 
and the dimethylphenols should be assumed, 
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in the absence of further information, to be 
totally analogous. 

The radical (F) can react with NO Z to 
yield hydroxynitrotoluenes: 

(M) 

and these reactions, with the initial OH radi
cal addition at the site of the substituent 
OH group, account, at least in part, for the 
hydroxynit:ro-coluene isomers observed in the 
NOx-air photooxidations of 0- , m- , and p
cresol [11]. It should be noted that the 
observed hydroxynitrotoluene isomers can also 
be formed from the reaction of NOZ with the 
methyl phenoxy radicals formed by H-atom ab
straction from the cresol OH group by OH 
radicals or N03 radicals, as noted above, and 
so at this time the reaction pathways leading 
to hydroxynitrotoluene production cannot be 
unambiguously ascertained. However, the 
observed hydroxynitrotoluene yields are small 
«3% of the o-cresol reacted in NOx-cresol
a1r photooxidations [11]), and the dominant 
reaction of the radicals such as (F) is ex
pected to be with 02: 

..J::..OH U- OH 

(M) 

( F) ( G) 

The subsequent reactions of radicals (G) 
are then assumed, again in the absence of any 
definitive information, to be analogous to 
tllU::,e uf faull-al (B) ln the toluene SYSTem, 
1. e., 

for example: 

(G) 

CHOCH = CHCHO + HOz 

Hence. in general, rHOc02H is formed 
instead of (CHO)2, and CH3COC02H in~tead of 
CH3COCHO in the schemes in table 31. This 
reaction scheme for the cresols then explains 
their low reactivity in terms of NO to N0 2 conversion and 03 forming pot-ential [11], 
since CH3COC02H can be considered, at least 
as a first approximation, to be of low reac
tivity, when compared with the high reactivity 
towards OH radicals and photolysis of 
CH 3COCHO (see below). 

Subsequent Reactions of a-Dicarbonyls 

For the toluene and m-xylene systems the 
a-dicarbonyls involved are glyoxal and methyl
glyoxal; biacetyl will be involved only in 
the o-xylene and 1,2,3- and 1,2,4-trimethyl
benzene systems. These species can react 
under atmospheric conditions with OH radicals 
and can undergo photolysis: 

OH + a-Dicarbonyls ~ products (97) 

Biacetyl, as anticipated, reacts slowly 
wi'th OH radicals. Darnall et al. [343] using 
a flash photolysis-resonance fluorescence 
technique obtained a rate constant of 

at 298 + 2 K, showing that under atmospheric 
conditions the react-ion of OH radicals with 
biacetyl is negligible. Glyoxal and methyl
glyoxal, however, will react rapidly with OH 
radicals: 

OH + (CHO)Z ~ H20 + HCOCO 

J 
CO + HCO 
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Rate constants for these reactions have 
been recently determined in two studies. 
Kleindienst et al. [380] obtained a rate 
constant for the reaction of OH radicals with 
methylglyoxal of 

(7.1 ~ 1.6) x 10- 12 cm3 molecule- l s-l 

at 297 K using a flash photolysis-resonance 
fluorescence technique. More recently, using 
a relative rate technique, Plum et al. [381] 
have obtained rate constants for both glyoxal 
and ~ethylglyoxal (relative to that for 
cyclohexane) of 

1.15 x 10- 11 cm3 molecule- l s-l 

and 

1.73 x 10- 11 cm 3 molecule- l s 

respectively. at 298 ~ 2 K. 

While there is a discrepancy of over a 
factor of 2 between these two studies for 
methylglyoxal, since the investigation of 
Plum et al. [381] also determined photolysis 
rates, and yielded the only OH radical rate 
constant data for glyoxal, we recommend the 
data from this study, i.e., 

Glyoxal: 

k97 1.15 x 10- 11 cm3 molecule- l s-l 

assumed to be independent of temperature, 
with an estimated uncertainty at 298 K of 
+ 40%. 

Methylglyoxal: 

k97 = 1.7 x 10-11 cm 3 molecule- l -1 s , 

Methylglyoxal: 

k98 ~ 2 x 10- 15 cm3 molecule- l s-l 

at 298 K with an estimated uncertainty of a 
factor of ~3-5. These reactions should hence 
be negligible under atmospheric conditions. 

a-Dicarbonyl + hv + products ( 99) 

These a-dicarbonyls absorb radiation up 
to ~470 nm [381] where the light intensity in 
outdoor and indoor smog chambers, and in the 
ambient atmospheres, is usually much more 
intense than at wavelengths of ~300 nm. 

However, quantum yields and photodissoc
iation pathways for their photodissociation 
~s ~ ~Inction of wavelength under atmospheric 
conditions are not known at the present time. 

The most relevant information regarding 
photolysis of these a-dicarbony1s under simu
IHL~d Htmo~pheric conditions comes from ~he 
work of Darnall et al. [343] and Plum et al. 
1381]. While these photolysis rates are only 
applicable to the spectral distribution used, 
this spectral distribution was approximately 
that of sunlight in the lower troposphere 
[381]. Thus the ratio of these photolysis 
rates to that for N02 (kl) measured in the 
same experimental system can be used in the 
absence of detailed quantum yield data for 
the particular environmental chamber or for 
the ambient atmosphere. For biacetyl, 
Darnall et al. [343] obtained k99/kl ~ 
0.032-0.040, while Plum et al. [381] determined 
this photolysis rate ratio to be 0.036 ~ 
0.004, in excellent agreement. For glyoxal 
and methylglyoxal, Plum et al. [381] obtained 
ratios of k99/k1 of 0.008 ~ 0.005 an~ 0.019 ~ 
0.005, respectively. We recommend, In th~ 
absence of experimental data for the partlcu
lar application, the use of these rate con
stant ratios determined by Plum et al. [381], 
i. e. , 

Glyoxal: 

assumed to be independent of temperature, with 
an estimated uncertainty at 298 K of ~ 40%. k99 ~ (0.008 ~ 0.005)k l 
It may be noted that these rate constants are 
very similar to those for HCHO and CH3CHO, 
respectively. Methylglyoxal: 

N0 3 + a-Dicarbonyls + products (98) 

These reactions are presumed, by analogy 
wlth the other aldehydes, to have rate con
stants of: 

Glyoxal: 

2 x 10- 15 cm3 molecule- l -1 s 

at 298 K with an uncertainty of a factor of 
~3-5. 
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k99 = (0.019 + O.OOS)k l 

Biacetyl: 

k99 = (0.036 ~ 0.004)k l 

Plum et al. [381] further showed that 
for the spectral distribution used the ob
served photodissociation must occur essen-. 
tially totally from the 340-470 nm absorptlon 
band and that the average quantum yields are 
significantly less than unity, being 0.029 ~ 
0.018 for glyoxal, 0.107 + 0.030 for methyl
glyoxal and 0.158 + 0.024-for biacetyl for 
A ~ 325 nm. For tne 280-350 nm region, Cox 
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etal. [3451 derived an average photo<iissoci
ation quaritu~'yieJdcof O~98 to.IS. 

The photolYS1S products are not known 
quantitatively. Glyoxal photolysis apparently 
does riot lead to radical formation [2301, 
leading instead to HCHO +COorHZ + 2 CO 
(38Z]: 

(tHO)2 + hv +'HCHO + CO a 

CO b 

Plum et ale (381] observed formaldehyde form-
ation corresponding to 13% of the glyoxal 
photolysis by pathway (a) ; presumably pathway 
(b) accounts for the rem.ainder of glyoxal 
photodiss6ciation. 

The observation of PAN formation from 
photolysisofmethylgloxal.andbiacetyl-NOx -air mixturesshows·~ha~ the processes: 

occur, with CH3CO and HCO radicals reacting 
rapidly with Oz to yield CH3C03:radicalsand 
HOZ + CO, respectively. This is in agreement 
with the observation of the absorption spec
trum of theCH3C03 radical by"Coxand cowork
ers [148,345] from the photolysis of bi
acetyl-Oz mixtures. 

Obviously, further work is needed to 
determine the photodissociation pathways and 
their quantum yields as a function of wave
length for these a-dicarbonyls. 

Subsequent Reactions of Keto Acids (100,101) 

The keto acids'CHOC02H and CH3CQC02H ar,e 
expectedtobe formed in the NOx photooxid'a
tionof, toluene andm-:xylene, from the 
initially formed cresols and dimethylphenols 
[11]. The atmosphe~ic chemistry of these 
compounds is, to say the least, incompletely 
understood at the present time. ' 

Photolysis(reac~ionlbO) of CH3COCOZH 
is reported [Z30] tobeefficient in the gas 
phase~with~ phdtorlissociation qu~ntum yield 
t.o CH3CHO of approximat.ely unity at. 353 K 
[Z 30 J. This formation of CH3CHO could well 
explain t.he acetaldehyde yields observed in 
NOx~~rnmatic irr~rliation~ [5.373]. Phntnrlis
sociation quantum yields and absorption cross
section data for these c~rbonyl acids are 
obviously needed. 

By analogy with CH3CHO and CH3COCHO 
CH3COCOZH should react only very slowly at 
Z98 K wlth OH radicals, with 

-13 3 -1 -1 k101 ~ 1.5 x 10 cm molecule s 

while CHOCOZH is expected to react rapidly 
with OH radicals: 

OH ,,+ CHOCOZH + HZO + COCOZH 

I 
CO + C0 2H 

ozj "", 
H + CO 2 

with an est.imated rat.e const.ant. of: 

independent of temperature, with estimated 
uncert.ainties of a factor of approximately Z. 

Subsequent Reactions of v-Unsaturated 
Dlcarbonyls 

The possible y-unsaturated dicarbonyls 
formed in the toluene andm-xylene systems 
are: 

CHOCH ::. CHCHO 

CHOCH = CCHO 
I 
CH 3 

and reaction with N03 and oh radicals and 03' 
and photolysis must be considered. 

Photolysis (102) 

By analogy with acrolein (CHZ = CHCHO) 
and crotonaldehyde (CH3CH = CHCHO), which are 
apparently phot.ochemically st.able under atmos
pheric conditions [ Z30 1, photolysis of the 
above y-unsaturated dicarbonyls is expected 
to be slow. However, data are urgently 
needed to confirm this expectation. 

N0 3 Reactions (103) 

N03 radicals are expected to rea~t anal
ogously to their reaction with aldehydes, 
i.e., by H-atom ab&tractionfrom the -CHO 
group with an estimated rate constant of 

-IS 3 1 -1 kl03 ~1.4 x 10 cm molecule- s 

(uncertain to a factor of >5) per CHO group 
at Z98 K (i.e., an overall-rate constant of 

-113 -1 -1 kl03 ~3 x 10 em molecule s' 

J.Phys.Chem.Ref.Data, Vol. 13; No.2, 1984 
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at 298 K for the reaction of N03 radicals 
with CHOCH = CHCHO). The subsequent reactions 
of the products are discussed below in the OH 
radical section. 

2.3 Reactions (104 ) 

No data are available for the reaction 
of 03 with such y-unsaturated dicarbony1s. 

However, by analogy with the literature 
rate constants for the reactions of 0(3p) 
atoms~ OH radicals and 03 with acrolein, 
crotona1dehyde and other selected carbony1s 
and a1kenes (table 33), it can be seen that 

and 

a) replacement of -H by -CHO decreases 
the 03 rate constant (acrolein versus 
ethene and crotonaldehyde or meth
acrolein versus propene) 

b) the effect of the CH3CO- group is 
intermediate between the H- and CH3 
substituents (see OH radical and 03 
rate constants for CH2=CH2, 
CH3CH=CH2, and CH3COCH=CH2)' 

Thus, the data indicate that 

acrolein) < k(03 + ethene) 

k104 (03 + CH3COCH=CHCHO) < k104 (03 + 

crotonaldehyde). 

The rate constants for the reactions of 03 
with the various y-unsaturated dicarbonyls 
are estimated, on the basis of the data shown 
in table 33, to be: 

CHOCH = CHCHO < 3 x 10- 19 

CH3COCH = CHCHO 

CHOCH CCHO 
I 

< 3 x 10- 19 
I\., 

CH 3 

CCHO 
I 
CH 3 

Since the OH radical rate constants, (see 
below) are estimated to be 

-11 3 -1 -1 klOs ~ 1.5 x 10 cm molecule s 

we recommend that, possibly apart from 
CH3COCH = C(CH3)CHO, their reaction with 03 be 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

considered to be negligible under most atmos
pheric conditions; obviously experimental 
work is necessary to substantiate this recom
mendation. 

OH Radical Reactions (105) 

OH radicals can react with these y-un
saturated dicarbonyls via H-atom abstraction 
from the -CHO group or via OH radical addition 
to the double bond: 

OH + CHOCH=CHCHO + H20 + CHOCH=CHCO 

OH 
I 

+ CHOCH-CHCHO 

Th~ OH 1- auical auui liuu nl.l~ l:Ull:S lau l5 
may be estimated by a method analogous to 
that used for the estimation of the 03 reac
tion rate constants (see above); the rate 
constants for OH radical addition so estimated 
at 298 K are (see also [385]): 

CHOCH = CHCH> 

~3 
CHOCH = CCHO 

123 -1 -1 10 x k105 ern molecule s 

< 5 

< 'V 

~ 5 

'V20 

For the H atom abstraction pathway, the 
rate constants are estimated, by analogy with 
other aldehydes [116,381], to be approximately 

1.5 x 10- 11 cm3 molecule- l s-l per -CHO 

group. 

The H-atom abstraction rate constants are 
expected to be essentially temperature inde
pendent while the OH radical addition rate 
constants will, by analogy with the a1kenes 
[116]", hc:J.ve a negative temperature dependence 
of'Ve::>OO/T. 

Hence at 298 K, we estimate the following 
OH radical rate constants: 
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11 3 -1 -1 10 x k105 cm molecule s 

H-Atom OH Radical 
Abstraction Addition 

rnOCH = rnrno 3.0 <0.5 

CH3COCH = CHCHO 1.5 ~O.5 

CHOCH = C(CH3)CHO 3.0 ~0.5 

CH3COCH = C(CH3)CHO 1.5 "'2.0 

For OHradical addition, by reaction 
schemes analogous to those for the ~lkenes 
(section.5), the reactions subsequent: t:o t:he 
initial addition will be (R,R'=H or CH3) , 

OH+ RCOCH 

OH 
I . 

CR I CHO -+ RCOCH - CR I CHO 

! °2 
OH 00' 
I I 

RCOCH - CR ' CHO 

OH 00' OH ON0 2 
I I I 

RCOCH - CR 'CHO + NO -+ RCOCH 

OH 
I 

-+ RCOCH 

I 
CR'CHO 

0' 
I 
CRICHO 

with (ka +kb) approximately equal to 

x 10- 12 cm3 molecule- l s-1 

a 

b 

at 298 K, and, at atmospheric pressure and 
298 K, ka/(ka + kb) possibly 'V0.08 CR, R'=H), 
",0.12 (R = CH3. R' = H or R = H, R' = CH3) or 
'I.r 0 • 2 ( R , RICH 3) • 

By analogy to the a-hydroxy alkoxy radicals 
formed in the alkene systems, the above B
hydroxyalkoxy radicals are assumed toundel-go 
rapid decomposition, 

OH 
I 

RCOCH 

0' 
I 
CR'CHO ~ RCOCHOH + R'COCHO 

Hence the products are (exactly the same 
products are formed from OH radical additidn 
to the other carbon atom): 

y-Dicarbonyl Products 

CHOCH = CHUiO 2 (CHO) 2 + H02 

The subsequent reactions of these ((-Ol
ea rhony1 s haye heen dea 1.,1" wi 1"hahnve _ 

For H-atomabstraction, the initially 
formed acyl radical will rapidly add 0Z' 

OH + RCOeH - CR'CHO + RCOeH I~:'CO + ~O 

RCOCH = CRIC03 

This acylperoxy radical can undergo. 
three reactions; reaction with NO, reactlon 
with NO Z' or cyclisation: 

RCOCH 

RCOCH 

CR ' C0 3+ NO ~ RCOCH CR'CO Z + N0 2 (50) 

t 
RCOCH CR"+COZ 

o 
CR'C03 + NO Z t RCOCH CRt ~OON02 

RCOCH 

(5Ih,-Slb) 

o RI 
" ./ RC- CH - C 

/ \ 
o C 
"'-/ o 

o 

As with the case of peroxyacety1 nitrate 
(PAN), we assume that at 298 K: 

-12 3 -1 -1 
kSlb - 4.7 x 10 cm molecule S t 

k_
S1b 

'I.r 1.95 x 1016 e-13543/T s-1 

3.6 x 10- 4 s-l 

-1 s 

J. Phys. Chern. Ref. Data, Vol. 13, No. 2,1984 
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at 298 K, with an uncertainty of at least a 
factor of 2 at 298 K. 

The rate of cyclisation of RCOCH = CR'C03 
radicals is not at present known. The cycli
sation reaction appears to be, based on ther
mochemical calculations, slightly ex·othermic. 
If the estimates of Demerjian et al. [267] 
are correct, then 

k ~ 3 x 1011 e-5500/T 

at Z98 K, and cyclisation should dominate over 
reaction with NO or NOZ (lZO-180 s-l at 1 ppm 
of N02 or NO respectively). However, if thf 
activation energy is higher by ~5 kcal mol- , 
then cyclisation will be unimportant. How
ever until further information bernme~ ~v~il
able'for the RCOCH CR'C03 radicals, .both 
mechanistic routes should be considered. 

The recent product study of Arnts and 
Gay [268] un Ult:: NOx-photuuxld.aLluH uf l~u
prene has shown that, before significant 
amounts of 03 are formed, methyl vinyl ketone 
and methacrolein are formed from the reaction 
of OH radicals with isoprene, and hence, for 
radicals of the type 

where R, Rl = Hand CH 3 , or CH3 and H, 

reaction with NO dominates (see also 1384] 
and references therein). 

Cyclisation Dominates 

The subsequent reactions of the 

RCOCH- CR' 
I "-
0, ~C o 

o 

radicals are expected to be: 

R' 
./ 

00' 
I 

RCOCHCR' RCOCH-C 

I ~C o + Oz ~ I ~C 
0-0 

00' 
I 

RCOCHCR' 

I :;CO + NO ~ 
0-0 

0-0 

ONOZ 
I 

RCOCHCR' , 
I /CO 
0-0 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

o 

a 

with 

O· 
t 

RCOCHCR', 

I /CO + NO Z 

0-0 

at 298 K and k /(k + kb) ~O.l at atmospheric 
pressure and Z§8 K~ 

These cyclic alkoxy radicals are then 
expected to rapidly decompose (they must do 
so if R' = CH3) , although isomerisation could 
possibly compete for the cases where R = CH3 . 
At the present time we assume that the ener 
getically highly favorable decompositions will 
be the exclusive pathway--obviously experi
mental data to confirm or disprove this po~tu
late would be useful. The decompositions and 
subsequent reactions for the specific y-un
saturated dicarbonyls are: 

1) 

0· 
I 

CHO-CH-CH O· 
I 

I . "'-/C o ~ CHOCHCHO + COZ 

0-0 

Z) 

Since the decompositions 
o· 

CH 3COtHCHO ~ CH 3CO + (CHO)Z 

~ CH
3

COCHO + HeO 

+ (CHO)Z + HCO 

a 

b 

have almost identical calculated exothermic
ities the two pathways probably have similar 
rates, hence ka ~kb' 
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3a) 

as above. 

3b) 

o· 
CHO -CH- t -CH 

I "C

3

= 
0-0"""""" 

CH 0' 
I 3 I 

CHO -C -CH 
o I 'C 

0-0/ 1 
yH3 

CHOCCHO + 

6' 
+ 

4) 

o· 
I 

CH3COCHCOCH3 

1 
The products expected from the reaction 

of OH radicals with these dicarbonyls, pro
ceeding via H-atom abstraction with cycliza
tion, are shown in table 34. 

Cyclisation Negligible 

As noted above, the initial peroxyacyl 
radical can in this scheme react with NO or 
NOZ, the latter reaction forming an unsaturated 
peroxyacyl nitrate, RCOCH = CR'C03NOZ. This 
peroxyacyl nitrate, if formed (as appears 
likely [384]) is assumed to have an equivalent 
stability to that of PAN, and is responsible 
in NOx-aromatic photooxidations as a sink 
(albeit temporary) of NOx [11]. Reaction of 
the peroxyacyl radical with NO leads to: 

CH 3COCHO + HCO RCOCH CR ' C0 3 + NO ~ RCOCH CR'CO Z + NO Z 

Radicals shown in (3a) and (3b) both can occur 
trom: 

CH 3 I 
OH + CHOCH CCHO 

t CH 3 ,. 
CHOCH CCO 

2°2 I NO 
CH 3 I 

* 
.. CHOCH-C -0' 

NO Z 1 ~co 
0-0 

CH3 I 
OH + CHOCH CCHO 

! CH 3 
I 

CHO-C CHCO 

20
2 I NO 

CH 3O. 
I I 

Nt 
.. CHOC-CH 

I "-2 CO 

0-0/ 

and these two OH radical reaction pathways are 
expected to have similar rate constants. 

~ 
RCOCH CR"+COz 

The RCOCH = CR ' · radical should react with 
02 and then NO or NO Z: 

RCOCH = CR' + 02 ~ RCOCH CR'OO' 

RCOCH CR'OO + NO ~ RCOCH CR' ONOZ a 

~ ReOCH = CRIO + NOl 

~. ~ b 
RCOCHeR' 

with 

at 298 K and, at atmospheric pressure, 

~ 0.08 (R = H or CH 3 , 

R I = CH
3 

or H); 

~ 0.12 (R, R' = CH 3), 

based upon the data for the n-alkane series 
[170,172] (though this analogy may not hold), 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 
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TaSle 33. Rate Constants at Room Temperature for the Reactions of 
OC P) Atoms OH Radicals and 0 3 With Selected Carbony1s and A1kenes 

Organic 

HCHO 

CH 3CHO 

CH 2=CHCHO 

1.6 x 10-13 

b 
4.4 x 10- 13 

b 
1. 0 x 10- 12 

7.3 x 10-13 

4.0 x 10- 12 

kCcm3 mo1ecu1e- 1 s-l)a 

OH 

1.0 x 10-11 

1.0 x 10-11 

c 
1. 8 x 10- 11 

c 
3.5 x 10- 11 

2.9 x 10-11
c 

c 
1.9x 10- 11 

8.1 x 10-12 

2.5 x 10- 11 

aRecommendations from this work, except as noted. 
b[3831, relative to kfO(3 p ) + propenel. 
c[384J. 
d[38S] . 

0 3 

<6 X 10- 71 

2.8 x 10- 19 

9.0 x 10-19 

1.1 x 10- 18 

4.8 x 10- 18 

1.8 x 10- 18 

1.1 x 10- 17 

Table 34. Products Formed From the H Atom Abstraction Route in the 
Reaction of OH Radicals With y-Unsaturated Dicarbony1s, 

Assuming Ring Cyc1isation (see text) Predominates 

Estimated Product Yield 

y-Dicarbonyl HCO (CHO) 2 

CHOCH = CHCHO 1.0 1.0 

CH3COCH = CHCHO 0.5 0.5 0.5 O.S 

CHOCH = C(CH
3

}CHO 0.75 0.25 0.75 0.25 

CH 3COCH = r.Cr.H 3)r.HO 1 _ 0 1 _ 0 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

d 

d 

d 

d 

d 
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RCOCH = CR'OO"+ NO z ~ RCOCH = CR'OONO z (51) 

at Z98 K. 

This particular type of peroxynitrate 
decomposes very ra.pidly to the N03 and the 
alkoxy radical rather than back to reactants 
[178] , 

RCOCH CR'OONO Z ~ RCOCH CR'O· + NO 

10
3 

RCOCH~R' 

and hence the reaction effectively proceeds as 
a single step for modeling purposes: 

o 
. ~ 

RCOCH = CR'OO' + NO Z ~ ROCHCR' + N0 3 

This latter radical is then expected to 
react in a manner typical of alkyl radicals 
with Oz and then NO or NO Z' 

The radicals formed at the stage for the 
various y-dicarbonyls are then: 

y-Dicarbonyl 

CHOCH = CHCHO 

Radical 

COOCHCHO 

CHOCHCOCH a) and 
3 

CH C(CHO) b) 
3 z 

CH 3 I. 
with (a) formed from the CHOCH = CCO radical, 
(b) from the CH3r = CHCO radical. 

CHO 

The subsequent reactions are then: 

RR'R"COZ + NO ~ RR'R"CONO Z a 

~ RR'R"CO· + NO Z b 

with 

at 298 K and 

at atmospheric pressure, depending on the 
number of carbon atoms (C3 to C5). At this 
stage the radicals are then: 

y-Dicarbonyl 

CHOCH = CHCHO 

Alkoxy Radical 
O· 
I 

CHOCHCHO 

These radicals are expected to undergo 
rapid decomposition: 

O· 
I 

CHOCHCHO + (CHO)Z + HCO 

O' 
I 

CH 3COCHCHO ~ CH3CO + (CHO)Z 

o· 
J 

~ CH3COCHO + CHO 

CH3C(CHO)Z + CH 3COCHO + HCO 

O· 
I 

and CH 3COCHCOCH3 + CH3COCHO + CH 3CO 

to yield a-dicarbonyls. which have been dis
cussed above. 

At the present time, the meager data [384 
and references therein] indicate that a peroxy
acyl nitrate, assumed to be 

CH
Z 

= C_CH3 
....... C = 0 

I 
OONO Z 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 
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l}; formed from the NOx-air photooxidation of 
methacrolein. This, if confirmed, indicates 
that cyclisation of the RCH = CHC03 radical 
does not occur. Further work to identify such 
peroxynitrates and to study their thermal de
compositions and other reactions operable 
under atmospheric conditions is obviously 
needed. 

9. Combination Reactions of 
Peroxy Radicals 

In this section, the available data for 
the combination reactions of peroxy radicals 
are discussed along with other miscellaneous 
reactions not covered in the earlier sections. 

Obviously, the number of different peroxy 
radicals present in any (even in a single 
simple organic) NOx photooxidation can be 
large. However, in the presence of NOx (for 
NO levels >1 ppb, certainly) the reactions 
with NO witl predominate over combination and 
under such conditions, peroxy radical combi
nation reactions can be neglected [7]. 

In the following sections, the available 
rate constant data are given together with 
the product distributions. 

(106 ) 

Rate constants for this reaction have 
been obtained from numerous studies [155,158, 
159,161,187,188,386-391] and the data obtained 
(absorption cross-sections and rate constants 
at room temperature) are given in table 35. 

Since the rate constant is derived from 
measurements of k/o and 0, and most studies 
w~rc carricJ out at different wavclcngths, 
comparison of the reported data is somewhat 
difficult. Absorption spectra and cross 
sections have been reported from several 
~tudi~s (table 35). The data of Parkes [188, 
387], Parkes et ale (187] and Adachi et ale 
[390J are in agreement, but disagree with 
those of Hochanadel et al. [386], Kan et al. 
[388] and Sander and Watson [391J, being a 
factor of 1.5-2 higher in cross-section. 
Table 35 gives the absorption cross-sections 
and values of kla. The very recent absorp
tion cross-section determined by Sander and 
Wut~on [391] at 250 nm is in excellent agree
ment with the values of Hochanadel et al. 
[386] and Kan et a!. [388] at that wavelength, 
and we hence recommend the use of the absorp
tion cross-section data of Hochanadel et al. 
[386]. Using these absorption cross-sect1on 
data of Hochanadei et ale [386], reevaluated 
rate constants k~O~ are also given in table 
35. The agreement is reasonable, with the 
"[otal ::;pr~ad lH:~illg ::'UJll~ 50% uf Lh~ lIl~aH valu~ 

of 

at room temperature. Kan and Calvert [392] 
have shown that, different from the combina
tion reaction of HOZ radicals, H20 vapor has 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 

no effect on the measured rate constant for 
combination of CH30 2 radical-s at room tempera
ture. 

Both Parkes [387] and Anastasi et al. 
[ISS] reported that the rate constant for 
this reaction has little, if any, temperature 
dependence, although the small temperature 
ranges used (288-298 K and 300-325 K, respec
tively) did not rule out a positive or nega
tiv: te~perature dependence equival~¥t to an 
actlvatl0n energy of a few kcal mol . Very 
recently Sander and Watson [391] have deter
mined rate constants for this reaction over 
the temperature range 248-417 K, and have 
obtained the Arrhenius expression 

kobs 
106 

1.4 x 10- 13 eZ23/T cm3 molecule- l 

-1 s 

(3.0 + 0.5) x 10- 13 cm3 molecu1e- 1 

-1 s 

at 298 K. NASA [3] have, based upon the data 
of references [155,16l,386-389J and the ab
sorption cross-section data of Hochanade1 
1386] recommended 

kobs = 3.4 x 10- 13 cm3 molecule- l s-l 
106 

at 298 K with an estimated uncertainty of a 
factor of 1.25 and, using the temperature 
dependence obtained by Sander and Watson [391], 
recommended: 

kobs 
106 

mo1ecule- 1 5- 1 , 

However, this recommendation at 298 K, 
which is identical with that derived from the 
mean of the data in table 35, is based upon 
the measured rate constants. Secondary reac
tions of the products 8f this reaction will 
result in these measured values being upper 
limits to the true elementary rate constant 
kl06 ' 

The reaction can proceed via the pathways 
[387,393-395] 

Quantitative data for these reactlon pathways 
have been obtained by Parkes [1881, using 
molecular modulation spectroscopy, and more 
recently by Kan et ale [393] and Niki et al. 
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Table 35. Literature Room Temgerature Absorption Cross-Sections (0) 
and Combination Rate Constants k1g~ For Methr1Eeroxy Radical Combination 

-4 obs 10 x k106/a em 1013 kobs 
x 106 

1018 x cr cm
2a 

::It A nm molectlle- 1 .;-1 cm3 molec'l11e- 1 ~-l TechniquE>d RE>ference 
b c 

4.4 240 10 4.4 3.1 MMS [187, 

5.5 -I- 1.0 238 10 5.5 -I- 1. 0 3.3 -I- 0.6 MMS f387 J -
3.3 235 11 + 2 3.8 + 0.7 3.8 + 0.7 FP [386] 

235-240 8 + 2 2.6 -I- 0.6 FP I1 55) 

2.0 + 0.1 265 20.5 4.2 + 0.5 3.7 + 0.4 FP [388J -
3.1 239 

253.7 15 3.7 -I- 0.3 3.7 + 0.3 FP [389] 

245 11 3.2 + 0.2 FP [161] 
270 28 .L~ + O_S FP [1 h 1 ) 

6.0 240 10.8 + 0.8 5.8 + O.Se .3.2 + 0.3 FP [390J 

3.9 250 13.3 S.2 -I- 0.9 3. 7 + 0.7 MMS [158, 

2.5 4- 0.4 250 12 + 1 3.0 + 0.5 3.3 FP (391] - -
base e. 
reported. 

CUsing the absorption cross-sections of Hochanade1 et al. I386J. 

dMMS - molecular modulation spectroscopy; FP - flash photolysis-kinetic spectroscopy. 
eCorrected for secondary reactions. 

188] 

159] 

J. Phys. Chern. Ref. Data, Vol. 13, No.2, 1984 



4~O A. ATKINSON AND A. LLOYD 

[394J using FT-IR absorption spectroscopy. 
The rate constant ratios obtained are: 

Parkes [188] 

ka/klO6 = 0.33 .:!:. 0.05 

Kan et al. [393] 

kb/ka 1. 32 + 0.16 

kc/kb ~ 0.14 

and kd « kb 

0.42 + 0.07 

0.53 .!. 0.10 

Niki et al. [394] 

0.32 

0.60 

with no evidence for channel (d) 

These data are in good agreement and we 
recommend 

with the ratios ka/k106 and kc/k106 being 
uncertain by + 30%. Hence, secondary reactions 
of CH 30 radicals: 

lead to the observed rate constant being an 
upper limit to the "truel! rate constant kl06. 
Kan et al. [388] have assessed the influence 
of secondary reactions in this system and 
estimate that the value of kl06 is gome 12% 
lower than the observed value of k~06' We 
thus recommend 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 

at 298 K, with an uncertainty of a factor 
of 1. 3, and: 

k
106 

= 1.5 x 10- 13 e-220fT cm3 

mo1ecule- 1 5- 1 

CH30 Z ~ H02 + products (107) 

(presumably CH
3
00H + 02J 

Rate constant~ for this reaction have 
been obtained recently by Cox and Tyndall [158, 
159] using molecular modulation spectroscopy 
over the temperature range 274-337 K, with 

k I07 = (6.0 ~ 0.9) x 10- 12 cm3 

molecule- 1 s-1 

at 298 K, 

at 274 K, 

(8.5 ~ 1.2) x 10- 12 cm 3 

mo1ecule- 1 5- 1 

(3.5 ~ 0.5) x 10-12 cm 3 

molecule- l 5- 1 

at 338 K, assuming the CH302 absorption cr05S
section to.be independent of temperature (as 
since confirmed by Sander and Watson [391]). 

A strongly absorbing (210-280 nm range) 
product was observed and was attributed to 
CH300H. The spectrum of this product is 
reasonably Similar, at wavelengths <250 nm, to 
that reported by Molina and Arguell~ [396], 
supporting the postulate that the reaction pro
r~edg via formation or CH300H + Oz. 

While, based upon these data, NASA i3) 
recommends: 

k
107 

= 7.7 x 10-14 e1300lT cm3 molecule- 1 

s-l 

at 298 K with an estimated uncertainty of a 
factor of 3 at 298 K, Kan et al. l595J derive, 
from their data for the CH30 2 + CH30 Z system, 
a value of 

and Niki et al. £397] deduced a similar value 
of 

(l.S + 0.5) x 10- 12 cm3 molecule- 1 5- 1 



KINETIC DATA FOR MODELING OF ,PHOTOCHEMICAL SMOG 421 

for the CZHSOZ +HOZreaction. Obviously 
further worki5necessary before a firm 
recommendation can be made. 

a (108) 

c 

Adachi et al.p98] have, using a flash 
photolysis technique, determined the rate 
constant for the combination of ethylperoxy 
radicals to he: 

kobs 
108 (1.10 ~ 0~09) x 10- 13 cm3 

molecule- l s-l 

at room temperature. Assuming a rate constant 
rat.io of 

approximately equal to 0.3 to 0.5 Adachi and 
Basco [398] derived a rate constant, correct.ed 
for secondary react.ions of the et.hoxy radicals 
formed in reac.tion pathway (l08a), of 

-13 3 
(1.0 .:. O. 1 Y xl 0 cm 

molecule- l s-l 

at. room temperature. 

More recently Niki et al. r3971 have 
obtained the rate- constant ratios 

L 3 ::·0.16 and 

ka/kb ~ 1~7S + O~OS at 30Z K, 

2.1Z + 0.10 at 333 ~ and 

Z.4S + 0.15 at 373 K, 

with channel (c) contributiilg <5%0£ the 
overall reaction. From these ~ata Anastasi 
et al. [399] derived: 

kl08a = 3.Z x 10- 13 e- 683/ T cm3 

mo1ecule- 1 5-1 

3.2x 10- 14 cm3 molecule- 1 s-1 

at 298 K, 

at Z98 K. 

-1 -1 molecule s 

Since the ex-perimental data of these three 
studies 1397-399] are in reasonable agreement, 
we recommend the data of Anastasi et al. [399] 
(the most comprehensive study), which yield 

at 298 K. 

CH3CHZCHZCHZOZ + CH3CH2CHZCHZ02 > 

products 
(109) 

The SOle reported data concerning thlS 
reaction are those of Adachi and Basco [400], 
who obtained a value of 

which lA~d tn kobs 
109 

-13 3 (3.8 ~ 0.3) x 10 em 

that 

0.40 - 0~44 

Anastasi et al. [399] have determined 

kobs 
108 (9.48 ~ 1.30) x 10- 14 cm3 

molecule- 1 s-1 

at 303 K, increa~ing with temperature, and 
that 

mo1ecu1e- 1 s-l 

at room temperature. No determination of the 
products formed were made, and this rate 
constant is an upper limit to the "true tl rate 
constant for reaction (109). 

(110) 

a 

b 

This reaction has been investigated by Kirsch 
et al. [401,402], Cowley et al. [403] and . 
Adachi and Basco f4001. The observed overall 
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rate constants for this combination reaction 
of isopropylperoxy radicals were determined 
by Kirsch et a1. [401] over the temperature 
range 300-373 K, using molecular modulation 
spectroscopy. The observed rate constants 
were [401] 

kobs = 1.3 x 10- 15 cm3 mo1ecule- 1 s-l 110 

at 298 K 

2.4 x 10-12 c 2243/T 

-1 -1 molecule s . 

3 em 

More recently, Adachi and Basco 1400] 
have determined, using a flash photolysis 
technique, an observed rate constant of 

kobs = (2.0 _+ 0.6) x 10- 15 cm3 
110 

molecule- 1 s-l 

at room temperature, in reasonable agreement 
with the data of Kirsch et al. (401). 

These observed rate constants are again ex
pected to be upper limits to the "true" rate 
constant because of the influence of secondary 
reactions of the isopropoxy radicals formed in 
reaction (b), and Kirsch et a1. 1402] and 
Cowley et a1.[403] obtained, from a product 
analysis study, the rate constant ratios 

1.39 + 0.04 at 302 K 

1.84 + 0.04 at 333 K 

= 2.80 + 0.08 at 373 K 

From these data and the observed rate con
stants of Kirsch et a1. [401], the Arrhenius 
expressions for reaction pathways (llOa) and 
(110b) were derived [403] 

4.1 x 10- 14 e-1440/T cm3 

molecu1e- 1 s-l 

= 3.3 x 10- 16 cm3 molecule- 1 -1 s 

at 298 K, with an estimated uncertainty of 
+ 25% at 298 K. 

k
llOb 

= 2.3 x 10- 12 e-2560/T cm3 

mo1ecu1e- 1 s-l 

at 298 K with an estimated uncertainty of 
+ 30% at 298 K. We recommend the use of these 
expressions of Cowley et al. [403]. 
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(C"3)3C0 2' + (C"3)3C0 2' + 

2 (C"3)3 CO ' + 02 

+ other products 

(Ill) 

a 

b 

c 

Rate constants for the combination of t
buty1peroxy radicals have been obtained by 
Parkes [188] and Anastasi et a1. [ISS] using 
molecular modulation and flash photolysis 
techniques. 

These data of Parkes [188] and of 
Anastasi et al. [155] are in excellent agree
ment and, using an absorption cross-section 
for the t-butylperoxy radical of 

4.0 x 10-18 cm 2 at 240 nm [155], 

yield an observed rate constant at 298 K of 

k obs 
111 (2.6 ! 0.8) x 10~17 cm3 

with an activation energy of ~8.8 kca1 mol- l 
[155] over the narrow temperature range of 
298-325 K. This temperature dependence is 
consistent with the Arrhenius expression ob
tained by Kirsch et al. [401] of 

k obs 
111 

-1 -1 molecule s 

Kirsch and Parkes [404] have shown that the 
initial reaction leads predominantly to t
butoxy radicals, pathway (a), with pathway (b) 
being ~l4% of the overall reaction at 298 K, 
decreasing rapidly with temperature. 

(112) 

Parkes [188], from a complex system, has 
derived a rate constant for the cross-combin
ation reaction of methylperoxy radicals with 
t-butylperoxy radicals of 

-13 3 -1 -1 kl12 ~l x 10 cm molecule s 

at room ~emperature. However, in view of the 
inherent complexity of the system, we do not 
make any recommendation. 

(113) 

This combination reaction has recen~ly 
been studied by Addison et al. [148] using 
molecular modulation absorption spectroscopy. 
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By monitoring the acetylperoxy radical in ab
sorption, a recombination rate constant of 

with an estimated uncertainty of a factor of 
Z, was obtained. CH30Z radicals were also 
observed in absorption in this system, imply
ing that the acetylperoxy radical combination 
proceeds, at least partly, via 

although a minor channel producing 03 was 
reported: 

A rate constant for the reaction of CH30 2 radicals with CH
3

C0 3 radicals of 

3 x 10-IZ cm3 molecule- l s-l 

was also deduced from this system [148]. In 
the absence of further detailed experimental 
data on this system, we make no recommenda
tions. 

In the absence of more experimental data, 
we recommend the rate constants and product 
ratios obtained for the CZHSOZ, (CH3)ZCHOZ 
and (CH3)3COZ radicals as being reasonably 
representative of other primary, secondary and 
tertiary alkylperoxy radicals, and similary 
with CH3C03 radicals. Furthermore, we would 
recommend the use of a rate constant at Z98 K 
of 

3 x 10-IZ cm3 molecule- l -1 s 

uncertain by a factor of 3, for the reaction 
of HOZ radicals with all peroxy radicals (this 
being the major cross-combination reaction 
occurring). 

(114 ) 

Two investigations of this reaction have 
been carried out by Simonaitis and Heicklen 
[405] and by Sander and DeMore 1406]. Both 
these investigations showed this reaction to 
be slow at room temperature, with upper limits 
of 

[405] and 

I406]. This is not unexpected, since the 
"supposedly" analogous reaction 

presumably involves the breakage of the weak 
(~50 kcal mol- l [366]) H-OO bond, while any 
similar reaction of CH30Z (or ROZ in general) 
with 03 would involve breakage of a very much 
stronger C-H bond. Hence, the reaction of 
03 with CH30Z, and presumably other ROZ 
species, can be totally neglected for lower 
tropospheric modeling purposes. 

OH Radical Reactiohs 

For any OH radical reactions not covered 
in this report, i,e., with alcohols or hydro
peroxides, the OH radical review article of 
Atkinson et ale [116] should be consulted. 

10. Homogeneous Gas Phase SO, Reactions 
Under Atmospheric Condifions 

The gas phase homogeneous reactions of 
SOZ under atmospheric conditions have been 
extensively reviewed by Calvert et ale [314}, 
and in this section their review article will 
be used as a basis for our recommendations, 
although in certain reactions, more recent 
experimental data causes modifications to the 
conclus ions of Calvert et ale [314]. As 
discussed by Cal vert et al. [314], the reaction 
pathways which are potential sinks for SOZ 
under atmospheric conditions are the reactions 
of SOZ with OH, HOZ, and ROZ radicals and the 
intermediate in 03-alkene reactions. In fossil 
fuel fired power plant plumes, S02 ox-idation 
can also possibly be influenced, for a short 
time period after the time of emission, by 
the kinetically third order reaction of SOZ 
with 0(3p) atoms (this is in addition to pos
sible heterogeneous reactions catalyzed by 
particulates and by metal ions). In the fol
lowing discussion, the rate constants and 
mechanisms of ~hese reac~ions will be evalu
ated. 

This reaction is of minimal importance as 
an oxidative reaction of SOZ under ambient 
atmoGphcric conditions, although it may be of 
importance in power plant plume chemistry 
[314]. The most recent study of AtkinsDn and 
Pitts [407], using a flash photolysis tech
nique, obtained rate constants for this 
reaction for M = Ar, NZ, S02 at 299 K and for 
M = Ar over the temperature range Z99-440 K. 

The data obtained by Atkinson and Pitts 
1407] were reasonably consistent with previous 
studies, and based on that work, we recommend 
for M = air, with 0z having the same third 
body efficiency as NZ [408]: 

J. Phys. Chem. Ref. Data, Vol. 13, No.2, 1984 
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k 113 4 • 0 X 1 (j , :} 1. (>' iU {} 11/ T c m6 

JnOlccule- 2 S-l 

at 298 K, with an estimated uncertainty of 
+ 30%. 

The temperature dependence recommended 
is good only for relatively small temperature 
variations around 300-440 K, since the Ar
rhenius activation energy for this reaction 
is a strong function of temperature 1409]. 

The S03 formed in this reaction reacts 
rapidly with HZO to form either an initial 
hydrate or H2S0 4 : 

a (116) 

b 

with 

(9.1 ~ 2.0) x 10- 13 cm3 

at room temperature [410]. Under atmospheric 
conditions, where H20 concentrations are 
typically ~ 1017 molecule cm- 3 • this reaction 
can be considered to be essentially instan
teous. EVen if the initial product is a 
hydrated S03 molecule, this will presumably 
ultimately end up as H2S04 in various stages 
of hydration. Hence the initial formation of 
S03 appears to be the rate determining step 
in this particular reaction sequence. 

OH T 802 T M(M = air) + HS0 3 + M (117) 

This reaction is in the fall-off region 
between second and third order kinetics at 
the pressures encountered in the atmosphere 
[4llJ. From a review and evaluation of the 
literature data, Calvert et a1. (314] recom
mended a bimolecular rate constant at 1 at
mO~rhp.Te of ~ir ~nn ?qg K of~ 

molecule- 1 :5 1 

while Davis et al. [412] have estimated, from 
a long extrapolation of absolute rate constant 
data, that at I atmosphere of N2 and at 298 K, 

kll7 ~ 9 x 10- 13 cm 3 molecule- l 
5-

1 

with an estimated uncertainty of a factor of 
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-1.5, +Z.5. (This data of Davis et a1. [412] 
was included in the review and evaluation of 
Calvert et al. [314].) The most recent kin
etic studies of this reaction have been car
ried out by Harris et al. [413] and Wine and 
Ravishankara [414], using flash photo1ysis
resonance fluorescence techniques. Rate 
constants were obtained by Harris et al. [413] 
for M = Ar and SF6 over the temperature range 
298-424 K at total pressures of 98-653 torr. 
At approximately 650 torr total pressure the 
Arrhenius expressions: 

k
l17

(M = Ar) = 1.16 x 10-14 e(1193 + lSO)/T 

cm3 molecule- 1 s-l 

and 

1.27 x 10- 13 e(752 ~ IS0)/T 

cm3 molecule -1 s-l 

were obtained 1413], with bimolecular rate 
constants at 298 K and approximately 6S0 torr 
of: 

Ar) (6.5 ~ 0.8) x 10- 13 ~m3 

mo1ecule- 1 s-l 

(in excellent agreement with previous data of 
Atkinson et a1. [411]); and 

k l17 (M = SF 6) = (1.6 + 0.2) x 10- 12 cm3 

molecule-l !;-1 

By assuming that air has a third body 
efficiency intermediate between those for Ar 
and SF6 , a rate constant of: 

molpr1l1p-1 <::-1 

3 em 

at approximately atmospheric pressure was 
estimated [413], with 

kl17 (M = air) = 1.0 x 10- 12 cm3 

mo1ecu1e- 1 5- 1 

at 298 K and approximately 650 torr [413]. 

The data of Wine and Ravishankara [4141 
for M = SF6 are ~20% lower than these report
ed by Harris et al. [4131, and thus suggest 
a value of 

at atmospheric pressure for M = air. 

In view of "the !5urprl:slllgly guuu agree
ment between these various estimates, we 
recommend that at atmospheric pressure 
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, k 1l7(M air) 

molecule- l s-l 

at Z98K with an uncertainty of a factor ,of 
1.5"and 

air) 9 x 10- 13 (T/Z98)-Z.5 

based upon the temperature dependence reported 
by Harris et a~ .. J 413] .' for M = SF 6' 

The subsequent: fate of the HS03 rad.icals 
has recently beeIi, discussed'byDaviset '. al. 
[4lZ], and ~nvest1gat~d;.us'~ng, 10ng-:pa th FT-: 
IR spectroscopy. by'Niki et a1. [415]. 

Davis et: .. a1; .... [412] s4gge~t the. following 
sequen~e'of reaction~ of HS03 : 

HSO S + HZO + HS05 '{H ZO) 

!H20 
HS0s' (HZO)x 

followed. by p~ssibl~re.~tion with ~O, SO~, 
etc~; the~e reactions being probablY of a'gas~ 
aerosol nature. The recent FT-IR spectro
scopic study of Niki et al. [4151 is consis
tent with such a sequence of reattions. In 
irradiated C1Z-HZ-NO-SOz-air mixtures, where 
the dominant reactive species is the OH 
radical, SOZ was observed to disappear,with 
the appearance of ihfrared absorption bands 
attributable to HZS04 (dry and ~20% hydrated) 
in the aerosol phas~ .. Itwassuggested [415] 
that formation of HzS04from the HZSOS radical 
could occur via'the reaction sequence: 

However, the study of Niki et al. [415] 
was carried out at ppm (~l014 molecule cm- 3) 
concentrations of HZO vapor, and under 
ambient atmospheric conditions, where H20 
concentrations are> 1017 moleculecm- 3 , the 
fate of the HS05'raaicalis probably as sug
gested by Davis et al. [41Z], in that'hydra~ 
tion may predominate over reaction with NO. 
Thus it appears that the rate determining 
step in the conversion of~S01to sulfate by 
reaction with OH is the initial step, i.e., 
the addition of OH radicals to SOZ, and that, 
on a phenomenological basis, the necessary 
information is the number; if any~ of NO to 
NOz conversions or subsequent reactions of 
SOZ with hydrated HSOS species--these of 
course may also be construed as not being in 

the realm of homogeneous gas phase chemistry 
but of gas-liquid or gas-aerosol chemistry. 

For modeling studies, we recommend that 
the rate determining step is the addition of 
OH radicals to SOzto form an HS03 radical 
which rapidly reacts with 02 and hydrates to 
(ultimately) form sulfate aerosol: i.e., 

° OH + SO (~) HSO +Z SO 
Z 3 fast .l 

HOZ + SOZ + products (118) 

At the t1me of the Calvert et al. [J14] 
review article, the sole s'tudyof the react'ion 
of HOZ radicals with S02 was that of Payne et 
al. 1416], who obtained, using an isotope 
labeling relative ratetechrtique, a'rate 
consto.nt of: 

k
llS 

= (8.4 + 1.8) x 1'0-16 cm3 molec~1e:"1 

s-l 

at 300 K (relative to 

k(HO.Z + HOZ) = 3.1 x 10- 12 cm 3 

molecule -1 s -I}. 

More recently, Thrush and coworkers [4171 
have obtained, using a discharge flow system 
with laser magnetic resonance (LMR) spectro
scopic detection of HO,Z' upper 1 imi t,s of 

k~i8 < 2 x 10-T7 cm3 molecule-1s- l 

at 298' K 

ktri(M 
118 He + S02) < 4 x 10- 34 cm6 

molecule- 2 s-l 

at 298 K while Cro.ho.m et 0.1.[418], from the 
rates of dissappeatance' of HOZNOZ in the 
presence and absence of SOz' obtained: 

k~L~ ~ 1 x 10~18 cm3 molecule -1 s-l 

at 300 K a'nd :7"60 torr 'total. pressure (mainly 
NZ). We, recommend, as does NASA [3], this 
upper 1 imi 't of Graham e't a1. [418]. Thus, i't 
appears that this reaction can be neglected 
under a.tmospheric conditions [418]. Niki 
[419] has also reported experimental evidence 
which indicates that the reaction of HOZ 
radicals ~ith SOZ is very slow. 

It is likely that any reaction would 
proceed via the sequence: 

J.PhY8~Chem. Ref. Data, Vol. 13, No. 2,1984 
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-+ OH + S03 

Benson [420] estimates that 

so that formation of HOZS02 is approximately 
3 + 6 kcal mol- l exothermic. Hence, this 
intermediate adduct (HOZSOZ) should not be 
stable (even when thermalized) and should 
either redissociate to HOZ + SOZ or form 
OH + S03. The low upper limit observed for 
the rate constant then implies either a sub
stantial enerfY barrier (of the order of 
> 8 kcal mol- ) in the exit channel from 
~OZSOZ to OH + S03 or that redissociation to 
HOZ + SOZ is much favored over formation of 
S03 + OH (as is somewhat expected on the basis 
of the respective entropy changes). 

R02 + SOZ -+ products (119) 

Rate constants have been determined only 
for R = CH3 and (CH3}3C, Whitbeck et al. 
[421] (quoted in {3l4J) derived, from a flash 
photolysis study, an upper limit of 

at room temperature for R = (CH3)3C. Hence, 
this particular reaction appears to be negli
gible under atmospheric conditions. 

However. both Kan et al. r3881 and San
hueza et al. [389], both using flash photolysis 
techniques, have obtained rate constants of 

and 

respectively, at room temperature for the 
reaction of methylperoxy radicals with S02' 

Kan et aI. [388] monitored the time de
pendence of CH30Z radicals after flash 
photolysis of CH3NZCH3-0Z-S02 mixtures, and 
ascribed the suppression of the CH30Z absorb-
ance in the presence of S02 to reaction of 
CH30Z radicals with S02. Because of the 
onset of aerosol formation, the range of S02 
pressures studied was small (~0.20 torr), 
resulting in an effective observed extrH 
first order rate of removal of CH30Z radicals 
of ~40 s-l, which was a relatively small 
perturbation of the "average" pseudo-first 
order decay rate of CH307 radicals due to 
self-combination of ~400 s-1 over the first 
half-life ([CH30Z) initial ~l015 molecule 
cm- 3). The rate constant for reaction of 
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CH30Z radicals'with SOZ, if any, was deter
mined from the CH30Z decay rates at longish 
times after the flash. 

The experimental system of Sanhueza et 
al. 1389] was potentially more direct involv
ing the flash photolysis of ClZ-CH4-0Z-S0Z 
mixtures. Experiments were carried out with 
and without added SOZ' and the CH30 Z decays 

(initial [CH 30 Z) ~ {3-4} x 1015 molecule 

cm -3) 

were observed to change from second order to 
first order kinetics when > 6 torr S02 was 
added. However a first or~er plot of their 
data with and without S02 shows that the 
increased CH30Z decay occurs after approxi
mately one half-life (figure 14) and no 
allowance seems to have been made for the 
concurrent self-combination of CH30Z radicals 
in the systems with added S02. It is possible 
that the increased decay of CH30Z radicals 
after ~O.3 ms (figure 14) is caused by second
ary reactions such as: 

A + SOZ -+ Y (fast) 

Y + CH30 Z -+ products (fast) 

The Sanhueza et ala 1389] data could 
apparently be fitted with an ~30% yield of A, 
i. e. , 

A + SOZ -+ Y (fast) 

Y + CH 30Z -+ products (fast) 

More recently Sander and Watson [422], 
from the flash photolysis of ClZ-CH4-0Z-S0Z 
mixtures (but with much reduced initial CH302 
concentrations), observed no reaction, such 
that 

-1 s 

at room temperature. Since, totally analogous 
to the H02 case, any reaction sequence is 
expected to be: 

ROZ + S02 ~ R02S0Z* -+ RO + SOZ 

+M 
R0 2S0 2 
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Figure 16. CH30 Z Decay Data of Sanhueza et al. [389]. 
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with [420J the form;l1 on <11 )(02502 being 4 + 
4 kcal mol- l exotilt'rlll <':, Ulld hence, not stable 
under ambient (ol\dit J It!'.. Kan et a1. [423] 
have recently rClnves igated the CH30Z-S0Z 
system, anJ rO~lulatc, ln order to explain 
their observations, that the CH30Z + SOZ 
reaction is reversible, with the primary 
reaction 

having a rate constant of 

However, in the absence of high concentrations 
of CH30Z or of NO, the reversibility of this 
reaction leads to no net loss of CH30Z or 502. 
In the presence of added NO a metastable 
product, tentatively identified as CH30ZS0Z0NOZ, 
was observed. Kan et ale [4Z3] postulated 
the reaction scheme 

However, based upon this data and, by analogy 
with lack of observed reaction of 502 with 
HO Z' (CH 3) 3COZ and 

° " CH 3COO 

radl~a15 [314], ~he reac~ion of CH30Z and 
other R02 radicals with SOZ is expected to be 
slow under atmospheric conditions. 

Hence, we recommend that the reactions of 
ROZ radical reactions with 502 be neglected, 
and that at room temperature their rate con
stants are 

NASA [3] also recommends the use of this upper 
limit for the CH30Z + S02 reaction, based upon 
the data [388,389,422,423] discussed above. 

Q3-Alkene-SOZ Mixtures 

The oxidation of 502 by intermediates in 
03-alkene reaction mixtures has been discussed 
in section 5. Specifically, it appears that 
SOZ ox.iuaLloJl OC~Ul::' vIa 

RCR'OO + 502 ~ RCHO + 503 (69) 
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However, as pointed out in section 5, 
other competing.re?ctions of RCR'OO radicals 
are, taking CH 3CHOO as an example: 

(71) 

(7Z) 

and it is not totally clear as to the import
ance of this 502 oxidation reaction under 
atmospheric conditions. Calvert et a1. [314], 
neglecting any reactions of this Creigee bi
radical with NO or NOZ, concluded that this 
route for SQz oxidation is minor. Inclusion 
of the RR'COO + NOx reactions will further 
decrease the importance of this pathway. This 
reaction has been discussed in detail in section 
5. 

N0 3 + SOZ ~ products (lZO) 

(121) 

These reactions have been studied by 
Daubendiek and Calvert [4Z4] using infrared 
absorption spectroscopy to follow the rates 
of chemical changes in NZOS-SOZ and N20S-S0Z-
03 mixtures. No significant 502 removal was 
observed and upper limits of 

at 303 K and 

at 303 K were obtained. Thus these reactions 
are also of negligible importance under atmos
pheric conditions. 
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11. ADDENDUM 

Data obtained recently which cause changes in 
the recommendations or conclusions given in Sec
tions 2-10 above are briefly discussed, by section 
number, below. 

Section 2 - Inorganic Reactions 

The 1982 NASA evaluation [3] has been super
ceded by the 1983 NASA evaluation [425]. For most 
of the reactions dealt with in Sections 2 and 3, 
the 1983 NASA evaluations [425] are identical to 
those in the 1982 evaluation [3]. Minor changes, 
not affecting the 298 K rate constants, occur for 
reactions (4), (17) and (34) [425]. However, more 
substantial changes occur for reactions (25) and 
(31). The latest literature data for these and 
other reactions are discussed below, and in fact 
the following discussion generally supercedes this 
1ateot NASA eva1uation [425] 

M 

NOZ + NO~2.Q.5 (7) 

and 
M 

.!!2.Q.~2 + N0 3 (8) 

Kircher et ale [426] have determined, using a 
flash photolysis-ultraviolet absorption technique, 
rate constants for reaction (7) over the tempera
ture and pressure ranges 236-358 K and 20-700 torr, 
respectively, for Re and N2 as the diluent gases. 

The resulting data were fitted to the "fall
off" equation 

k 
ko (T) [M] 

1 + ko(T) [M] 

kO) (T) 

r
l 

(k
o
(T)[M]\l2-

1 

l N 109, k", (T) IJ 

where N = 0.75 - log F. 

of 
For M=N2 , and using a value of F 

ko (T) 

and 

2.0 x 10-30(T/300)-4.3 

molecule-2 s-l 

1.4 x 10-12(T/300)-0.5 

molecule-1 s-l 

6 cm 

3 cm 

( I) 

0.6, values 

were obtained [426]. Making the reasonable assump
tion that 02 and N2 have the same third body effi
ciencies, then at 298 K and 760 torr total pressure 
of air, 
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a factor of -1.2 higher than our recommendation il 
Section 2 based upon the evaluation of MaIko and 
Troe [27]. We recommend the above expression 
derived by "Kircher et ale [426]. 

Furthermore, based upon their data for k7 and 
literature data for k8 [25,26], Kircher et ale 
[426] derived the equilibrium constant 

3.17 x 1029 T- l e-11350/T 

molecule cm-3 

10 -3 
3.07 x 10 molecule cm at 298 K 

While this is in good agreement with 

K8 •7 = (2.91 ± 0.69) x 1010 molecule cm-3 

determined directly by Tuazon et al. [427] at 298 K 
using long pathlength spectroscopic techniques, it 
is a factor of ~1.7 lower than those given by NASA 
[3,425] and MaIko and Troe [27]. 

Obviously further experimental work on this 
reaction system is necessary before final recommen
dationo can be made. Thio uncertainty in the 
equilibrium constant translates directly into added 
uncertainties in the N03 radical rate constants 
recommended in Sections 3, 4, 5, 6 and 8 above. 

o 
OR + CO J. H0

2 
+ CO (25) 

The recent studies of Paraskevopoulos and 
Irwin [428] and Niki et al. [429] have shown that 
the rate constant k25 at 298 K and atmospheric 
pressure is -20% lower than our recommendation. 
Paraskevopoulos and Irwin [428] used a flash 
photolysis-resonance absorption technique to deter
mine rate constants k25 for M=N2 over the pressure 
range 20-700 torr at 298 K, and derived 

cm3 mOlecule-1 
5-

1 at 298 K, 

where P is the pressure of N2 in torr. This 
expre~sion is experted to he appli~ahl~ to M=alr. 
and yields 

at 760 torr of air and 298 K. 

Niki et al. [429] have obtained rate constants 
f~r the reactions of OR radicals with 12C180 and 
1 C160 at 299 + 2 K and 700 torr total pressure of 
air, relative 1:0 that for the reaction of OR radi
cals with ethene. Using our recommended rate con
stant for the rea§tion of OR radicals with ethene 
of 8.1 x 10-12 cm molecule-1 s-l, a value of 



KINETIC DATA ·FORMODELlNG'OF:,PHOTOOHEMICALSMOG 441 

k25 co (2.24 :I: 0.13) x 10-
13 

cm
3 

'mol~cule71~8"": 1 

is derive<i,_'i)iexcel~ent agteementwiththe data of 
Par:a,sk~~9Potiios ,and :rrwi~ [ 426]. Henc~ we recom~ 
meridthe use of 'toe eXpression o{P~raskevoj>oulos 
and Irwfri [428] given above, resulting l'n 

":.'. -13 ,3, .~l,~l 
k25,-2'~2 x 10 cm, mcilec~le 's at 

298 Kand760 torr totalpre~sur~of air. 

M 
H02 + N02 '+, HOtN0;Z, (28) 

Sande.r. and 'Peter-Don [430 ] have determined , 
iJsing a 'flash photolysis-ultraviolet: absorption 
technique, rate constants for reactj,on (28) over 
the pressure' -and, ~tempera:ture -ranges' 50-700 torr and 
229~362K,respectlvely, fo.r<M-He,N,.·and 02. The 
data obtained were '.,fitted to the fall-off equation 
(I) given above .. 

and 

ko(T) 2.3 x lO-31(T/300)-4.6 

moleculeT2 s-1 

k ... (T) '" ,4.2 x10-12(T/300) 0.2 

molecule-1 s-l 

6 
cm" 

3 
cm 

were der'ived. Since essenUally identical rate 
constants were obtained' for M=N2 'arid M-02 [430], 
this yields 

at 2~lS,.K.and '760 tcirrof,ail. 

Thes.e values of, k«) (T) . and k.., (T). are. identical 
to those recommended by the 1982 and 1983 NASA 
evaluatlons [J,425j, and we now recommend the use 
of this fall-off expression. In addition, an 
effect of H20 vapor, separate from its effect as a 
purely third body, has been observed [430], and 
reference 430 should bp l"(lnQt11t~d for furthQr 
details. 

(31) 

and 

(32) 

Kircher~ and '.' Sander_14.31] have determined " 
again,us:i.rig~a flashphotolysis~ultravioletabs9t:p., 
t1ontechtiique~· rat~constantsfot: thecombinadon 
of H02 radicals. ForM=N2 data. were.obtaine~.:,oYer 
the pressure ,and temperature ranges 100-700 torr 
and 241~41.7K,respectively, and alsc) in . th~ 
pres,enceof water vapor. The rateconsiant data 
obta'ined-were f1tby the expression - ' 

k(31 +32) = [2.2 xlO-13e6201T 

+ 1.9 x<1O-:33IMi]e980IT] 

x- [1 + 1.4 x JO.;.21 '[1l2o]e2200/T] 

cm3 molecule-1 s-1 

where the second term is due to the effect of water 
vapor. on. 1:1:u" H02 + H02 T'~action. _Si~c~.thQ third 

bodyeff.ic.lenc1es,ofNZ and 02 areexpected.to be 
essentially identical,th!s expres~loll isapplic
able to M~air. The rate ,constantsk:31-~btailled at 
rOOm te~perature [431J in the absence ot.-water 
vapor are :In excellent: S;g,reement~1th.preV10us' 
literatur:edata [9.2-95h an.d we, recommend the uS.e 
of the above expression for the combination of· H02 
r adicals.under a tmosJlher.!-c, .:cond! tions • 

Section 3 

(39,-39) 

While, the experimental data of Suet ale [125, 
126J indicates that 02CH20H can" .thermally,decompose 
back to the reactants, this :reaction, (-.39), appears 
unl1ke;I.y onthermochemicalgroun~y. Thus<02CH20H 
is calculated to be ,..,17 kcal' mol.. more·s.,taolethan 
HOOCH20 [3661, and a barrier he,ightof 26 k,cal 
mol- 1 is anticipated for ,the isomerization of 
HOOCH20 to' 00C820H 1224., 2691. This ' leads .;.10 a 
minimum activation energy of ,..,23 kcal mol for 
isomerization of thermalized OOC820H to HogCH20, 
resulting in a OOCH20H lifetime of ,..,2 x 10 sec 
with respect to this isomerization at 298 K. 
Obviously further experimental data on the H02 + 
HCHO reaction system are required before firm rec
ommendations concerning reaction (39)andthe'sttb
sequent fates of the 00CH20H radical can be made. 

Section 4 

M 
R02 +: NO + RON02 

(50a) 

Further studies of alkyl nitrate formation, 
fl:'OW tht:ct:action of alkyl peroxyradicalsw1th. NO 
have been carried out by Atkinson et al. [43,2] for 
a series of branched and cyclic alkyl peroxy 
radicals. The rate constant ratios ka/(ka + kb), 
where ka and kb are the rate constants for the 
reactions, 

(a) 

+ RO + N02 (b) 
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are summarized in table 36 for the individual R0 2 
radicals involved. This table also contains the 
data for the individual C2-CS alkyl peroxy radicals 
previously studied [170,172]. 

It can be seen that for the secondary alkyl 
peroxy radicals these rate constant ratios increase 
monotonically with the carbon number of the R0 2 
radical (from ~0.04 for C3 to ~0.33 for CS), and to 
a first approximation are reasonably constant for a 
given set of alkyl peroxy radicals of the same 
carbon number. This is most apparent for the 
secondary C6 alkyl peroxy radicals generated from 
n-hexane, cyclohexane, 2-methylpentane and 3-
methyl pentane , for which the rate constant ratios 
k I(ka + kb) range from 0.14 to 0.22. However, 
t~ere do appear to be differences in the ka/(ka + 
kb) ratios within these various secondary C6 alkyl 
peroxy radicals, with the most branched radicals 
having the lower rate constant ratios. 

It is also apparent, as concluded previously 
[170], that the rate constant ratlos for prImary 
alkyl peroxy radicals are at least a factor of 2 
lower than those for secondary alkyl peroxy 
radicals of the same carbon number (compare the 
rate constant ratios for 1-propvl peroxv vs that 
for 2-propyl peroxy, and that for neopentyl peroxy 
vs those for the secondary Cs alkyl peroxy 
radicals). In a similar manner the rate constant 
ratios ka/(ka + kb) for tertiary alkyl peroxy 
radica1& are also markedly lower, by factors of --3--
5, than those for the corresponding secondary alkyl 
peroxy radicals. 

While the reasons for these differences in the 
rate constant ratios ka/(ka + Kb) for primary, 
secondary and tertiary alkyl peroxy radicals of the 
same carbon number are not yet known, the data 
given in table 36, together with the fall-off 
expression given in Section 4 (which is now seen to 
be applicable to secondary alkyl peroxy radicals), 
allow approximate a-priori estimates to be made for 
alkyl nitrate formation yields from the various 
alkyl peroxy radicals involved in alkane degrada
tion pathways under atmospheric conditions. 

Section 5 

OH + 1-butene + products (63) 

Hoyerman and Sievert [433], using a discharge 
flow system with mass spectrometric detection, have 
investigated the mechanisms for the reactions of OH 
radicals with a series of butenes at 0.9-10 torr 
total pressure and 295-298 K. In contradiction to 
the results of Biermann et ale [264], the amount of 
H-atom abstraction from I-butene was determined to 
be <10%, i.e., k63a/k63 < 0.10. Confirmation that 
reaction k63a is negligible further arises from 
produC't stud.i@s C'l'Irripd out at atmOlliphpril'" prpgRllr~ 

using FT-IR absorption spectroscopy and gas chroma
tography (Atkinson, R., Tuazon, E. C., and Carter, 
W. P. L., unpublished data, 1984). 

Based on these data, we now recommend that H
atom abstraction from I-butene (and, by analogy, 
from other alkenes with ~C2 side chains) by OH 
radicals be neglected. 
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Section 8 

a-Dicarbonyl Yields from Aromatic Hydrocarbons 

Two recent product studies using long path
length spectroscopic techniques [434,435] have 
determined the yields of a-dicarbonyls from a 
series of aromatic hydrocarbons at room temperature 
and atmospheric pressure. 

Bandow et al. [434J studied the aromatic 
hydrocarbons benzene, toluene, the xylenes and the 
trimethylbenzenes, while Tuazon et al. [435] have 
investigated toluene and m- and p-xylene. In all 
cases the sum of the a-dicarbonyl yields are 
significantly less than unity [434,435]. The data 
obtained by both groups for toluene and m- and p
xylene are given in table 37. These yields are in 
good agreement, with the only significant discrep
ancy being that for the methylglyoxal yield from m
xylene. Clearly, these data define reasonably 
closely the yields of these a-dicarbonyls from 
these three aromat1c hydrocarbons. 

As discussed in Section 8, for toluene the 
abstraction pathway accounts for -8% of the overall 
OH radical reaction [360]. and cresol formation 
accounts for -16 + 8% of the overall reaction 
[360]. Hence, thE! inclusion of reaction pathways 
resulting in the formation of -28% of glyoxal and 
methylglyoxal [together with the corresponding co
products] account for only -~50 (+15)% of the over
all reaction pathways. Clearly,--the products and 
mechanisms of a major portion of the OR-aromatic 
reactions under atmospheric conditions are present
ly not identified. 

These data obviously have major implications 
for the validity and predictions of present 
chemical kinetic computer models of aromatic hydro
carbons, since these chemical computer models 
[11,371,436] assume that the reactions subsequent 
to reaction (92) yield exclusively a-dicarbonyls 
(together with the corresponding co-products). 
Further studies are urgently needed to identify the 
remaining products and reaction pathways involved 
under atmospheric conditions following the initial 
OR radical reaction with the aromatic hydrocarbons. 

NO) + Cresols + products (95) 

Atkinson et a1. [437] have recently determined 
rate constants k95 for the reactions of the N03 
radical with phenol and the three cresol isomers. 
USing the equilibrium constant K7,8 of Malko and 
Troe [27] (which is uncertain to at least a factor 
of -2 [427]) rate constants k95 at 296.:!:. 2 K and 
atmospheric pressure ot: 

-12 3 
k95 (phenol) = (2.1 % 0.5) x 10 em 

molecule-1 
8-

1 

k95 (o-cresol) = (1.20 % 0.34) x 10-
11 

cm
3 

molecule-l s-1 

-12 3 
k95 (m-cresol) = (9.2 % 2.4) x 10 em 

molecu1e-1 s-1 



<rltble36. c~,te:Cott~tanct:.:~~i-()s.lta.l(1r:a:c:+'~bjf~r the. Re'~~t:~oIl~~:!iidiV'idual'AlkYlPeroxY (RO.,) 
'~C\ical$.cWit~ tIO· at .. ' 299,.%2K:and. 735-74{)Torr'rotal,pr.es~\J;re . 

Alkane 

EthanE! 

Pt·opane 

:n:';'Butan ... 

'NeoPentane 

2-MethYlbut-ane 

3-:M,e.thy;Lpentane 

n-Heptane 

n-OCta,ne 

-Primary.' '8econda,ry Tertiary 

,l-nronvl 0~020:b0.009 ~~ptopyl ·0.043±0~·003 

I) • 09<>±0" O()9 · . 

0.129:1:0.014 
0.118*0.014 

1 ~butyl .~O • ()40: 

2 ... pentyl 
3,":,pe~tyl' 

neopeiltyl' O~05i3:l:0~()05:' 

2-methyl-3,":,butyl 

2':"'hexyl 
3-hexyl 

cyclohexyl 

O~109%0.003.2"1letbyl~2-butyl .. 0.0533%0.0022 

O.220:i:0.034 
.0~219:l:0.029 

0.16<>:0.015' 

2-methYl';'$-p.entyl .0.165%0.016' 2~ethyi':"'2-peri~Y~0~03SO:t0.OQ9~ 
+2-methyl-4-pentyl 

3-methyl-2-pentyl 

2~heptyl 
3-heptyl 
4 .. heptyl 

2~octyl 
3~ctyl 
4~ctyl 

0~140z0.014 

O~324:0~044 
O.312#>.()41 
O~29W:0.037 

0~353:1:O~027 
0.343:t0~031 
0~324%O.032 

~til~ .. 37. "Glyoxal andM~~llylglyoxa+~1eldsfromth~ 
NOx-Air.PhotooxidaUons of 'Toluene,m:XYlenecand·~~Ylene 

at Ro()m. TelllI>~r.at:ureand Atmospher1c.Pre~sure·:: . .' 

'.' Gl-yox,al 'MAi!!1:bylglyo;nl 

Aromatic' 
Hydr.o(:arbon 

'Bandowet al~ 
[434] 

Tuazon etal. 
{435] 

Bandow et ·al.. Ttl8.zon.et ale 
, [434] [A35] 

. Toluene 

m-Xylene 

p"';'Xylene 

'0.15*0.04 

0.13±d~03 

0.24 ± 0.02. 

oa73··.t:· 0 .• 029 

0.104 ±0.~020 

0.200 :l:O~.032 

0.14':1:0,.04 

O:~42 :.0.05 , 

0.12 :1:.0.02 

are two lea$tsquares At.~~n~,n·~ .I1E~V1.ar:.~lnTUl 

0.105.* 0.;016 

.0.265 : 0.035 

.0.178 :I: 0.021 
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and 

':k95 (p;..cresol)· :·~"O.27*0.·36}x·1O~U, 

cm3m:4:)Iecule-ls~1 

were obtained. We recommend that these rate con
stants supersede those given in Section 8 above, 
and that the error l1mitsshouldbereaIis,ti,cally 
judged (in view of the uncertainties in Kia) to be 
a factor of -3. Similar error l1mitsshouldapply 
to'all;N03 radical reaction rate constants given in 
Sections 3,4, S, 6. and 8. 

Section 10 

}'1 . 
OH+So"+' HSO" 
---2---==-3 (117) 

The study of Wine et ale [438] concernlng the 
kinetics .' of this" r~actiori has reeentlybe~npqb
l1shed (theirptelim:inary data [414] were diScussed 
in' Section .. 10) •. ' Rate . «:on8t:ants~u 7 w~re .. ~eter-:. 
wIlled for . M-He i Ax:; Ni' am!. aFt, over the' tewpuatun;. 
and pr~ssur~ ran~es 260-420 K and. 13-696 torr total 
pressure, respectively. Fitting the data for M-N2 
to the equation " 

with F-held constailtled to 

F,. 0.525 

k (T) - 4.5 x 10-31(T/300)-3.9 
o 

-2 -1 molecule s 

6 cm 

k~(T) - 1.26 x 10-12(T/300)-O.7 cm3 

molecule-1 s-1 

J. PhytkChem. Ref. Data, Vol~13,No.;2,1984 

ThfS:yiel~8. ~!l"SSum:hlg,"as-:~ected, -that·NZ··and O2 
haveessentiallyidentical~third body efficiencies) 

~13"··3. . -1-1 
kiij*·8.1'x'10· ······cm'·· molec!lle s 

at 298 Kand 760 torr of 'air, identical to the 
value given by 1414fand, used iri~'Section 10. 

Another r~cerib:8tUdy [439:phaso:;determined' !a' 
rate co~stant for reaction (117).relative~othat 
for'the reaction of ·OH-,radicaIS··w1thn-butane 
[reaction (77)] at . 303 ±. 1 K and 780 .... S20torr total. 
pr~tI~~!e,of air~. Usingourrec01Jmlerided~t~e;" 3 . 
con:stant~tor_f77 (il-butane) of 2.66 x 10cm 
molecules .at ~03.;K~ a valupnf' 

kl 17"" (1.16 ± O~06)x 10-
12 em3

. 

molecule -1 8-1 

is derived, Ingood agreement with the otlier:recent 
data discussed in Section 10~ Thus we do not 

. ;~.~;;g!fo:~r r::7t:::a~!o:e:~~~:I.l6 ~ a ~~::8~:~;::~:60 
tures.~~4·pre8fJ\1res ~therthan298Kand'760torr, 
we recommend the. use' of the fall-off:equat:iotr'oI' 
Wine etal.[438Fg~ven above. 

Stockwell' and Calvert [440] have shown' from 
kinetic studies ofrea:cti<)Q (117), using long path
lengthFT-IR spectroscopy to monitor-the reactants 
andJ)ro~ucts in irradiated HONo-CO-S02-NOx-O~~N2 
mi~~ure!'l'. that. the OR radical react~on. ",ith. S02 
leads' to' chain propagation. Stockwell and Calvert 
[440] conclude that. the reaction proceeds via: 

rot 

OR + S02 + HSOJ 

followed by hydration of S03 [reaction (116) J to 
ultimately form ~S04. 

Hence this reaction sequence can be considered 
~or computer m<>tieli,ng purposes as a single step: 


