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A substantial data base concerning the rate constants for the gas-phase reactions 
of the nitrate (N03) radical with organic compounds is now available, with rate con
stants having been determined using both absolute and relative rate methods. To 
date, the majority of these kinetic data have been obtained at room temperature 
using relative rate techniques utilizing both the reactions of the N03 radical with 
other organic compounds and the equilibrium constant for the N03 + NOz +z NzOs 
reactions as the reference reaction. In this article, the literature kinetic and mech
anistic data for the gas-phase reactions of the N03 radical with organic compounds 
(through late 1990) have been tabulated, reviewed and evaluated. While this avail
able data base exhibits generally good agreement and self-consistency, further abso
lute rate data are needed, preferably as a function of temperature. Most 
importantly, mechanistic and product data for the reactions of the N03 radical with 
organic compounds need to be obtained. 

Key words: atmospheric chemistry; nitrate radical; organic compounds; reaction kinetics; reaction 
mechanisms. 
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1. Introduction 

Measurements made during the 13 years have shown 
the nitrate (N03) radical to be present in the nighttime 
stratosphere 1-10 and troposphere.11-20 In the lower tropo
sphere over continental areas the reported N03 radical 
mixing ratios range from < 2 parts-per-trillion (ppt) [~5 
x 107 molecule cm-3r6 up to 430 ppt [-1.0 x 1010 

molecule cm -3].18 The N03 radical mixing ratios in 
marine air masses in the troposphere are low, with upper 
limits of < 0.5 ppt being reported by Platt and Perner1 at 
Loop Head. Ireland and a mixing ratio of 0.25 ± 0.1 ppt 
being measured by Noxon15 at 3 km altitude in the free 
troposphere from Mauna Loa, Hawaii. 

N03 radicals are formed in the troposphere and strato
sphere from NO and N02 by the reaction sequence, 

NO + 0 3 ~ NOz + O2 

N02 + 03 ~ N03 + 02 
(1) 
(2) 

with rate constants kl and k2 of kl = 1.8 X 10- 12 e- 1370
/
T 

cm3 molecule-1s- 1 and k2 = 1.2 X 10- 13 e-24S0/T cm3 

molecule- l s- l
o
22 The following reactions lead to the re

moval and/or temporary storage of N03 radicals, 

(3a) 

(30) 

(4) 

(5,-5) 

with k4 = 1.6 X 10- 11 e lSO
/
T em3 molecu!e-1s- 1, ks = 2.0 

X 10- 12 (T/300)0.2 cm3 moiecule- 1s- 1 at the high pressure 
limit and h = 0.2 S -1 at the earth's surface for a zenith 
angle of 0° (J3b/J3 = 0.9).22 While, as discussed below, 
there are significant uncertainties concerning the equi
librium constant Ks (= ks/k- s) for the N03 + N02 ~ 
N20 S reactions,22-24 the thermal decomposituon Hfetime of 
N20 S is -20 s at 298 K and 760 Torr total pressure of 
air.22 

Bec:luse of the rapid photolysis of the N03 radical and 
its rapid reactions with NO and 0 3 (and the rapid reac
tion of NO with 0 3),22,23 ambient atmospherRc N03 radical 
concentrations are low during daylight houi's. For exam
ple, under lower tropospheric conditions characteristic of 
"rural" areas, with NO, N02 and 03 concentrations (in 
molecule cm-3 units) of: NO~ ~1 x 1010

; N02? 2.4 x 1010; 

and 0 3, 7 x 1011, a daytime N03 radical concentration of 
- (1- 2) x 106 molecule cm -3 is calculated from consid
eration of reactions (2), (3), (4) and (5). N03 radical con
centrations are expected to build up during the early 
evening and nighttime hours, due to the absence of pho
tolysis [reaction (3)] and the jow nighttime concentra
tions of NO. In addition to the gas-phase inorganic 
reactions shown above, N03 radicals can also be removed 
and/or transformed in the lower troposphere by reactions 
with organic compounds and by dry and/or wet deposition 
of the N03 radical and/or N 20 S•13,16,25-33 

While direct measurements have shown that the homo
geneous gas-phase reaction of N20 S with water vapor 

N20 S + H 20 ~ 2 HOND2 (6) 

has an upper limit to the rate constant of k6 < 1,5 X 10-2
! 

cm3 molecule-1s- 1 at room temperature,34-37 this upper 

limit to the rate constant is not sufficiently low to exclude 
this gas-phase reaction as a contributor to N03 radkal! 
N20 S removal and add formation,25,30-32 However, TIt is ex
pected that wet and dry depositiorn of N03 radicals and/or 
N20 s dominates over reaction (6),32,33 Tlhe gas-phase re
actions of the N03 radicai with organic compounds have 
been the subject of numerOlllS studies over the past 16 
years, and the reactions of the N03 radkaH whh aHcenes 
(including the monoterpenes),28,3X,39 organosulfur COffi

pounds,28 aldehydes26
,40,41 and hydroxyaromatics42 can be 

important in the removal of oxides of nlitrogen and/or the 
organic compounos26,28,38-42 and ~he formation of adds26,40 

nn the lower troposphere. 
Desphe numerous lldnetk a~d product studies of the 

gas-phase reactions of the N03 radicall with. organic com
pounds and the importance of ~he§e reactions in the 
chemistry of ~he Hower irroposphere, [0 date the avaHab!e 
N03 radlica~ F2Je constanl[ cla(m have not been crnticaHy 
evah.m~ecL Tb'nlis TIS c3drrf'sd OT!l~ nn tt~s :rev~e~l\i artnde 9 and 
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the kinetic and mechanistic recommendations made will 
be of use to chemical modelers of the lower troposphere 
and of urban air pollution. Another review, dealing with 
the spectroscopy and photochemistry of the N03 radical, 
the kinetics and mechanisms of its gas- and aqueous
phase reactions with inorganic and organic species, ambi
ent atmospheric N03 radical concentrations, and the role 
of the N03 radical in the chemistry of the atmosphere, 
has recently been published43 through the auspices of the 
Commission of the European Communities. 

1.1. Experimental Techniques 

Rate constants for the gas-phase reactions of the N03 
radical with organic compounds have been obtained us
ing two general methods, namely absolute and relative 
rate techniques. The salient features of the experimental 
methods used to date are briefly discussed below. . 

1.1.a. Absolute Rate Measurements 

In the majority of the absolute rate constant determi
nations carried out, the psuedo-first order decay rate of 
one of the reactants (the N03 radical or the organic com
pound) has been measured in the presence of a known 
excess concentration of the other reactant, 

A + B ~ products 
and hence, 

-d In[A]!dt = k[B] 

where k is the rate constant for the reaction of the N03 
radical with the organic compound. For the more reactive 
alkenes and alkynes, Canosa-Mas et al.44 have also con
ducted kinetic measurements under conditions where the 
full second-order kinetic data analysis was necessary. Ab
solute rate measurements have been carried out using 
both low pressure (~10 Torr total pressure) flow tech
niques44-48 and higher pressure (;:,20 Torr total pressure) 
pulsed or modulated photolysis systems under slow flow 
conditions.4

9-'l 

In the low pressure flow method, N03 radicals have 
been generated by the reaction of F atoms (generated by 
the dissociation of F2 in a microwave dischargl;;) wiLh ni
tric acid44.4s.47.48 

and by the thermal dissociation of NzOs at 400-425 K4S.46 

N03 radicals have been detected and/or quantified by op
tical absorption at 662 nm,44.4S laser induced fluorescence 
with excitation at 662 nm,4S.46 mass spectrometry,47.48,53 
and chemical titration with NO or 2,3-dimethyl-2-
butene'48,54 The detection limits for N03 radicals using 
these methods have been reported as being -1 x 108 

molecule cm -3 using laser induced fluorescence46 and - 5 
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X 1011 molecule cm -3 using either optical absorption44~ 
or mass spectrometry.S3 In the experimental studies car 
ried out in which the psuedo-first order decays of thl 
N03 radical were monitored, the initial N03 radical con 
centrations employed (in molecule cm-3 units) have typi 
cally been (0.5 - 40) x 10tO using laser inducec 
fluorescence,4s.46 (0.7 - 5) x 1013 using optical absorp 
tion,44.4s and (1.5 - 3) x 1012 using mass spectrometry.S3 
Using mass spectrometry, Rahman et al.,47 Benter anc 
Schindler3 and Poulet and Le Bras48 have also deter 
mined rate constants by monitoring the decay of the or 
ganic reactant in the presence of excess concentrations 0 

N03 radicals. 
In the higher pressure pulsed or modulated photolysi 

systems, N03 radicals have been generated by the photol 
ysis of CIONOz at wavelengths > 180 nm,Sl 

CIONOl + hv ~ CI + N03 

the photolysis of Ch - CIONOl mixtures at wavelength: 
> 280 I1m,4I),"1 

Ch + hv ~ 2 CI 

the photolysis of Fz - HONOz mixtures at wavelength: 
> 180 nmSt or 310-400 nm,49 

Fz + hv ~ 2 F 

F + HON02 ~ HF + N03 

and by the photolysis of HONOz at -250 nmSO,52 

HONOz + hv ~ OH + NOz 

OH + HONOz ~ HzO + N03. 

In these pulsed or modulated photolysis studies, NO 
radicals were monitored by optical absorption at 62~ 
nm49

,50 or 662 nm.5l,5Z The initial N03 radical concentra 
tions in the flash and laser photolysis studies of Walling 
ton et al.~1,:56 and Daykin and Wine~z were - (2 - 5) x 101 

molecule cm-3 and (0.4-2) x 1012 molecule cm-3, re 
spectively, and the steady state N03 radical concentra 
liuns in thl;; mouulatl;;u phutulysis stuuy uf Tynuall et al/' 
were (4-40) x 1010 molecule cm-3. Total pressures us 
ing these flash, laser and modulated photolysis tech 
niques ranged from 19-500 Torr.49-Sl,56,57 

1.1.b. Relative Rate Measurements 

Two distinct relative rate methods have been used t( 
date. In both cases, N03 radicals are generated from ei 
ther the thermal decomposition of NzOs 

M 
N20 s ~ N03 + N02 (-5' 

or the reaction of N02 with 03, 

(2. 
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I!I·_-\i is foUowed by the reaction of N03 radicals with 
, P: jo generate N20 S and the subseqllleni: decomposition 

(.I 20 S [reactions (5, - 5)]. 
n n the method first described and used by Morris and 

~ d~isH and subsequently employed by Japar and Niki,38 
,i kinson et ai.,39 Cantrell et al.~40,41,59 Hjorth et al.60 and 
mlersson and Ljungstrom,61 the enhanced decay rates 

It hlzOs in the presence of known excess concentrations 
, J ~ he organic reactant are monitored. Under conditions 
"here N03 radicals, N02 and NzOs are in equilibrium, 

I [\102] ~ [N20 S]initial and Ks[N02] ~ 1, then the N20 S de
, :tys in the presence of the organic reactant are exponen
! i;d]9 and 

enhanced N20 S decay rate = k[organk]!Ks[NOz], 

where k is the rate constant for the reaction of N03 rad
" .. :a~s '""lith the organic Teactant. Under conditions wheFe 
i he initial N20s concentration is of a similar magnitude to 
i he N02 concentration, then the NOz concentration may 
c'hange during the reaction and exponential decays of 
i'\}20S are no longer observed.38 The individual references 
:.;hould be consulted for further details of the studies car
ried out. 

This technique may be SUbject to the occurrence of sec
ondary reactions removing N20S,39,6Z,63 and this would be 
most likely to be the case for organic compounds which 
react with N03 radicals to form products which are more 
reactive towards N03 radicals than is the parent organic 
compound. The rate constants determined in this manner 
are relative to the equilibrium constant Ks for the N03 + 
N02 ~ N20 S reactions, and this equilibrium constant is 
not accurately known (see below) and is also very temper
ature dependent (with Ks increasing by -10% for a 1 K 
temperature decrease at - 298 K).22-24 

In the second, and most used method to date, the rel
ative rates of consumption of t';;10 or more organic com
pounds, including one (the reference organic) for which 
the N03 radica! reaction rate constant is reliably known, 
are monitored in the presence of N03 radicais.39,4Z,6Z-66 
N03 radicals have been generated hy the therma1 decom
position of N20l~,6Z-66 or from the reaction of 0 3 with 
N02•

4Z In many studies, several additions of NzOs to the 
reaction mixtures have been necessary, and any dilution 
must then be allowed for. 39,67 If the organic compounds 
are removed on]y by reaction with the N03 radical, 

N03 + organiC reactant --? products (rate constant k) 

N03 + reference compound ~ products (rate constant kR) 

then, 

in f[ organi~ reactant Jo 1-D = 
1l [orgamc reactantJ J I 

~ [1 Freference compolind]~o 1 - D 1 
kR n ~ [reference compormdJ~ J t J 

Vi/here [organk feactan~Jo 2nd [reference compou.!flldlJro 
are the cOli1lcen~iT2tions of the organk feac~ant and the 

reference compound, respectiveBy, a~ time lo, [organic re
actant1 and [reference compmllnd]t are the COHe~pOTIlding 
concentrations at time t, and D, is the amom'h of diiuiinn 
at time t. N02 has generally been added! to the reactant 
mixtures to lengthen the reaction times38

,39 and to mini
mize secondary reactions67

-69 [possibly involving OH radi
cals].67 The rate constant ratios k/kR obtained can then be 
placed on an absolute basis by use of the known rate con
stant kR• 

The relative rate experiments conducted to date have 
employed static reaction vessels of 50-6400 liters in vo~
ume, and experiments have been carried ou.t at loom 
temperature and 700-750 Torr total pressure, The or
ganic reactants have been monitored during the reactions 
by Fourier transform infrared (FT-IR) absorption spec
troscopy38-41,S8,60,61 or gas chromatography,39,4Z,62-67 whHe 
NzO.:; has been monitored when necessary by FT-IR ab 
sorption spectroscopy. The individual references should 
again be consulted for further details of the studies car
ried out. 

1.2. Product Studies 

Product studies of the gas-phase reactions of the N03 

radical with organic compounds have generally been car
ried out in much the same manner as the relative rate 
constant studies, using Ff-IR absorption spectroscopy 
and/or chromatographic techniques to identify and quan
tify the products formed in NzOs - N02 - organic - air 
or irradiated NOx - organic - air mixtures.40,41,58,66,70-77 

The individual references should be consulted for de~aik 

20 Kinetic, Mechanistic, and 
Product Data Obtained 

In the following sections, the reactions of the N 0 3 mel
ical with the various classes of organic compounds (aH(3-
nes, haloalkanes, alkenes, haloalkenes, aYkynes, oxygcn-, 
sulfur-, nitrogen-, phosphorus-, selenium-and sllHcon-con
taining organics, aromatic compounds and organic radi
cals) are discussed separately. The avaHable rate constant 
data are tabulated, with those rate data obtained reiative 
to the rate constant for the reaction of the NO.1 radical 
with a reference organic being re-evaJu3.[cdl on the basis 
of the recommended rate constants for fhe reference re
actions at the temperatures employed. 

While many relative rate studies have obtained N03 

radical reaction rate constants relative to the equilibrium 
constant Ks for the N03 + NOz :'(.::t NzOs reactions, the 
value of Ks is not weB known. i9.22-24,7H-H2 [n order to place 
these relative rate constant determinations on an abso
lute basis in this article, the equi!ibrium constant Ks has 
been evaluated by use of the recent direct experimental 
studies of Tilazon eet al.,80 Burrows et al.8z and Cantrell 
et al.z4 [which is judged to supersede the earlier study of 
Pennel[ et a[.19 from ~hns research group] and the evalua
tlion o1)f Kircher et C!l ,gl using li:he rate con.stants for reac
tions (5) and ( - 5}. 
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A value of Ks = 3.41 X 10-11 cm3 molecule- t at 298 K 
is obtained from a unit-weighted average of the reported 
[or interpolated from the cited temperature expression24] 
equilibrium constants (in units of 10-11 cm3 molecule-I) 
of 3.44,80 3.26,81 2.5082 and 4.45.24 (An essentially identical 
value is obtained from a unit-weighted average of the ex
perimentally measured equilibrium constants of Tuazon 
et al.,8O Burrows et al.82 and Cantrell et al.24

) Similarly, a 
temperature dependence of B = 11275 K in the expres
sion Ks = A eB1T is obtained from a unit-weighted average 
of the temperature dependencies (B) of 11050 K [for the 
temperature range 256-357 K (1000/T (K) = 2.8 - 3.9)],81 
11960 K82 and 10815 K.24 These literature data24,80-S2 are 
plotted in Arrhenius form in Fig. 1, together with the rec
ommended expression of 

Ks = 1.26 X 10-27 e1127SlT cm3 molecule- 1 

resulting from the above 298 K value and temperature 
dependence. It should be noted that this analysis neglects 
both the uncertainties in the visible absorption cross-sec
tion for the N03 radical22 and the differences in the ab
sorption cross-sections used in the three direct 
studies24,so,82 considered. This evaluation of Ks is in good 
agreement with the recent IUPAC22 and NASA 23 evalua
tions, which yield values of Ks at 298 K of 2.90 x 10- 11 

cm3 molecule-1 [derived from the rate constants for reac
tions (5) and (-5)] and 3.4 x 10- 11 cm3 molecule-I, re
spectively. 

The value of Ks at any given temperature over the re
stricted . range of - 255-355 K has an estimated overall 
uncertainty of a factor of -1.5. Accordingly, rate con
stants for the reactions of the N03 radical with organic 
compounds determined relative to the equilibrium con
stant Ks are given less weight in the evaluations. 

In the rate constant tabulations, the experimental tech
niques used are denoted by abbreviations such as DF-A, 
where the first letters denote the following: DF, 
discharge flow (N03 radicals formed by the reaction of F 
atoms, generated in a microwave discharge, with 
RON02); F, flow system (N03 radicals generated from 
the thermal decomposition ofN20s); FP, flash photolysis; 
LP, laser photolysis; MP, modulated photolysis; and S, 
static system; and the second set of letters denote the de
tection method: A, optical absorption; LIF, laser induced 
fluorescence; and MS, mass spectrometry. The relative 
rate studies are denoted by RR and the reference reac
tions and the reference compound rate constant or equi
librium constant (Ks) used is noted. For those reactions 
for which a temperature dependence can be recom
mended, the temperature dependence of the rate con
stant, k, is given by either the Arrhenius expression, k = 
A e-BlT

, or, if curvature in the Arrhenius plot is evident, 
by the modified Arrhenius expression, k = CT2e-DlT• 

2.1 Alkanes 
2.1.8. Kinetics and Mechanisms 

The literature rate constant data for the gas-phase re
actions of the N03 radical with alkanes are given in Table 

J. Phys. Chem. Ref. Data, Vol. 20, No.3, 1991 

I 
C1> 
:; 
<.J 
C1> 

"0 
E 

rt') 

E 
~ 

It) 

::x::: 

I x 10-10 

I X 10-11 

I x 10-/2 

/) 

6'!J 

/) 

!J 

8 
o 

•• 

o 

• 
o • 

• 

• 
• 

• 

f 
Ixlrr'3----~----~----~----~--~-----

2.8 3.2 3.6 

IOOO/T (K) 

FiG 1. Plot of the logarithm of the equilibrium constant Ks for tl 
N03 + N02 +:t N20 S reactions against liT (K) over the tempe 
ature range 260-355 K. (b) Tuazon et al.;80 (- - -) Kirchl 
et al.;81 (.) Burrows et al.;82 (0) Cantrell et al.;24 (-) reCOIl 
mendation, see text. 

1. All of the rate constants have been obtained at roOl 
temperature, mainly from relative rate measurement: 
Only for methane, n -butane, 2,3-dimethylbutane and 11 

heptane have more than a single study been carried ou 
and there are obvious discrepancies between the abse 
luteSt and relative62 rate determinations for n -butane. 

(1) Methane 

Only upper limits to the room temperature rate cor 
stant have been determined.49,51,S9 Based on the dat 
from these studies49,51,59 and the correlation of N03 rad 
cal abstraction rate constants with OR radical abstractio 
rate constants (see below), an upper limit to the rate cor 
stant of 

k(methane) < 1 x 10-18 cm3 molecule-1s- 1 

at 298 K is recommended. 
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'I L,3-Dimethylbutane 

t'wn kinetic studies have been carried out,62,67 with the 
," 1111 temperature rate constant being determined rela

, I ,(" to the equilibrium constant KS62 and to the rate con-
1,IIIts for the reactions of the N03 radical with 

Ileptane6
:! and trans-2-butene.67 The rate constants ob

I tillcd are in reasonable agreement. Since a lower weight 
I , given to the rate data obtained relative to the equi
I d lI'ium constant Ks, the recommendation is based upon 
I he most recent rate constant study of Atkinson et 01.,67 
killing to 

k (2,3-dimethylbutane) 

,II 296 K, with an estimated overall uncertainty of a factor 
( ,1' 1.5. Assuming a preexponential factor in the Arrhenius 
t,\prcssion of 1 x 10-12 cm3 molecule-Is-I, the rate con
stant for 2,3-dimethylbutane at 298 K is then 4.3 x 10-16 

cm3 molecule -IS -1. 

(3) n -Heptane 

Rate constants at room temperature have been deter
mined relative to the equilibrium constant KSbl. and to the 
rate constant for the reaction of the N03 radical with 
Irans -2-butene. 67 The agreement is excellent, and the 
1~l:UllllneudatiuH is based upon the most recent and pre
cise study of Atkinson et al.,67 leading to 

k(n-heptane) = 1.37 x 10-16 cm3 molecule- 1s- 1 

at 296 K, with an estimated overall uncertainty of a factor 
of 1.5. Assuming a preexponential factor of 1 x 10-12 cm3 

molecule -IS -1 in the Arrhenius expression leads to a rate 
constant at 298 K of 1.45 x 10-16 cm3 molecule-Is-i. 

(4) Other Alkanes 

No explicit recommendations are made for the other 
alkanes for which rate constant data have been reported. 
However, an assessment of the general validity of the rate 
constants given in Table 1 and of the relative reactivities 
of the differing C-H bonds in the alkanes can be made. 
The N03 radical reactions with the alkanes proceed by 
H-atom abstraction from the various -CH3, -CH2-

and > CH- groups. 

N03 + RH ~ HON02 + R· . 

As discussed previously for the reactions of the OH rad
ical with alkanes,83.84 the rate constants for H-atom ab
straction correlate with the C-H bond dissociation 
energy, increasing with decreasing bond dissociation en
ergy. Hence the N03 radical reaction rate constants for 
H-atom abstraction (per equivaient C-H bond) should 
correlate with the corresponding OR rad.kall reaction 

rate constants. Since the bond dissociation energies are 
not known accurately for all of the C-H bonds in the 
alkanes, Atkinson8S

,86 developed an estimation technique 
in which the OR radical reaction rate constants are calcu· 
lated from the -CH3, -CH:z- and >CH- group rate 
constants. These group rate constants depend on the 
identity of the substituents, with 

and 

k(CH3-X) k prim F(X), 

k(X -CH2 - Y) = k SCC F(X) F(Y) 

Y 

k(X -CH ~ ) = k"" F(X) F(Y) F(Z), 

Z 

where k Plilll
, k:>el; and k1o:;,u are the rate constants per -CH3l 

-CH:z- and > CH- group for a standard substituent, 
respectively, X, Y, and Z are the substituent groups, and 
F(X), F(Y) and F(Z) are the corresponding substituent 
factors. The standard substituent group was chosen to be 
X = Y = Z = -CH3, with F( -CH3) = 1.00 by defini
tion.85 The values of the group rate constants and sub
stituent factors at 298 K for the OH radical abstraction 
reactions have been evaluated86 and are: 

and 

FOH(-CH:z-) = FOH(>CH-) = FOlI(>C<) = 1.29, 

with the temperature dependence of the substituent fac-
tors being given in the form F (X) eExIT

, 

A correlation of the H-atom abstraction rate constants 
per equivalent C-H bond for the room temperature re
actions of N03 and OH radicals with a series ot alkanes 
and aldehydes is shown in Fig. 2. (The OH radical rate 
constants for acetaldehyde, 2,3-dimethylbutane and 2-
methylpropane87 were corrected86 to take into account 
the minor amount of H-atom abstraction from the -CH3 

groups, and the rate constant for H-atom abstraction 
from n -heptane is that for a -CH2- group bonded to 
two other -CH2- groups, k[CH2(CH2)2]. For the N03 

radical reactions, H-atom abstraction from the -CH3 
groups was neglected, and lower and upper limits for the 
rate constant for a secondary C-H bond in a -CHz-
group bonded to two other -CH2- groups in n -heptane 
of 1.4 x 10-17 cm3 mo]ecuJe-ls- 1 and 2.3 x 10- 17 cm3 

molecule-Is-I, respectively, were derived by assuming 
that (a) all the secondary C-H bonds were equivalent 
and (b) the two -CH2- groups bonded to one -CH3 
group and one -CHz- group contributed negligibly. A 
preferred H-atom abstraction rate constant of 
k[CH2(Cflh)2] 2.0 x lQ-i.7 cm3 was used 
nn ~he correlation). 
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TART" 1_ Rate cnn~tants k for the gas.phas:e reactions of the N03 radical with alkanes 

k 
Alkane (em3 molecule-Is-I) at T (K) Technique Reference 

Methane <4 x lO-I6 298 MP·A Burrows et al.49 

~2 x lO-17 298 ± 2 FP-A Wallington et al.51 

<6 x lO-21 a RR [relative to Cantrell et al.59 

K5(N03 + N02~ N2Os) 
= 3.41 x 10- u]b 

Ethane ~4 x 10-18 298 ± 2 FP-A Wallington et al.Sl 

n-Butane (6.6 ± 1.7) x 10- 17 296 ± 2 RR [relative to Atkinson et al.62 

ken -heptane) 
= 1.37 x 10-16]b 

~2 x lO-17 298 ± 2 FP-A Wallington et al.Sl 

2-Metbylpropane (9.8 ± 2.1) x 10- 17 296 ± 2 RR [relative to Atkinson et al.62 

k (2,3-dimetbylbutane) 
= 4.08 X 10-16]b 

n-Pentane (8.1 ± 1.7) x 10-17 296 ± 2 RR [relative to Atkinson et al.62 

ken-heptane) 
= 1.37 x 10-16]b 

n·Hexant:. (1.05 ± 0.20) x lO-16 296 ± 2 RR [relative to Atkinson el al.62 

k(n-heptane) 
= 1.37 x 10- 16]b 

2,3-Dimethylbutane (5.34 ± 1.11) x 10-16 296 ± 2 RR [relative to Atkinson et al.62 

Ks(N03 + N02 4=t N2OS) 

= 4.40 x lO-ll]b 

(4.04 ± 0.18) x lO-16 296 ± 2 RR [relative to Atkinson et al.62 

k(n-heptane) 
= 1.37 x lO-16]b 

(4.08 ± 0.32) x lO-16 296 ± 2 RR [relative to Atkinson et al.67 

k (trans -2-butene) 
= 3.89 x lO-13]b 

Cyclohexane (1.35 ± 0.25) x lO-16 296 ± 2 RR [relative to Atkinson et al.62 

k (2,3·dimethylbutane) 
= 4_0R x lO-16]b 

n-Heptane (1.34 ± 0.37) x lO-16 296 ± 2 RR [relative to Atkinson et al.62 

Ks(N03 + N02 4=t N2OS) 

= 4_40 ')( lO-l1]b 

(1.37 ± 0.14) x lO-16 296 ± 2 RR [relative to Atkinson et al.67 

k (trans -2-butene) 
= 3.89 X lO-13]b 

n-Octane (1.82 ± 0.22) x 10-16 296 ± 2 RR [relative to Atkinson et al.62 

k(n·heptane) 
= 1.37 x lO-16]b 

n-Nonane (2.41 ± 0.29) x lO-16 296 ± 2 RR [relative to Atkinson et al.62 

ken-heptane) 
= 1.37 x lO-16]b 

a Room temperature, not reported; 298 K has been assumed. 
b From present recommendations (see text). 
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The correlation is excellent, and a least-squares anaIy
:;is leads to (in cm3 molecule-1s- 1 units) 

In kN03 = 6.498 + 1.611 In kOH-

Use of this equation and the OH radical group rate con
stants given above86 leads to 

and 

an at 298 K. Since FN03(X) [FOH(X)]1.611, 
FNOl-CH2-) = FN03(>CH-) = 1.5 at 298 K. Using 
these parameters, the calculated 298 K rate constants for 
the reactions of the N03 radical with the alkanes studied 
to date (Table 1) are (in units of 10- 16 cm3 

molecule-is-I): ethane. 0.014; propane. 0.17; n-butane. 
0.47; 2-methylpropane, 0.85; n -pentane, 0.81; n -hexane, 
1.15; cyclohexane, 2.0; 2,3-dimethylbutane, 2.5; n-hep
tane, 1.5; n -octane, 1.8; and n -nonane, 2.0. These calcu
lated rate constants are in generally good agreement with 
the experimental data (Table 1), with the possible excep
tion of n -butane. The assumption that H-atom abstrac
tion by the N03 radical from the -CH3 groups can be 
neglected is confirmed, and this assumption is also con
sistent with the correlations recently presented by Sabljic 
and Gusten.88 

These group rate constants and substituent factors can 
be used to calculate the overall rate constants for the re
actions of the N03 radical with alkanes at room tempera
ture and the distributions of the various alkyl radicals 
formed in these N03 radical reactions. The subsequent 
reactions of the alkyl (R') radicals formed under tropo
spheric conditions have been discussed in detail in the lit
erature,22,89 and involve rapid initial reaction with O2 to 
form the corresponding alkyl peroxy (ROi) radicals 

M 
R· + O2 ~ ROi. 

These alkyl peroxy radicals then undergo reactions with 
NO, N02, H02 radicals, and/or other organic peroxy rad
icals.22,89 

Q ---[R00

+ N02 

R02 + NO 
M 

RON02 

M 
ROi + N02 ~ ROON02 

ROi + H02 ~ ROOH + O2 

R02 

These reactions have been reviewed and evaluated clsc
where,22,89 and these references should be con.sulted for 
details. 

2.20 Haloalkanes 
2.2.a. Kinetics and Mechanisms 

The only rate constants available for the reactions of 
the N03 radical with haloalkanes are for 
trichloromethane, and these data are given in Table 2. 
Since this is the only study for this haloalkane, no recom
mendation is made. The reported rate expression,90 leads 
to an extrapolated rate constant of k(trichloromethane) 
= 6.7 x 10- 17 cm3 molecule-1s- 1 at 298 K. This reaction 
is expected to occur by H-atom abstraction. However, 
based upon the correlation shown in Fig. 2 and the room 
temperature rate constant for the reaction of the OH rad
ical with CHCh,87 the rate constant for the reaction of the 
N03 radical with CHCh at 298 K is estimated to be - 8 
x 10- 19 cm3 molecule-Is-i, An essentially identical rate 
constant is predicted from the value of k~tJ3 derived in 
Sec. 2.1 above and FN03 (CI) = [FOH (Cl)]1.611 (= 0.21).86 
This apparent discrepancy of two orders of magnitude in
dicates that further studies are necessary. 

2.30 Alkenes 
2.3.a. Kinetics 

The available rate constant data are given in Tab]es 3 
(acyclic monoalkenes), 4 (acyclic di- and trienes) and 5 
(cyclic alkenes). 

Ix10-14 

5 

2 

~ HC!::!O 

2 (CH 3CH 2 CH 2 )2C1-J 2 
cyclo-C6 t1 ,2 / 

I x10-17 /@_---'--l __ .LI..L. Lt' '..LI"_--L--L-L'-LI-L'..L-' 'LU" 
Ix10-13 2 5 IxI0-12 ? 5 IxIO- 11 2 5 IxIO-IO 

I<OH (crn3 molecule- l 5-
1
) 

FIG 2. ]Piot of the rate constants for H-atom abstraction per equiva
lent C-H bond (underlined) from a series of alkanes (2-
methylpropane, cydohexane, 2,3-dimethylbutane and 
n -heptane) and! aldehydes (formaidehyde and acetaldehyde) 
by NO} radicab against the correspom:liing OH radica~ reaction 
;;a~c COH1lst'_WJt~,. [OB ;;2ancaE reac[nOfl} ;rate constants from Atkiii1-
SOlnla6,87 (see tex!:)] (-) TIeas!-sqlLlares regreSS!OlDl. 
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TABLE 2. Rate constants k and temperature-dependent parameters, k = A e-Brr, for the ga~-pha~e reactions of the NO .. radical with haloalkal 

1012 X A k 
Haloalkane (em3 molecule-Is-I) 

B 
(K) (cm3 molecule-Is-I) at T (K) Technique Reference 

Trichloro
methane 

0.85:: 2815 ± 241 

2.6 X 10-16 

(4.3 ± 1.2) x 10-16 

(1.20 ± 0.014) x 10-15 

(2.17 ± 0.48) x 10-15 

(3.88 ± 0.73) x 10-15 

323 DF-A Canosa-Mas et al.90 

373 
423 
473 
523 

(1) Ethene 

The available rate constant data of J apar and Niki,38 
Atkinson et al.,39,62,67 Canosa-Mas et al.,44,91 Andersson 
and Ljungstrom61 and Barnes et al.66 are given in Table 3 
and are plotted in Arrhenius form in Fig. 3. The sole tem
perature dependence arises from the absolute rate study 
of Canosa-Mas et al.91 The room temperature rate con
stant of Japar and Niki38 is an order of magnitude higher 
than the other room temperature rate con
stants,39,44,61,62,66,67 all of which are in reasonable agree-
ment (covering a range of a factor of 1.8). The good 
agreement at room temperature between the low pres
sure (2-5 Torr total pressure) rate constant of Canosa
Mas et al.44 and the atmospheric pressure rate constants 
of Atkinson et al.,39,62,67 Andersson and Ljungstrom61 and 
Barnes et al.66 indicates that the rate constant is indepen
dent of total pressure above - 2 Torr at - 298 K. The 
rate constants obtained by Atkinson et al.,39 Andersson 
and Ljungstrom61 and Barnes et aI.66 are subject to signif
icant uncertainties due to uncertainties in the equilibrium 
constant KS,39.61 uncertainties in the rate constant for 2-
methylpropane66 (only a single rate constant is available 
and no recommendation is made) or due to the small 
amounts of ethene consumed by reaction.39 The absolute 
rate constants of Canosa-Mas et aI.44,91 and the relative 
rate constant of Atkinson et al.67 (which supercedes the 
earlier data of Atkinson et aI.62) are used in the evalua
tion of this rate constant. As seen from Fig. 3, a small 
amount of curvature is evident in the Arrhenius plot. Us
ing the expression k = CT2e-DlT, a unit-weighted least
squares analysis of these data44.1i7.91 yields the 
recommendation of 

k(ethene) = 
(4.88~~J~) x 10-18 T2 e-(2282 ± 113)/T cm3 molecule-1s-1 

over the temperature range 295-523 K, where the error 
limits are two least-squares standard deviations, and 

k(ethene) = 2.05 x 10-16 cm3 molecule-Is- I at 298 K, 

with an estimated overall uncertainty at 298 K of a factor 
of 1.5. Using the Arrhenius expression, a unit-weighted 
least-squares analysis of these data44,67,91 yields 

k(ethene) = 
(5.43~i:~) x 10-12 e-(3041 ± lS6)/T cm3 molecule-Is-I, 
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where die error limits are again two least-squares stan 
dard deviations, and 

k(ethene) = 
2.01 x 10-16 cm3 molecule-1s-1 at 298 K. 

(2) Propene and Propene-d, 

The available rate constant data of Morris and Niki,4i 
J apar and Niki,38 and Atkinson et al.39,67 are given iI 
Table 3. These rate constants were all derived from rela 
tive rate ~tudie~ carried out at room temperature. ThE 
agreement is reasonably good, and the most recent am 
precise rate constant study of Atkinson et aI.67 is used t< 
recommend that 

k(propene) = 9.45 x 10-15 cm3 molecule-1s- t 

at 298 K, with an estimated overall uncertainty of ± 40% 
The data of Japar and Niki38 show that the room temper· 
ature rate constant for propene-d6 is within 20% of tha' 
for propene-h6, indicating no significant isotope effect. 

(3) 1-Butene 

The available rate constant data of Japar and Niki,l 
Atkinson et aI.,39,67 Andersson and Ljungstrom61 anc 
Barnes et al.66 are given in Table 3. Again, all of thes( 
were relative rate studies carried out at room tempera· 
ture. The agreement is excellent, and a unit-weighted avo 
erage of the rate constant data of Atkinson et al.39,67 anc 
Bilfue:s et ul/.£' leads to the recommendatiun uf 

k(l-butene) = 1.25 x 10-14 cm3 molecule-1s-1 

at 298 K, with an estimated overall uncertainty of ± 40% 

(4) 27Methylpropene 

The available rate constant data of J apar and Niki,l 
Atkinson et aI.,39 Ravishankara and Mauldin,4s Rahmar 
et aI.,47 Canosa-Mas et al.44 and Barnes et al.66 are giver 
in Table 3. All of these studies were carried out at roorr 
temperature, with those of Ravishankara and Mauldin,4: 
Rahman et aI.47 and Canosa-Mas et aI.44 being absolutt 
rate constant measurements. The rate constants of Atkin· 
son et al.,39 Ravishankara and Mauldin,4s Rahman et al.,4' 
Canosa-Mas et aI.44 and Barnes et aI.66 are in excellen1 
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TABLE 3. Rate constants k and temperature-dependent parameters, k = A e-Btr, for the gas-phase reactions of the N03 radical with ;t('ydil 

monoalkenes 

1012 X A B k 
Alkene (em3 molecule-Is-I) (K) (cm3 molecule-Is-I) at T(K) 

Ethene (1.90 ± 0.21) X 10- 15 300 

(1.35 ± 0.44) X 10- 16 298 ± 1 

(1.23 ± 0.57) x 10-16 298 ± 1 

(2.04 ± 0.20) x 10-16 296 ± 2 

(1.85 ± 0.24) x 10-16 295 ;;!.. 2 

(4.0 ± 1.0) X 10-16 323 ± 3 
(1.41 ± 0.24) X 10-15 373 ± 3 
(3.72 ;!;; 0.66) x 10- 1<; 423 .!.. :3 
(8.91 ± 1.12) X 10- 15 473 ± 3 

6.29:~: 3103 ± 145 (1.83 ± 0.18) X 10- 14 523 ± 3 

(2.16 ± 0.20) X 10- 16 296 ± 2 

(1.43 ± 0.54) x 10- 16 296 ± 1 

(1.74 ± 0.37) x 10- 16 298 ± 2 

Propene (6.4 ± 1.6) x 10- 15 300 

(1.08 ± U.07) x 10- 14 300 

(7.57 ± 1.54) x 1O- 1
!) 298 ± 1 

(7.41 ± 1.95) x 10- 15 298 ± 1 

(9.45 ± 0.47) x lO-IS 296 ± 2 

Propene-d6 (1.20 ± 0.09) x 10 - H 

I-Butene (' '," (11'1 III " 

Technique Reference 

RR [relative to Japar and Nikpl! 
Ks(N03 + N02 ~N20S) 
= 2.65 x 10- 11]3 

RR [relative to Atkinson et ai.39 

Ks(N03 + N02 ~ N2OS) 
= 3.41 x 10- 11]3 

RR [relative to Atkinson et 01.39 

k(propene) 
= 9.45 x 1O- 1Sr 
RR [relative to Atkim;ou et at :''1 
k(n-heptane) 
= 1.37 X 1O-16:r 
DP-A Cauusa-Mas et al.M. 

DF-A Canosa-Mas et al.91 

RR [relative to Atkinson et 01.67 

k (trans -2-butene ) 
= 3.89 X 10 -13]a 

RR [relative to Andersson and 
Ks(N03 + N02 ~ N20 S) Ljungstrom61 

= 4.40 x 10- 11r 
RR [relative to Barnes et al.66 

k (2-methylpropane) 
= 9.8 X 10- 17]b 

RR [relative to Morris and Nikis8 

Ks(N03 + N02 ~ N20s) 
= 2.65 x 1O- 11r 
RR [relative to Japar and Nikpl! 
Ks(N03 + N02 ~ N20 S) 

= 2.65 x 1O- 11]a 

RR [relative to Atkinson l't ill. \<) 

Ks(N03 + N02 ~ N20 S) 

= 3.41 X 10- 11]" 

RR [relative to .\j!-.ill"'>11 <'i.d,'·' 
k (trans-2-butcnc) 
= 3.90 x 10' I , ,,' 

RR rrc!:,'i\'(' 1.. \lkll'· ... 11 dld h
! 

"(tTllfI.\ ) 11111. II· I 

~ :..;', II I ' I' 

I·',' I,· 1,1,·. 

" , .. \ '.1 

III "I' 

I" I, III, ' 

I I," ; 
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TABLE 3. Rate constants k and temperature-dependent parameters, k - A e-BfI', for the gas-phase reactions of the NO;, radical with acyc! 
monoalkenes - Continued 

1012 X A 
Alkene (cm3 molecule-Is-I) 

B 
(K) 

2-Methylpropene 

cis-2-Butene 

trans -2-Butene 

[1.78 ± 0.36 530 ± 100 
+ 0.0128 ± 0.0026 -570 ± 110] 

k 
(cm3 molecule -IS -1) 

(1.23 ± 0.02) x 10- 14 

(1.24 ± 0.07) x 10- 14 

(1.50 ± 0.08) x 10-14 

(1.27 ± 0.19) x 10-14 

(2.24 ± 0.21) x 10- 13 

(3.15 ± 0.02) x 10- 13 

(3.38 ± 0.43) x 10- 13 

(3.3 ± 0.5) x 10-13 

(3.4 ± 0.7) x to- 13 

(3.35 ± 0.51) x to- 13 

(3.67 ± 0.41) x 10- 13 

(3.50 ± 0.02) x 10-13 

(2.85 ± 0.21) x 10- 13 

(3.83 ± 0.33) x to- 13 

(3.78 ± 0.41) x 10- 13 

(3.46 ± 0.42) x 10- 13 

(3.43 ± 0.42) x to- 13 

(3.31 ± 0.40) x 10- 13 

(3.27 ± 0.40) x 10-13 

(3.35 ± 0.41) x 10-13 

(3.55 ± 0.43) x 10- 13 

(3.96 ± 0.48) x 10- 13 

(4.37 ± 0.53) x to- 13 

(4.99 ± 0.60) x to- 13 
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at T(K) 

298 ± 1 

296 ± 2 

296 ± 1 

298 ± 2 

300 

298 ± 1 

298 

298 

295 ± 2 

298 ± 2 

300 

298 ± 1 

300 

298 ± 1 

298 

204 
206 
213 
223 
243 
267 
298 
337 
378 

Technique 

RR [relative to 
k(propene) 
= 9.45 x 1O- 1Sr 
RR [relative to 
k (trans -2-butene) 
== 3.89 x 10- 13)B 

RR [relative to 
Ks(N03 + N02 s::; N2OS) 

= 4.40 x lO- n )B 

RR [relative to 
k(propene) 
= 9.45 x 10- 15]-

RR [relative to 
Ks(N03 + NOz s::; N20S) 
;;; 2.65 x 10- 11)B 

RR [relative to 
k (trans -2-butene) 
= 3.90 x lO- 13r 
DF-A 

DF-MS 

DF-A 

RR[ relative to 
k (trans -2-butene) 
= 3.90 x 1O- 13)B 

RR [relative to 
Ks(N03 + N02 s::; N2OS) 

= 2.65 x 10-11)B 

RR [relative to 
k (trans -2-butene) 
= 3.90 x 10-13)8 

RR [relative to 
Ks(N03 + NOz s::; NzOs) 
- 2.65 x 10- 11)8 

RR [relative to 
Ks(N03 + N02 S:; N20S) 
~ 3.41 x 10- lI j 

DF-NF-LIF 

F-LIF 

Reference 

Atkinson et al.39 

Atkinson et al.67 

Andersson and 
Ljungstrom61 

Barnes et al.66 

J apar and Niki3s 

Atkinson et al.39 

Ravishankara and 
Mauldin4s 

Rahman et al.47 

Canosa-Mas et al.44 

Barnes et al.66 

Japar and Niki3s 

Atkinson et al.39 

Japar and Niki38 

Atkinson et al.39 

Ravishankara and 
Mauldin4s 

Dlugokencky and 
Howard92 
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I Iii I 3. Rate constants k and temperature-dependent parameters, k = A e-BtT, for the gas-phase reactions of the N03 radical with acyclic 
monoalkenes - Continued 

1012 X A B k 
11('l1c (em3 molecule-Is-I) (K) (cm3 molecule-Is-I) at T(K) Technique Reference 

. I\klhyJ-2-
Illllcne 

2,3-Dimethyl-
2-butene 

a From present recommendations (see text). 
b From the rate constant given in Table 1. 

(1.12 ± 0.11) x 10- 11 

(9.52 ± 2.73) x 10- 12 

(1.04 ± 0.10) x 10- 11 

(9.37 ± 0.47) x 1O- IZ 

(7.54 ± 1.02) X 10- 11 

(5.72 ± 0.15) x 10- 11 

(5.74 ± 0.15) x 10- 11 

(3.84 ± 0.38) x 10- 11 

(5.72 ± 0.32) X 10- 11 

(4.5 ± 0.4) x 10- 11 

agreement, with the rate constant obtained by Japar and 
Niki38 relative to the equilibrium constant Ks being 
- 35% lower. The room temperature rate constant ap
pears to be independent of total pressure over the range 
-1-750 Torr. A unit-weighted average of the absolute 
rate constants of Ravishankara and Mauldin,45 Rahman 
et al Y and Canosa-Mas et al.44 and the relative rate con
stants of Atkinson et al.39 and Barnes et al.66 yields the 
recommendation of 

k (2-methylpropene) 
3.32 x 10- 13 cm3 molecule-1s- 1 at 298 K, 

with an estimated overall uncertainty of ± 30%. 

(5) cIs -2-Butene 

The rate constants of J apar and Niki38 and Atkinson 
et al.,39 both obtained from relative rate studies carried 
out at room temperature. are given nn Table 3. The agree-

300 RR [relative to Japar and Nikj38 
K5(N03 -t- N02 ~ N205) 
= 2.65 x 10- 11]3 

298 ± 1 RR [relative to Atkinson et al.39 

k (trans-2-butene) 
= 3.90 >( 10- 13]3 

295 :±: 1 RR [relative to Atkinson et al.65 

k (tralls-2-hutcnc) 
3.88 x 10- B]a 

296 ± 2 RR [relative to Atkinson et al.67 

k (trans -2-butcnc) 
= 3.89 x 10 - 13]" 

300 RR [relative to Japar and Nikpll 
K5(N03 + NU2 ~ NZ05) 

2.65 x lO- 11]a 

298 ± 1 RR [relative to Atkinson et al.39 

k (2-methyl-2-butene) 
= 9.37 x 1O- 12]a 

295 ± 1 RR [relative to Atkinson et al.65 

k (2-methyl-2-butene) 
= 9.37 x 10- 12]3 

298 DF-MS Rahman et al.47 

296 ± 2 RR [relative to Atkinson et al.67 

k (trans -2-butene) 
= 3.89 x 10- 13]3 

298 DF-MS Poulet and le Bras411 

rnent is excellent. The rate constant of Japar and Nikfw 

was determined relative to the equilibrium constant Ks 
and is hence subject to significant uncertainties. There
fore, the rate constant of Atkinson et al.39 is used to yield 
the recommendation of 

k (ci\' -2-hlltene) 
3.50 x 10- 13 cm3 molecule-is- 1 at 298 K, 

with an estimated overall uncertainty of ± 35%. 

(6) trans -2·Butene 

The available rate constant data of Japar and Niki,38 
Atkinson et 01.,39 Ravishankara and Mauldin45 and 
Dlugokencky and Howard92 are given in Table 3 and are 
plotted in Arrhenius form in Fig. 4. The sole temperature 
dependence study is that of Dlugokencky and Howard.92 
At room temperature the agreement between the relative 
rate constant of Atldnson et al.39 and the absoh.l!.te data of 
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FIG 3. Arrhenius plot of rate constants for the gas-phase reaction of 
the N03 radical with ethene. (0) Japar and Niki;38 (.&.) Atkin
son et al.,39 relative to the equilibrium constant Ks; (0) 
Canosa-Mas et al.;44.91 (e) Atkinson et al.;67(~) Anderson and 
Ljungstrom;61 (\7) Barnes et al.;66 (-) recommendation, see 
text. 

Ravishankara and Mauldin45 and Dlugokencky and 
Howard92 is excellent, with the relative rate constant of 
Japar and Nikps being 25-30% lower. In this case, both 
of the relative rate constants3S.39 were determined relative 
to the equilibrium constant K5. Again. there is no evi
dence for a pressure dependence of the room tempera
ture rate constant over the total pressure range 0.44-740 
Torr. The Arrhenius plot is clearly curved, and Dlugo
kencky and Howard92 fit their data with the rate constant 
being the sum of two exponentials. Although empirical, a 
modified Arrhenius expression, k = CT2e -DIT, has been 
used in this evaluation, and a unit-weighted least-squares 
analysis of the data of Atkinson et al.,39 Ravishankara and 
Mauldin45 and Dlugokencky and Howard92 yields the rec
ommendation of 

k(trans-2-butene) = 
(1.22~g:~~) x 10-1s T2 e(382 ~ 28)/1" cm3 molecule-1s-1 

over the temperature range 204-378 K, where the error 
limits are two least-squares standard deviations, and 

k (trans -2-butene) = 
3.90 X 10-13 cm3 molecule-1s- 1 at 298 K, 

J. Phys. Chern. Ref. Data, Vol. 20, No.3, 1991 

with an estimated overall uncertainty at 298 K of ::!: 30~ 

The temperature dependence assumed, of k = CT2e -D/l 

appears to give a somewhat lesser degree of curvature iJ 
the Arrhenius plot than observed (Fig. 4), and hence th 
above recommendation should not be used outside of th 
temperature range 200-380 K. 

(7) 2-Methyl-2-butene 

The available rate constants of J apar and NikPs aD! 
Atkinson et al.,39,65,67 all obtained from relative rate stud 
ies carried out at room temperature, are given in Table ~ 
The agreement is excellent, and the most recent study c 
Atkinson et al.67 is used to recommend that 

k(2-methyl-2-butene) = 
9.37 X 10-12 cm3 molecule-1s-1 at 298 K, 

with an estimated overall uncertainty of ± 35%. 

Ix10-12 

trans -2-BUT E NE 

5 

,.., 
E 
(.) [] 

x 
I xI0-13L-..---'----L-_-I __ -'-__ .L...-_-L. __ 

2.4 3.2 4.0 

JOOO/T(K) 
4.8 

FIG 4. Arrhenius plot of rate constants for the gas-phase reaction ( 
the N03 radical with trans-2-butene. (0) Japar and Niki;38(t 
Atkinson et al.;39 (~) Ravishankara and Mauldin;4s (0) Dlug( 
kenclcy and Howard;92 (-) recommendation, see text. 

(8) 2,3-Dlmethyl-2-butene 

The available rate constant data of Japar and Niki,: 
Atkinson et al.,39,65,67 Rahman et al.47 and Poulet and L 
Bras,48 all obtained at room temperature, are given i 
Table 3. These room temperature rate cor 
stants38,39,47,48,65,67 cover a range of a factor of 2. The mOl 
recent relative rate study of Atkinson et al.67 is used t 
recommend that 

k (2,3-dimethyl-2-butene) 
5.72 x 10-11 cm3 molecule-1s- 1 at 298 K, 

with an estimated overall uncertainty of a factor of 1.~ 
[This recommended rate constant is within 4% of th 
unit-weighted average of the entire rate constant dat 
set3S,39,47,48,65,67]. 

(9) 1,3-Butadlene 

The available rate constant data of Atkinson et al., 
Rahman et al.,47 Benter and Schindler,53 Canosa-M~ 
et al.,44 Andersson and Ljungstrom/il Barnes et al.66 an 
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Poulet and Le Bras,4B all obtained at room temperature, 
are given in Table 4. In this case, the measured rate con
stants range over a factor of 2.2, with no obvious pattern. 
Thus, the relative rate constants of Atkinson et al.65 and 
Andersson and Ljungstr6m61 and the absolute rate con
stant of Poulet and Le Bras48 are in agreement, with a 
rate constant of 1.0 x 10- 13 cm3 molecule-Is-I, while the 
absolute rate constants of Rahman et al.,47 Benter and 
Schindler3 and Canosa-Mas et al.44 and the relative rate 
constant of Barnes et al.66 are a factor of 2 higher at 
(1.7 - 2.2) x 10- 13 cm3 molecule-Is-to While the reasons 
for these discrepancies are not presently understood, the 
relative rate constants of Atkinson et al.65 and Andersson 
and Ljungstr6m61 and the absolute rate constant of 
Poulet and Le Bras48 are used to tentatively recommend 
that 

k(1,3-butadiene) = 1.0 x 10- u emJ moleeuie-1s- 1 

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

The available rate constant data of Atkinson el at., 6S 

Benter and Schindler,53 Dlugokencky and Howard,92 
Barnes et al.66 and Poulet and Le Bras48 are given in 
Table 4 and are plotted in Arrhenius form in Fig. 5. As 
for 1,3-butadiene, there are significant discrepancies be
tween the various studies. Thus, at room temperature the 
relative constant of Atkinson et Ol.65 and the absolute rate 
constants of Dlugokencky and Howard92 and Poulet and 
Le Bras48 are in reasonable agreement, with a rate con
stant of (5.9-8.3) x 10- 13 cm3 molecule-ls-I, while the 
absolute and relative rate studies of Benter and Schin
dler>3 and Barnes et ai.,66 respectively, are in agreement 
with a rate constant of (1.2 - 1.3) x 10-12 cm3 

molecule -IS -1. While the reasons for these discrepancies 
are not presently understood, a unit-weighted least
squares analysis of the absolute rate constants of Dlugo
kencky and Howaril,92 using the Arrhenius expression, 
has been carried out to yield the recommendation of 

k (2-methy!-1 ,3-butadiene) = 
(3.03~g:~) x 10-12 C-(446::t fIJ)/T cm3 mokculc- 1s- 1 

over the temperature range 251-381 K, where the error 
limits are the two least-squares standard deviations, and 

k (2-methyl-l ,3-butadiene) = 
6.78 X 10- 13 cm3 molecule-1s- 1 

at 298 K, with an estimated overall uncertainty at 298 K 
of a factor of 2. This recommended rate constant at 298 K 
is in good agreement with the lie]ative and absolute rate 
constants of Atkinson et at .65 and! Poulet and Le Bras,48 
respectively. 

It is of interest to note that the two alkenes for which 
significant discrepancies occur are both conjugated di
enes of relative]y now reac~ivn~y towards the N03 radka~ 

[compare with the much more reactnve 1,3-cydohexadn
ene fOF 'Nhkh the reia~nve and absohllile F2r~e const?dn~s of 

Atkinson et al.6
'5 and Benter and Schindjer,~3 respectively, 

are in agreement (Table 5)]. 

The available absolute rate constants of Benter and 
Schindler3 and Poulet and Le Bras48 are given in Table 4. 
The room temperature rate constants from these studies 
are in good agreement, and a unit-weighted average of 
these rate eonstants48,53 yields the recommended rate con
stant at 298 K of 

k (2,3-dirnethyl-l ,3-butadiene) = 
2.1 X 10- 12 cm3 molecule-Is- i , 

with an estimated overall uncertainty of a factor of 2. 

The available relative and absolute rate constants of 
Atkinson et al.65 and Benter and Schindier,53 respectively. 
are given in Table 5. For each cydohexadiene the rate 
constants from these room temperature studies are in 
good (l,3-cyclohexadiene) or reasonably good (l,4-cyclo
hexadiene) agreement. Unit-weighted averages of these 
rate constants of Atkinson et al.65 and Benter and Schin
dle~3 lead to the recommended rate constants at 298 K of 

k (1,3-cydohexadiene) = 
1.16 X 10- 11 cm3 molecule-1s-1 

and 
k(l,4-cydohexadiene) = 

6.6 x 10-13 cm3 molecule- 1s- I, 

each with estimated overall uncertainties of a factor of 
1.5. 

/:). 
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III) Ix1O-12 
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2-METHYL-I~3-BUTADIENE 

2xIO-!3~----~-------L------~----~------~ 
2.4 3.2 4.0 

1000/T (K) 

lFiG 5. Arrhenaus plot of rate constants for the gas-phase reaction of 
the N03 radical with 2-methyl-l,3-blltadiene (isoprene). 
(®) AtkirJSOfi ei (11.;65 (.6) Benter 1!Ynd Schimieli;53 (0) Dlugo
r~cnd,y ana Howard;'12 (0) Bames et at.M• (&) lPouiet andl I.e 
Bras;4X (-) recoillmCFH1ation, see ~exL 
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TABLE 4. Rate COmitants k and temperature-dependent parameters, k = A e-J1!T, fur the gas-phalie reactiuns uf the N03 radical with acyclic di- am 
trialkenes 

1012 X A B k 
Alkene (cm3 molecule- 1 S-I) (K) (em3 molecule-Is-I) at T (K) Technique Reference 

1,3-Butadiene (9.82 ± 0.24) x 10-14 295 ± 1 RR [relative to Atkinson et al.65 

k (trans -2-butene) 
= 3.88 x to- 13]-

(1.7 ± 0.3) x 10-13 298 DF-MS Rahman et al.47 

(2.1 ± 0.4) x to- 13 298 DF-MS Benter and Schindler3 

(2.2 ± 0.6) x 10-13 295 ± 2 DF-A Canosa-Mas el al.44 

(1.03 ± 0.15) x to- 13 296 ± 1 RR [relative to Andersson and Ljungstromti 

Ks(N03 + N02 s::. N2OS) 

= 4.40 x 10-11]-

(1.95 ± 0.39) x 10-13 298 ± 2 RR [relative to Barnes et al.66 

k(trans-2-butene) 
= 3.90 x 10-13]-

(9.7 ± 0.4) x 10-14 298 DF-MS Poulet and Le Bras" 

2-Methyl-l,3- (5.94 ± 0.16) x 10- 13 295 ± 1 RR [relative to Atkinson et al.65 

butadiene k (tram; -2-hutene) 
= 3.88 X 10-13]8 

(1.3 ± 0.14) x to- 12 298 DF-MS Benter and Schindler3 

(5.22 ± 0.63) x 10-13 251 F-LIF Dlugokencky and Howard9
: 

(6.52 ± 0.78) x 10-13 297 
(8.37 ± 1.01) x 10- 13 347 

3.03 ± 0.45 450 ± 70 (9.55 ± 1.15) x 10- 13 381 

(1.21 ± 0.20) x 10-12 298 ± 2 RR[ relative to Barnes et a/.66 

k (trans -2-butene) 
= 3.90 x 10- 13]-

(8.26 ± 0.60) x 10- 13 298 DF-MS Poulet and Le Bras" 

2,3-Dimethyl- (2.3 ± 0.3) x 10- 12 298 DF-MS Benter and Schindler3 

1,3-butadiene 
(1.96 ± 0.20) x 10-12 298 DF-MS Poulet and Le Bras" 

3-Mcthylcnc-7- (1.06 ;;t 0.02) x 10- 11 294 ;;t 2 RR [~Iativc; to Atkin50n et "1.93 
methyl-1,6- k (2-methyl-2-butene) 
octadiene = 9.37 x 1O- 12]a 
(myrcene) 

3,7-Dimethyl- (2.23 ± 0.06) x 10- 11 294 ± 2 RR [relative to Atkinson et al.93 

1,3,6-octatriene k (2-methyl-2-butene) 
(cis - and trans- = 9.37 X 10- 12]8 
ocimenet 

a From present recommendations (see text). 
b Rate constants for the cis- and trans-isomers identical to within 8%.93 

J. Phys. Chem. Ref. Data, Vol. 20, No.3, 1991 
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TABLE 5. Rate constants k and temperature-dependent parameters, k = Ae-BlT, for the gas-phase reactions of the N03 radical wilh cyclic ;llkt"JIl', 

1012 X A B k 
Alkene (cm3 molecule-Is-I) (K) (cm3 molecule- I S-I) at T (K) Technique Reference 

Cyclopentene (4.64 ± 0.04) x 10- 13 298 ± 2 RR [relative to Atkinson et al.94 

k (trans -2-butene) 
= 3.90 x 1O- 13]a 

Cydohexene (5.28 ± 0.12) x 10-13 295 ± 1 RR [relative to Atkinson et al.65 

k (trans -2-butene) 
= 3.88 x lO- 13]a 

1,3-Cyclohexadiene (1.23 ± 0.11) x 10- 11 295 ± 1 RR [relative to Atkinson et al.65 

k (2-methyl-2-butene) 
= 9.37 x 1O- 12]a 

(1.1 ± 0.1) x 10- 11 298 DF-MS Benter and Schindleii3 

1,4-Cyclohexadiene (5.32 ± 0.20) X 10- 13 295 ± 1 RR [relative to Atkinson et 01.65 

k(trans-2-butene) 
= 3.88 x 10 - 13]a 

(7.8 ± 0.7) x 10- 13 298 DF-MS Benter and Schindler3 

Cycloheptene (4.84 ± 0.16) x 10- 13 298 ± 2 RR [relative to Atkinson et al.94 

k (trans -2-butene 
= 3.90 x 10- 13]3 

1,3-Cycloheptadiene (6.47 ± 0.09) x 10- 12 295 ± 1 RR [relative to Atkinson et al.65 

k (2-methyl-2-butene) 
= 9.37 x 10- 12]3 

1,3,5-Cycloheptatriene (1.19 ± 0.05) x 10- 12 298 ± 2 RR [relative to Atkinson et al.94 

k (2-methyl-2-butene) 
= 9.37 x 10- 12]3 

Bicyclo[2.2.1 ]- (2.47 ± 0.02) x 10- 13 298 ± 2 RR [relative to Atkinson et al.94 

2-heptene k(trans-2-butene) 
= 3.90 x 1O- 13]a 

Bicydo[2.2.1 ]- (1.02 ± 0.01) x 10- 12 298 ± 2 RR [relative to Atkinson et af y4 
2,5-heptadiene k (trans -2-butene) 

= 3.90 x 10- 13]3 

Bicyclo[2.2.2]- (1.45 ± 0.06) x 10-13 298 ± 2 RR [relative to Atkinson et al. '.14 

2-octene k (trans -2-butene) 
= 3.90 x lO- 13r 

a-Pineneb (5.82 ± 0.16) X 10- 12 295 ± 1 RR [relative to Atkinson el a/ .6S 

k (1-me.thyl-2-hlltene) 
= 9.37 x 1O- 12]a 

(7.88 ± 0.95) x 10- 12 261 F-UF Dlugokcncky and Howard92 

(6.2(; ± 0_75) x 10- 12 297 
(6.10 ± 0.73) x 10- 12 297 
(5.19 ± 0.62) x 10- 12 338 

1.19 ± 0.31 ~490 ± 70 (4.24 ± 0.51) x 10- 12 384 

(6.56 ± 0.94) x 10- 12 298 ± 2 RR [relative to Barnes et al.66 

k (2-mcthyl-2-butcllc) 
= 9.37 x 10- 12]" 

!3-Pineneb (2.36 ± O.H) x 10- 12 295 ± 1 lRlR [relative to Atkinson et al. 65 

k (2-mcthyl-2-hutcnc) 
= 9.37 x 10- 12]3 

(2.37 ± 0.(6) x 10- J2 296 :t 2 RR [rclc~ivc ~o Atkinson et al. 67 

k. (trans -2-ibul:cne) 
= 3.89 x W- I3 ]" 
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TABLE S. Rate constants k and temperature-dependent parameters, k = A e -BIT, for the gas-phase reactions of the N03 radical with cyclic 
aIkenes - Continued 

1012 X A B k 
Alkene (cm3 molecule- 1 S-l) (K) (cm3 molecule- 1 S-I) at T (K) Technique Reference 

(1.6 ± 0.6) X 10-12 c RR [relative to Kotzias et al.9S 

Ks(N03 + N02 q N2Os) 
= 1.26 X 10-27 

el127S!7]-.d 

(2.81 ± 0.47) x 10-12 298 ± 2 RR [relative to Barnes et al.66 

k (2-methyl-2-butene) 
= 9.37 x 1O-12r 

Campheneb (6.57 ± 0.16) x 10- 13 296 ± 2 RR [relative to Atkinson et al.9ft 
k (trans -2-butene) 
= 3.89 x 10-13]-

2-Careneb (1.87 ± 0.12) x 10-11 295 ± 2 RR [relative to Corchnoy and Atkinson97 

k(2-methyl-2-butene) 
= 9.37 x 1O-12r 

(2.16 ± 0.37) x 10-11 295 ± 2 RR [relative to Corchnoy and Atkinson97 

k (2,3-dimethyl-
2-butene) 
= 5.72 x 10- 11]. 

A3-Careneb (1.01 ± 0.02) x 10- 11 295 ± 1 RR [relative to Atkinson et al.6S 

k (2-methyl-2-butene] 
= 9.37 x 10-12]-

(8.15 ± 1.22) x 10- 12 298 ± 2 RR [relative to Barnes et al.66 

k (2-methyl-2-butene) 
= 9.37 x 10-12]-

d-I,.imoneneb (1.31 ± 0.04) x 10-11 295 ± 1 RR [relative to Atkinson et al.6S 

k (2-methyl-2-butene) 
= 9.37 x 10-12:r 

(1.12 ± 0.17) x 10-11 298 ± 2 RR [relative to Barnes et al.66 

k(2-methyl-2-butene) 
= 9.37 x 1O- 12r 

Sabineneb (1.01 ± 0.03) x 10-11 296 ± 2 RR [relative to Atkinson et al.9ft 
k (2-methyl-2-butene) 
= 9.37 x 10-12]-

'Y-Terpineneb (2.94 ± 0.05) X 10-11 294 ± 2 RR [relative to Atkinson et al.93 

k (2-mcthyl-2-butcnc) 
= 9.37 x 10-12]-

Terpinoleneb (9.67 ± 0.52) x 10-11 295 ± 2 RR [relative to Corchnoy and Atkinson97 

k (2,3-dimcthyl-2-butcnc) 
= 5.72 x 10- 11]8 

a-Phellandreneb (8.52 ± 0.63) x 10- 11 294 ± 2 RR [relative to Atkinson et a1.93 

k (2,3-dimethyl-2-
butene) 
= 5.72 x 10- 11]-

a-Terpineneb (1.82 ± 0.08) x 10- to 294 ± 2 RR [relative to Atkinson et al.93 

k (2,3-dimethyl-2-
butene) 
= 5.72 x 10-11]8 

BFrom present recommendations (see text). 
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:lotnntc to Tahle 5. 

itructures: 

a-pinene. ---tb ; ~-pinene. h; Camphene. if; 2-caIene. 

; d-limonene. ; sabinene. ; 'Y-terpinene. 

terpinolene. ; a-phellandrene, ; a-terpinene, 

: Room temperature, not reported. 
I Equilibrium constant of Graham and Johnston78 used,95 with a value of K5 = 1.9 X 10- 11 em3 moleeule- 1 being cited.95 This value of K5 cor

responds to a temperature of 299.6 K.78 

~13) aePinene 

The available rate constant data of Atkinson et ai.,65 
Dlugokencky and Howard92 and Barnes et al.66 are given 
.n Table 5 and are plotted in Arrhenius form in Fig. 6. 
fhe room temperature relative rate constants of Atkin
ion et al.6

:1 and Barnes et a1.66 are in excellent agreement 
.vith the absolute rate constant measured by Dlugo
{encky and Howard.92 The Arrhenius plot (Fig. 6) shows 
]0 evidence of cUlvature, amI a unil-wdghleu 1ea:sl
;quares analysis of these rate constants of Atkinson 
?t al.,65 Dlugokencky and Howard92 and Barnes et al.,66 
lsing the Arrhenius expression, yields the recommenda
:ion of 

k ( a-pinene) 
(1.19~g:j~) x 10-12 e(490::t: 97)/T cm3 molecule-1s- 1 

)ver the temperature range 261-384 K, where the error 
.imits are the two least-squares standard deviations, and 

k(a-pinene) = 
6.16 X 10-12 cm3 molecule-1s- 1 at 298 K, 

iilith an estimated overall uncertainty at 298 K of :t 30%. 

I xiO- 11 

I 
I/) 

~ 
::::J 5 v 
Q) 

(5 
E 

J'I') 
a-PINENE 

E 
0 
~ 

2)(10-12 
2.4 3.2 4.0 

IOOO/T (K) 

FIG 6. Arrhenius plot of rate constants for the gas-phase reaction of 
the NOJ radical with a-pinene. (e) Atkinson et al.;65 (0) 
Dlugokencky and Howard;92 (0) Barnes et al.;66 (-) recom
mendation, se~ text. 

(14) ~-Plnene 

The available rate constants of Atkinson et al.,65,67 
Kotzias et al.95 and Barnes et ai.,66 all obtained from rela-

Jo Physo Chiem. Ref. Data, 'Vol. 20, No.3, 1991 
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tive rate studies carried out at room temperature, are 
given in Table 5. These rate constants6S-67,95 are in reason
able agreement. However, there are uncertainties in re
evaluating the rate constant of Kotzias et al.95 since the 
temperature was not specified; the equilibrium constant 
K5 used was from Graham and Johnston78 with the cited 
value of 1.9 x 10-11 cm3 molecule-1 corresponding to a 
temperature of 299.6 K, -4-5 K higher than previous 
studies from this group.36,60 Accordingly, a unit-weighted 
average of the rate constants of Atkinson et al.65

,67 and 
Barnes et al.66 leads to the recommendation of 

k (~-pinene) = 
2.51 X 10-12 cm3 molecule-Is- I at 298 K, 

with an estimated overall uncertainty of ± 40%. 

(15) ~3·Carene and d-L1monene 

The available rate constants of Atkinson et al.65 and 
Barnes et al., 66 obtained from relative rate studies carried 
out at room temperature, are given in Table 5. The agree
ment is good, and unit-weighted averages of these rate 
constants of Atkinson et al.6s and Barnes et al.66 lead to 
the recommendations of 

k(a3-carene) = 9.1 x 10- 12 cm3 molecule-Is- I 

and 
k(d-limonene) = 1.22 x 10- 11 cm3 molecule-Is-I, 

both at 298 K and with estimated overall uncertainties of 
±35%. 

(16) Other Dienes, Trlenes and Cycloalkenes 

Only single experimental studies are available, and 
hence no recommendations are made. 

2.3.b. Mechanism 

The rate constants at room temperature for the reac
tions of the N03 radical with the alkenes and cycloalke
nes span 6 orders of magnitude, from 2 x 10-16 cm3 

molecule- ls-1 for ethene to 1.8 x 10-10 cm3 

molecule -IS -I for a-terpinene. Apart from ethene and 
the 1-alkenes, the room temperature rate constants are 
~ 10 -13 cm3 molecule .... 1S .... 1 and rate constants of this mag-
nitude are too high to explain by an H -atom abstraction 
reaction pathway. For the acyclic alkenes, the room tem
perature rate constants increase with the degree of alkyl 
substitution around the > C = C < bond, analogous to the 
case for the corresponding OH radical reactions,85-87 
which proceed essentially totally by OH radical addition 
to the >C=C< bond(s).87 Furthermore, Japar and 
Niki38 showed that for propene there is no significant 
deuterium isotope effect, again indicating that the N03 

radical reaction proceeds by addition. A correlation of 
the room temperature N03 and OH radical rate con
stants for reaction with alkenes and cycloalkenes contain-
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ing only a single ;> C = C < bond is shown in Fig. 7. A 
reasonable correlation is evident, with that for the acyclic 
alkenes (filled circles) being good. 

0 

1 x 10- 11 0 
0 

len 
Ix1O- 12 

'Q) o ~o 
::; ct 0 
Q) 0 
(5 1 x1O- 13 

E 

1 X 10-,e;: '------=~...L-__ _'__ ___ --' I -~ 

5x10-12 IxlO-1i 2 5 IxIO- IO 2x10- IC 

kOH (cm3 molecule-I 5.
'

) 

FIG 7. Plot of rate constants for gas-phase reactions of the N03 radio 
cal with acyclic and cyclic monoalkenes against the rate con· 
stants for the corresponding gas-phase OH radical reactiom 
(taken from Atkinson87

). (e) Acyclic monoalkenes;(O) cyclic 
monoalkenes; (-) trend of correlation for acyclic monoalke· 
nes. 

As discussed above for the individual alkenes, in all 
cases for which data are available the measured room 
temperature rate constants are independent of the total 
pressure over the range -1-750 Torr, and show no evi
dence for fall-off behavior, in contrast to the correspond
ing reactions of the OH radical.87 Thus, the rate constan1 
for the reaction of the OH radical with ethene is in the 
fall-off regime at and below -750 Torr total pressure oj 
air at room temperature87 and that for propene is in the 
fall-off regime below - 30 Torr total pressure.87 Addition 
of the N03 radical to the alkenes to form the ~-nitra
to alkyl radical is exothermic by - 22 kcal mol- 1 98 ( -11 
kcal mol- 1 less exothermic than the corresponding Of] 
radical addition reaction98). The observed lack of a pres
sure dependence on the measured rate constants can be 
due to decomposition and/or isomerization of the initiall) 
energy-rich f3-nitratoalkyl radical to products other thaI1 
the reactants. That this process occurs is shuwn by tht 
NOz formation yield data obtained by Dlugokencky ant 
Howard9z for the reactions of the N03 radical with trans· 
2-butene, 2-methyl-l,3-butadiene and a-pinene at total 
pressures of 0.5-4.1 Torr of He, O2 or N2 diluent. The 
N02 formation yields were observed to decrease with in· 
creasing total pressure, decreasing temperature, the com· 
plexity of the alkene and the third body efficiency of the 
diluent gas,92 with the NOz formation yields at 298 K frorr 
the reaction of the N03 radical with trans -2-butene bein! 
> 0.9 at total pressures of helium diluent of ~ 4 Torr,9: 
decreasing to 0.84 and 0.70 at 1.0 and 2.0 Torr total pres· 
sures, respectively, of 02 diluent.92 
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Poulet and Le Bras.w have obsetved the formation of 
epoxides and/or aldehydes from the reactions of the N03 
radical with 2,3-dimethyl-2-butene, 1,3-butadiene, 2-
methyl-l,3-butadiene and 2,3-dimethyl-l,3-butadiene at 
O.S-2.5 Torr total pressure and 298 K, using mass spec
I rome try. The epoxide was identified from the reaction of 
the N03 radical with 2,3-dimethyl-2-butene,48 while alde
hydes were identified from the 2-methyl-l,3-butadiene 
and 2,3-dimethyl-l,3-butadiene reactions (epoxides could 
also have been formed48). At room temperature and total 
pressures of -1 Torr, the N03 radical reactions with the 
simple alkenes and dienes then proceed by (taking 2-
methyl-l,3-butadiene as an example) 

N03 + CH2=CHC(CH3)=CH2 
~ [CH2 = CHC(CH3)CH20N02]:j: 

(and other isomers) 

M 

. * [CH2 =: CHC(Clh)CH20NO;J --""'CH2 ;;; CHCZH3jH2 + NOz 

o 
~H2;;; CHCH(CH3)CHO + NOz 

For the (CH3)i~C(CH3)20N02 radical initially formed 
from N03 radical addition to 2,3-dimethyl-2-butene, the 
H atom migration and decomposition pathway cannot oc
cur, and epoxide formation occurs (in competition with 
stabilization), as observed.48 

Thus, the N03 radical reactions with the alkenes pro
ceed by initial addition. For example, for propene 

N03 + CH3CH = CH2 

~ CH3CH(ON02)CH2 and CHi:HCH20N02 

with these ~-nitratoalkyl radicals being initially energy
rich. As discussed above, at low total pressures these 13-
nitratoalkyl radicals can decompose to form N02 and 
other products. with the importance of this decomposi
tion route decreasing with increasing pressure, decreas
ing temperature and increasing complexity of the 
alkene.92 Under tropospheric conditions, these initially 
energy-rich ~-nitratoalkyl radicals will be rapidly ther
rnalized. However, it should be noted that, analogous to 
the situation for the OR radical reactions with the alke
nes and aromatic hydrocarbons,87 thermal decomposition 
of the thermalized radicals back to the reactants will be
come important at temperatures > 400 K unless other re
action pathways dominate. Since the decomposition 
reaction(s) of the ~-nitratoalky~ radicals to form N02 

dominates over thermal decomposition back to the reac
tants at low totai pressures,92 it is expected that at ele
vated temperatures this wm be the preferred 
decompositnoD path of ~he inhiaHy formed f1-n]tlfatoa]ky~ 
radkals9 even at atmospheric pressureo Hence 21 rapnd dle-

crease in the measured high pressure reaction rate COil 

stants above -400 K, as observed for the OH radical 
reactions with the simple alkenes above - 500-700 K,H7 is 
not expected for the N03 radical reactions with the alke
nes. 

Under tropospheric conditions, the l3-nitratoalkyl radi
cals will rapidly add O2 to form a peroxy (ROi) radical, 
for example 

and this peroxy radical can then react with NO and N02 

and H02, organic peroxy (R10i) and acylperoxy 
(R1C(O)OOo) radicals,89 with the NO, N02 and HOz rad
ical reactions being expected to be the most important in 
the lower troposphere. 

-c CH)CH(ONOz}CH20' + NOz 

CH)CH(ONOz}CH2OO' + NO 

M CH)CH(ON0:z)CH20NOz 

(dillitrate) 

M 

CH3CH(UNUVCHzUU' + NUz ~ CH3CH(ONO:z)CHzOON02 

(peroxynitrate) 

(bI) 

(b2) 

-[ 

CH3CH(ONO¥=H20· + Rp" +02 (el) 

CH)CH(ON00CH2()()" + RIO; 

CH)CH(ONO¥=HO+RIOH +02 (e2) 

(plus other prOducts)89 

The peroxynitrates formed in reaction ( c) are expected to 
undergo rapid thermal decomposition (with a lifetime of 
-1 s at room temperature89), and hence the peroxyni
trate acts as a temporary reservoir for the peroxy radicals, 
with the peroxy radicals ultimately reacting to form, at 
least in part, the corresponding alkoxy radicals. 

The l3-nitratoalkoxy radicals are expected to react with 
O2, undergo thermal decomposition or react with N02 

[reactions (t)_(h)].89 

CH3CH(ON02)CH20' + O2 ~ CH3CH(ON02)CHO + H02 
(f) 

CH3CH(ONOz)CH20' ~ CHi:HON02 + HCHO (g) 

~ 
CH3CHO + N02 

CI bCH(ONOz)CH20' + N02-+ 
CI-J.,CH(ON02)CH20N02 (h) 

( dinitrate ) 

Under conditions typical of the product studies of 
Bandow et alo,72 Shepson et al.74 and Barnes et ai.,66 utiliz
hag the dark reactions of N03 radicals with alkenes~ with 
the N03 radicals being generated from the thermal de-
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composition of N10t;66,72 or from the reaction of N02 with 
03,74 NO is absent and the relevant reactions are then 
expected to be reactions (c), (d) and (e), followed by re
actions (f), (g) and (h) of the ~-nitratoalkoxy radicals. 
Since the dinitrate is formed from reaction (h), its yield 
is expected to increase with increasing N02 concentra
tion, consistent with the data of Bandow et al.72 and 
Shepson et al.74 

This sequence of reactions is in accord with the 
product data of Hoshino et al.,70 Akimoto et al.,7l Bandow 
et al.,72 Shepson et al.74 and Barnes et al.,66 with the most 
definitive data arising from the studies of Shepson et al.74 

and Barnes et al.66 The expected products are then, in ad
dition to the initial formation of the thermally labile in
termediate peroxynitrate(s),66,72 the carbonyls arising 
from the ~-nitratoalkoxy radical decomposition reactions 
[reaction (g)] and the ~-nitratocarbonyls formed from the 
reactions of the l3-nitratoalkoxy radicals with 02 [reaction 
(t)] and, possibly, from the reactions of the ~-nitratoalkyl 
peroxy radicals with organic peroxy radicals [reaction 
(e2)]. These are the major products observed,66,74 to-
gether with small amounts of dinitrates formed from re
action (h). The molar product yields obsetved at room 
temperature and atmospheric pressure from the reac
tions of the N03 radical with propene, I-butene, 2-
methylpropene and trans -2-butene are: from propene: 
HCHO, 0.08-0.14;66,74 CH3CHO, 0.11-0.12;66,74 
CH3COCH20N02, 0.22;74 total nitratocarbonyls, - 0.58;66 
from I-butene: HCHO, 0.11;66 CH3CH2CHO, 0.12;66 total 
nitratocarbonyls, - 0.60;66 from 2-methylpropene: 
HCHO, 0.80;66 CH3COCH3, 0.85;66 total nitratocarbonyls, 
- 0.25;66 from trans -2-butene: CH3CHO, 0.70;66 
CH3COCH(ON02)CH3, 0.55.66 These product yields indi
cate that at room temperature and atmospheric pressure 
reactions (t) and (g) are of comparable importance, with 
the relative importance of these reactions depending on 
the particular alkene. 

The available, and limited, product data for the conju
gated dienes66 and the monoterpenes66

,95 suggest that the 
formation of nitratocarbonyl and/or nitrate-containing 
products dominates. 

2.4. Haloalkcncs 
2.4.a. Kinetics and Mechanisms 

The available kinetic data are given in Table 6. Only 
for vinyl chloride has more than a single study been car
ried out. 

(1) Vinyl chloride 

The rate constants of Atkinson et al.99 and Andersson 
and Ljungstrom,61 both obtained from relative rate stud
ies carried out at room temperature, are given in Table 6. 
The agreement is reasonable. The rate constant of An
dersson and Ljungstrom61 was determined relative to the 
equilibrium constant Ks, and hence is subject to signifi
cant uncertainties (in addition to those in the experimen-
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tal measurement of k/K-;). AccordinglY9 the rate const~ 
of Atkinson et al.99 is used to recommend that 

k (vinyl chloride) = 
4.3 X 10-16 cm3 molecule-1s-1 at 298 K, 

with an estimated overall uncertainty of a factor of 2 
No recommendations are made for the other haloall 

nes studied and, because of the low reactivity of the 
compounds towards the N03 radical and the potential: 
the production of CI atoms from the more chlorina1 
haloalkenes (analogous to the situation for the analog< 
OH radical reactions100,lOl), the rate constants given 
Table 6 may be subject to significant uncertainties. 

Analogous to the reactions of the OH radical with 1 
haloalkenes, the N03 radical reactions are anticipated 
proceed by addition. For example, for vinyl chloride, 

M . 
N03 + CH2 = CHCI -+ 02NOCH2CHCI 

and CHzCHCI(ONOz) 

2.5. Alkynes 
2.5.a. Kinetics and Mechanisms 

The available kinetic data are given in Table 7. 0] 
for acetylene and propyne have more than a single stu 
been carried out. 

(1) Acetylene 

The rate constants, or upper limits thereof, of Atkins 
et al.99 and Canosa-Mas et al.44,91 are given in Table 7. T 
upper limit to the rate constant obtained by Atkins 
et al.99 at 298 K is lower than the rate constant detl 
mined by Canosa-Mas et al.44 at 295 K (although it OVI 

laps within the large uncertainties of the data 
Canosa-Mas et al.44

). An upper limit to the rate const~ 
of 

k(acetylene) <5 x 10-17 cm3 molecule-1s-1 

at 298 K is recommended. This recommendation is c( 
sistent with the value of k(acetylene) = 4 x 10-18 C 

molecule -IS -1 at room temperature estimated by Sabl 
and Giisten88 from the obseIVed correlation of the ri 
constants with the vertical ionization energies. 

(2) Propyne 

the available rate constants of Atkinson et al.99 a 
Canosa-Mas et al.44

,91 are given in Table 7 and are plott 
in Arrhenius form in Fig. 8. The relative99 and absolut 
room temperature rate constants are in reasonable agrc 
ment, and a unit-weighted least-squares analysis of the 
data of Atkinson et al.99 and Canosa-Mas et al.,44,91 usi 
the Arrhenius expression, yields the recommendation 

k (propyne) = 
(1.63~1:~) X 10-11 e-{3328 % 486)/T cm3 molecule- 1s-1 
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TABLE 6. Rate constants k for the gas-phase reactions of the N03 radical with haloalkenes 

k 
IlaloaIkene (cm3 molecule-Is-I) at T (K) Technique Reference 

Vinyl Chloride (4.26 ± 0.19) x to- 16 298 ± 2 RR [relative to Atkinson el af.9'J 
k(ethene) = 2.05 x 1O- 16]a 

(3.30 ± 1.66) x 10- 16 296 ± 1 RR [relative to Andersson and 
Ks(N03 + N02 !::l; N2Os) Ljungstrom61 

= 4.40 X 10- 11]3 

1,1-Dichloroethene (1.23 ± 0.15) x 10-15 298 ± 2 RR [relative to Atkinson et af.99 
k(ethene) = 2.05 x 10- 16]8 

cis -1,2-Dichloroethene (1.39 ± 0.13) x 10- 16 298 ± 2 RR [relative to Atkinson et af.99 
k(ethene) = 2.05 x 10- 16)8 

trans -1,2-Dichioroethene (1.07 ± 0.11) x to- 16 298 ± 2 RR [relative to Atkinson et al.9'J 
k (ethene) = 2.05 x 10 -16]Q 

Trichloroethene (2.81 ± 0.17) x 10- 16 298 ± 2 RR [relative to Atkinson et al.99 

k(ethene) 2.05 x to- 16]a 

Tetrachloroethene <5.2 x 10- 17 298 ± 2 RR [relative to Atkinson et af.99 
k ( ethene) = 2.05 x 10 -16]a 

3-Chloro-l-propene (5.35 ± 0.21) x 10- 16 298 ± 2 RR [relative to Atkinson et al.9'J 
(allyl chloride) 

a From present recommendations (see text). 

over the temperature range 295-473 K, where the indi
cated error limits are two least-squares standard devia
tions, and 

k(propyne) = 2.30 x 10-16 cm3 molecule-1s- 1 at 298 K, 

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

For the other alkynes, no recommendations are made. 
Analogous to the OR radical reactions with the alkyncs,87 
the room temperature rate constants increase with the 
degree of alkyl substitution around the carbon-carbon 
triple bond. These N03 radical reactions are expected to 
proceed by initial N03 radical addition 

M. 
N03 + CZH2 ~ CH=CHON02• 

2.6. Oxygen-Containing Organic Compounds 
2.6.8. Kinetics and Mechanisms 

The available rate constant data are given in Table 8. 
Only for formaldehyde, acetaldehyde and methanol have 
more than a single kinetic study been carried out. 

(1) Formaldehyde 

The avaHable rate constants of Atkinson et ai.,39 

Cantrell et al :10 and Hjorth et al ./,0 aU obtained at room 
temperature, are given in Table 8. The rate constants of 

k(ethene) = 2.05 x 10- 16]3 

Atkinson et al.39 and Hjorth et al.6O were determined rela
tive to the equilibrium constant Ks. Although Hjorth 
et al.60 stated that they used the equilibrium constant of 
Graham and Johnston,78 the value of Ks cited60 (1.88 x 
10- 11 cm3 molecule-I) does not agree with that calculated 
from the expression of Graham and Johnston'8 (3.43 x 
lO-li em' molecule- 1 at 2Y.5 K), and hence the fe-evalu
ated rate constant of Hjorth et al.6O (which assumes the 
use of the Graham and Johnston 78 equilibrium constant 
and a temperature of 295 K) is highly uncertain. 

In addition to determining a rate constant relative to 
the equilibrium constant Ks, CantreH et al.4() monitored 
directly the N03 radical concentration in several experi
ments, and hence an absolute rate constant can also be 
obtained from this study of Cantrell et al.40 (Table 8). The 
rate constants of Atkinson et al.39 and Cantrell et al.40 are 
in reasonable agreement, espedaHy the relative rate con
stant of Atkinson et al.39 and the absolute value of 
Cantreli et a1.40 Based upon the relative and absolute rate 
constants of Atkinson el al.39 and Cantrell et al.,40 respec
tively, a rate constant of 

k(formaldehyde) = 
5.8 x 10- 16 cm3 molecule- 1s- 1 at 298 K 

is recommended, with an estimated overall uncertainty of 
a factor of 2" This recommendation is identical or essen

ideli1tkaJ1 [0 the recent KUPAC22 and! NASA23 

evaJuatROF1lS of k(fol!maHdehyde) = 6 x 10-16 em3 
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TABLE 7. Rate eon5tanti k and temperature-dependent parameters, k = A e-Brr, for the gas-phase reactions of the NO] radical with alkyn 

1012 X A B k 
Alkyne (cm3 molecule-I S-I) (K) (cm3 molecule-I S-I) 

Acetylene ~2.9 x 10-17 

(5.1 ± 3.5) x 10-17 

(1.9 ± 1.2) x 10-16 

(5.4 ± 3.4) x 10-16 

0.49~~~ 2742 ± 542 (3.3 ± 1.9) x lO-15 

Propyne (1.74 ± 0.15) x lO-16 

(2.66 ± 0.32) x lO-16 

(6.8 ± 2.1) x 10-16 

(1.68 ± 0.60) x 10-1S 

(5.38 ± 2.1) x lO-IS 

14.7~: 3284 ± 494 (USU ± U.l~) x 10- 14 

I-Butyne (4.55 ± 0.46) x to- 16 

(4.48 ± 1.24) x 10- 13 

(1.03 ± 0.33) x 10- 14 

32.1~:; 3320 ± 349 (3.26 ± 0.72) x 10-14 

2-Butyne (6.70 ± 1.50) x 10-14 

I-Pentyne (7.54 ± 0.75) x lO-16 

(1.40 ± 0.14) x 10- 15 

(4.64 ± 0.76) x 10- 15 

(1.54 ± 0.16) x 10- 14 

29.8~:; 3212 ± 217 (3.58 ± 0.45) x to- 14 

1-Hexyne (1.60 ± 0.19) x to- 15 

(3.91 ± 0.97) x 10-15 

(7.53 ± 1.80) x to- 15 

(1.94 ± 0.19) x to- 14 

8.95~:~ 2598 ± 169 (3.83 ± 0.61) x to- 14 

8 From present recommendations (see text). 

molecule-1s-1 and 5.8 x 10-16 cm3 molecule-Is-I, re
spectively, hoth at 298 K. 

This reaction of the N03 radical with HCHO proceeds 
by H-atom abstraction39

•
40 

N03 + HCHO ~ HON02 + HeO 

with the HeO radical reacting rapidly with O2 to yield 
CO and the H02 radicaI22

•
23 

Use of the -eHr- group rate constant derived above 
(Sec. 2.1.), combined with a substituent factor of 
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at T (K) Technique Reference 

298 ± 2 RR [relative to Atkinson et al.99 

k(ethene) 
= 2.05 x 10 -16]8 

295 ± 2 DF-A Canosa-Mas et al.44 

348 ± 3 DF-A Canosa-Mas et al.91 

423 ± 3 
523 ± 3 

298 ± 2 RR [relative to Atkinson et al.99 

k(ethene) 
= 2.05 X 10-16]8 

295 ± 2 DF-A Canosa-Mas et al.44 

323 ± 3 DF-A Canosa-Mas el at .91 
373 ± 3 
423 ± 3 
473 ± 3 

295 ± 2 DF-A Canosa-Mas et al.44 

373 ± 3 DF-A Canosa-Mas et al.91 

423 ± 3 
473 ± 3 

295 ± 2 DF-A Canosa-Mas et a/.44 

295 ± 2 DF-A Canosa-Mas et at.44 

323 ± 3 DF-A Canosa-Mas et al.91 

373 ± 3 
423 ± 3 
473 ± 3 

295 ± 2 DF-A Canosa-Mas et al.44 

333 ± 3 DF-A Canosa-Mas et al.91 
373 ± 3 
423 ± 3 
473 ± 3 

FNOi = 0) = [FOH( = 0)]1.61 = 33,86 leads to an estimate 
rate constant for the reaction of the NO~ radical wi 
HCHO of 5.0 x 10-16 cm3 molecule- 1s-1 at 298 K, in e 
cellent agreement with the recommendation. 

(2) Acetaldehyde 

The available rate constant data of Morris and Niki 
Atkinson et al.,39 Cantrell et al.41 and Dlugokencky a1 

Howard92 are given in Table 8 and are plotted in Arrh 
nius form in Fig. 9. The agreement between the roo 
temperature relative rate data of Morris and Niki 
Atkinson et al.39 and Cantrell et al.41 and the absolu 
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FIG 8. Arrhenius plot of rate constants for the gas-phase reaction of 
the NO) radical with propyne. (6) Atkinson et al.;99 (0) 
Canosa-Mas et al.;44,91 (-) recommendation, see text. 

room temperature rate constant of Dlugokencky and 
Howard92 is good. Since the relative rate data39

,41,S8 are 
subject to significant uncertainties due to uncertainties in 
the equilibrium constant Ks, a unit-weighted least
squares analysis of the absolute rate constants of Dlugo
kencky and Howard,92 using the Arrhenius expression, 
has been carried out to yield the recommendation of 

k ( acetaldehyde) = 
(1.44~gJ~) X 10- 12 C-(1862 ± 30)!T em3 moicculc-1s- I 

over the temperature range 264-374 K, where the indi
cated errors are the two least-squares standard devia
tions, and 

k(acetaldehyde) = 2.78 x 10- 15 cm3 molecule-Is- 1 

at 298 K, with an estimated overall uncertainty at 298 K of 
± 35%. This recommendation is essentially identical to 
the recent IUP AC22 and NASA23 evaluations of k (ac
etaldehyde) = 1.4 x 10-12 e-1860IT em3 molecule-1s- I and 
1.4 x 10- 12 e- l900/

T cm3 molecule-Is-I, respectively. 
The observed formation of HONOz and peroxyacetyl 

nitrate (PAN, CH3C(O)OON02) during the reaction of 
CH3CHO in NzOs - N03 - N02 - O2 - Nz (or Ar) 
mixtures41

,S8 shows that, as expected, the reaction of the 
N03 radical with CH3CHO proceeds by H-atom abstrac
tion from the -eRO group, 

fonawed! by the lreac~liolI1§39,41,58,89 

. M 
CH3CO + O2 -?> CH3C(O)OO. 

M 
CH3C(O)OOo + N02 +% CH3C(O)OON02• 

Use of the > CH- group rate constant derived in Sec. 
2.1. above and the substituent factor FN03( = 0) 33 (see 
Sec. 2.6.a.(1) above) leads to a calculated rate constant 
for this reaction at 298 K of 2.7 x 10- 15 cm3 

molecule-Is-I, in excellent agreement with the recom
mendation. 
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FIG 9. Arrhenius plot of rate constants for the gas-phase reaction of 
the NO) radical with acetaldehyde. (6) Morris and Niki;58 (e) 
Atkinson et 01.;39 (D) Cantrell cl a/.;·l1 (0) Dlugokencky and 
Howard;92 (-) recommendation, see text. 

(3) Methanol 

The available rate constant datu of Wallington et al.s7 

and Canosa-Mas et al.'lo arc given in Table 8. The upper 
limit to the rate constant determined by Wallington 
et al.s7 at 298 K is consistent with the room temperature 
rate constant of Canosa-Mas et al.90 The reaction of the 
NO., radical with methanol will proceed by H~atom ab
straction, with this H-atom abstraction being expected to 
occur essentialJy totaHy from the -CH3 group. 

+ -> HON02 + CH20H. 
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TABLE 8. Rate constants k and temperature-dependent parameters, k "" Ae-BfT, for the gas-phase reactions of the N03 radical with oxygen 
containing organic compounds 

101% x A B k 
Oxygenate (em3 molecule-I S-I) (K) (em3 molecule-Is-I) at T (K) Technique Reference 

Formaldehyde (5.89 ± 0.48) x 10-16 298 ± 1 RR [relative to Atkinson et al.39 

Ks(N03 + NOz +:t NzOs) 
= 3.41 x 1O-11]a 

5.6 x 10- 16 298 ± 2 S-A Cantrell et al.40 

(8.7 ± 0.6) x 10-16 298 ± 2 RR [relative to Cantrell etal.40 

KS(N03 + NOz +:t NzOs) 
= 3.41 x 10-11]-

(7.9 ± 1.7) x 10-1611 295 ± 2 RR [relative to Hjorth et alfA) 

Ks(N03 + NOz +l NzOs) 
= 5.00 x 10-11]-

Acetaldehyde (2.54 ± 0.64) x 10-15 300 RR [relative to Morris and Niki511 

Ks(N03 + NOz +l NzOs) 
= 2.65 x 10-11]-

(2.44 ± 0.52) x 10-15 298 ± 1 RR [relative to Atkinson et al.39 

Ks(N03 + NOz +l NzOs) 
= 3.41 x 10-11r 

(3.15 ± 0.60) x 10-15 299 ± 1 RR [relative to Cantrell et al.41 

Ks(N03 + NOz +:t NzOs) 
= 3.00 x 1O-11]B 

(1.26 ± 0.16) x 10-15 264 F-LIF Dlugokencky and HowaT( 
(2.74 ± 0.33) x 10- 15 298 
(5.27 ± 0.63) x 10- 15 332 

1.44 ± 0.18 1860 ± 300 (1.00 ± 0.12) x 10-14 374 

Acrolein (1.11 ± 0.17) x to-IS 298 ± 2 RR [relative to Atkinson et al.99 

k(ethene) 
= 2.05 x to- 16r 

Crotonaldehyde (5.12 ± 0.17) x 10-15 298 ± 2 RR [relative to Atkinson et al.99 

k(propene) 
= 9.45 x to- 1Sr 

Methanol :s:6 x to- 16 298 ± 2 FP-A Wallington et al.s7 

(2.1 ± 1.1) x 10-16 294 DF-A Cannsa-Mas I!t al.90 

(4.61 ± 0.92) x 10-16 323 
(6.8 ± 2.7) x 10- 16 348 

(1.29 ± 0.49) x 10- 15 373 
(3.11 ± 0.84) x 10- 1S 423 
(2.51 ± 0.45) x 10- IS 428 

125+1,16 2562 ± 241 (6.32 ± 1.35) x 10- 1s 473 • -0.61 

Ethanol <9 x 10-16 298 == 2 FP-A Wallington et al.57 

2-Propanol :S:2.3 x 10- 15 298 ± 2 FP-A Wallington et al.s7 

Dimethyl ether :s:3 x to-IS 298 ± 2 FP-A Wallington et al.56 

Tetrahydrofuran (4.90 ± 0.28) x to-IS 296 ± 2 RR [relative to Atkinson et al.67 

k (trans -2-butene) 
= 3.89 X 1O-13]B 

Furan (1.44 ± 0.02) x to- 12 295 ± 1 RR [relative to Atkinson et al.102 

k (trans -2-butene) 
= 3.88 x 10-13]8 

J. Phya. Chem. Ref. Data, Vol. 20, No.3, 1991 
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TABLE 8. Rate constants k and temperature-dependent parameters, k = Ae-B1T, for the gas-phase reactions of the N03 radical with OX\'I~(,II 
containing organic compounds - Continued 

1012 X A B k 
Oxygenate (cm3 molecule- 1 S-I) (K) (cm3 molecule- 1 S-I) at T (K) Technique Reference 

1,8-Cineolec (1.75 ± 1.07) X 10- 16 295 ± 2 RR [relative to 
k (2,1-ciimethyl
butane) 

Corchnoy and Atkinson')"] 

a From present recommendations (see text). 
b Reevaluation uncertain; see text. 
C Structure: 

Based on the correlation shown in Fig. 2 and also on 
the -CH3 group rate constant and the substituent factor 
FN03( - OH) = [FOH( - OH)]1.61 = 7.2,86 the e!';timateo 
room temperature rate constant for the reaction of the 
N03 radical with methanol is - (0.5 -1.4) x 10- 17 cm3 

molecule-Is-I, in reasonable agreement with the room 
temperature rate constant of 3 x 10- 17 cm3 

molecule -IS -1 estimated by Sabljic and Gusten88 from the 
obsetved correlation of the N03 radical reaction rate con
stants with the vertical ionization energies. These esti
mated room temperature rate constants are an order of 
magnitude lower than that measured by Canosa-Mas 
et al.90 

(4) Other Oxygen Containing Organic Compounds 

For the other oxygen-containing organic compounds 
for which rate data are available (Table 8), only single 
studies have been carried out and hence no recommenda
tions are made. The N03 radical reactions with ethanol, 
2-propanol, dimethyl ether, tetrahydrofuran and 1,8-cine
ole will proceed by H-atom abstraction. The observed 
room temperature rate constants (or upper limits to the 
rate constants) for these reactions56

,57,67,97 are reasonably 
consistent with those calculated from the group rate con
stants and substituent factors (calculated from the corre
sponding OH radical substituent factors86

), of (in units of 
10-16 cm3 molecule-Is-I): ethanol, 1.1; 2-propanol, 5.9; 
dimethyl ether, 0.05 (0.14 from the correlation shown in 
Fig. 2); tetrahydrofuran, 8.8; and 1,8-cineole, 4.1. Inter
estingly, while the room temperature rate constants esti
mated by Sabljic and Gusten88 from the observed 
correlation of the N03 radical reaction rate constants 
with the vertical ionization energies for ethanol and 2-
propanol are in good agreement with the present esti
mates, that for dimethyl ether88 of 2.9 x 10- 15 cm3 

molecule -IS -1 is two orders of magnitude higher than the 
above estimate, and is just consistent with the c:pper limit 
to the rate constant determined by Wallington et al.56 

The N03 radical reaction with furan is expected to pro
ceed by initial N03 radical addition to the > C = C < 
bonds,102 and those with acrolein and crotorllaMehyde can 

= 4.08 x 10-16]a 

proceed by both H-atom abstraction from the -CHO 
group and/or N03 radical addition to the > C = C < 
hono99 

N03 + CH2 =CHCHO ~ HON02 + CH2 =CHCO 

M 
N03 + CH2=CHCHO ~ 

02NOCHi::HCHO and CH2CH(ONOz)CHO. 

Assuming that the rate constant for H-atom abstraction 
for the -eHO group in the a,l3-unsaturated aldehydes at 
room temperature is similar to that for acetaldehyde, 
then it appears that the H-atom abstraction pathway 
dominates for acrolein and that both the H-atom abstrac
tion and N03 radical addition pathways are operable for 
crotonaldehyde.99 

2.7. Sulfur-Containing Organic Compounds 
2.7.a. Kinetics 

The available rate constant data are given in Table Y, 
and multiple studies have been carried out for four of the 
seven organosulfur compounds for which rate data are 
available. 

(1) Methanethiol 

The available rate constant data of Mac Lead et aJ., 103 

Wallington et al.,56 Rahman et al.47 and Olugokencky and 
Howard46 are given in Table 9 and are plotted in Arrhe
nius form in Fig. 10. At room temperature and below, 
these relative103 and absolute46

,47.56 rate constants are in 
reasonable agreement, being in the range (0.77-1.12) x 
10 12 cm3 molecule-- 1s 1 at room temperature. No effect 
of total pressure over the range 0.45-740 Torr on the 
room temperature rate constant is evident.46,47,56,103 The 
rate constant of Wallington et al.56 at 350 K is a factor of 
2 lower than that of Dlugokencky and Howard,46 and the 
rate constants of Wallington et al.56 are consistently lower 
than those of Dlugokencky and Howard46 over the tem
perature range 280-350 K. 

A ulillit-weighted average of the room temperature rate 
constan~s of Mac Leod et ai., 103 Wallington et al.,56 

J. Phys. Chern. Ref. Data, Vo~. 20, No.3, 1991 
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Rahman et al.47 and Dlugokencky and Howard.46 com
bined with the zero temperature dependence determined 
by Dlugokencky and Howard,46 yields the recommenda
tion of 

k(methanethiol) = 9.3 x 10- l3 cm3 molecule-Is-I, 

independent of temperature over the range 254-367 K, 
with an estimated overall uncertainty of a factor of 1.5 
over this temperature range. This recommendation is es
sentially identical to the recent IUP AC evaluation22 of 
k(methanethiol) = 9.2 x 10-13 cm3 molecule-Is-I, inde
pendent of temperature over the range 250-370 K, and is 
similar to the NASA evaluation23 of k (methanethiol) = 
4.4 x 10-13 e210lT cm3 molecule- 1s--1. 

(2) Dimethyl sulfide 

The available rate constant data of Atkinson et al.,64 
Tyndall et al.,50 Wallington et al.,51,56 Dlugokencky and 
Howard46 and Daykin and Wine52 are given in Table 9 
and are plotted in Arrhenius form in Fig. 11. At room 
temperature. the relative rate constant of Atkinson 
et al.64 and the absolute rate constants of TyndaU et al. 50 

and Dlugokencky and Howard46 are in excellent agree
ment, but are - 25% higher than the absolute rate con
stants of Wallington et al.51

,56 and 20-25% lower than the 
absolute rate constant of Daykin and Wine.52 As for 
CH3SH, at - 298 K the rate constant is independent of 
total pressure over the range 0.5-740 Torr. 

The rate constants of Wallington et al.51,56 for CH3SH, 
CH3SCH3 and CH3SSCH3 are consistently lower than the 
absolute rate constants of Dlugokencky and Howard46 

and are lower than the relative rate constants of Mac 
Leod et al.l03 for CH3SH and Atkinson et al. 64 for 
CH3SCH3, and it is possible that the rate data of Walling
ton et al.51

,56 are systematically low by - 25%. 
A unit-weighted least-squares analysis of the absolute 

rate constant data of Tyndall et al.,so Dlugokencky and 
Howard46 and Daykin and Wine52 and the relative rate 
constant of Atkinson et al.,64 using the Arrhenius expres
sion, yields the recommendation of 

k (dimethyl sulfide) = 
(1.87~~:~) x 10-13e(519:t128)/T cm3 molecule-Is- 1 

over the temperature range 256-376 K, where the indi
cated errors are the two least-squares standard devia
tions, and 

k (dimethyl sulfide) = 
1.07 X 10-12 cm3 molecule-1s-1 at 298 K, 

with an estimated overall uncertainty at 298 K of ± 40%. 
This recommendation is essentially identical to the recent 
IUP AC22 and NASA 23 evaluations of k (dimethyl sulfide) 
= 1.9 X 10- l3 e500/T cm3 molecule-Is-lover the tempera
ture range 250-380 K. 

J. Phys. Chern. Ref. Data, Vol. 20, No.3, 1991 

(3) Dimethyl disulfide 

The available absolute rate constant data of Walling· 
ton et al.56 and D lugokencky and Howard46 are given in 
Table 9 and are plotted in Arrhenius form in Fig. 12. In 
addition to these two studies,46,56 Mac Leod et al.I03 car
ried out a relative rate study, and obtained an apparenl 
room temperature rate constant an order of magnitude 
lower than the absolute values.46

,56 A subsequent investi
gation by Atkinson et al.los showed that reliable rate con· 
stant data could not be obtained from these relative rate 
studies103,lOS because of chemical complexities in the reac· 
tion system, and hence the data of Mac Leod et al. lo3 are 
not included in Table 9 nor in the evaluation of the rate 
constant for this reaction. 

As for CH3SH and CH3SCH3, the rate constants oj 
Wallington et al.56 are lower than those of Dlugokenck) 
and Howard.46 Based mainly on the data of Dlugukenck) 
and Howard,46 a rate constant of 

k(dimethyl disulfide) = 7 x 10-13 cm3 molecule-ls-I, 

independent of temperature over the range - 300-380 K 
is recommended, with an overall uncertainty of a factor oj 
2 over this temperature range. This recommendation h 
identical to the recent IUP AC evaluation22 and is simBal 
to the NASA evaluation23 of k (dimethyl disulfide) = 1.~ 
X 10-12 e-270IT cm3 molecule-Is-I. 

(4) Thiophene 

The available rate constants of Atkinson et al.,67,lo2,m 
all obtained from relative rate studies, are given in Tabl( 
9. The rate constant appears to be essentially indepen· 
dent of temperature over the restricted range of 272-29l 
K,67,102,104 and the rate constant of Atkinson et al.67 a' 
296 K is used to recommend that 

k(thiophene) = 3.93 x 10-14 cm3 molecule-Is-I, 

independent of temperature uver the range 272-296 K 
with an estimated overall uncertainty of ± 35% over thi: 
temperature range. 

(5) Ethanethlol 

The sole rate constant of Mac Leod et al.103 at 297 I< 
(Table 9) is essentially identical to that for methanethiol 
indicating no effect of the alkyl group on the rate con 
stant. Since only a single study has been carried out, fl( 

recommendation is made. 

2.7.b. Mechanism 

The magnitude of the rate constants and the zero 0 

negative temperature dependencies of the rate constant 
for the reactions of the N03 radical with the thiol 
(RSH), sulfides (RSR) and disulfides (RSSR) indicatl 
that these reactions proceed by initial addition of thl 
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TABLE 9. Rate constants k and temperature-dependent parameters, k = A e-B1T, for the gas-phase reactions of the N03 radical with sulfm-cOl1LliJl 
ing organic compounds 

1012 X A B k 
Organosulfur (cm3 molecule- 1 S-I) (K) (em3 molecule- 1 S-I) at T (K) Technique Reference 

Methanethiol (1.00 ± 0.22) x 10- 12 297 ± 2 RR [relative to Mac Leod et al. 103 

[CH3SH] k(trans-2-butene) 
= 3.89 x 10- 13]8 

(8.0 ± 1.4) x 10- 13 280 FP-A Wallington et al.56 

(8.1 ± 0.6) x 10- 13 298 
0.1O~:~~ -600 ± 400 (5.4 ± 0.7) x 10- 13 350 

(7.7 ± 0.5) x 10- 13 298 DF-MS Rahman et al.47 

(1.11 ± 0.17) x 10- 12 254 F-LIF Dlugokencky and Howard46 

(1.12 ± 0.17) x 10- 12 296 
1.09 ± 0.17 o ± 50 (1.12 ± 0.17) x 10- 12 367 

Ethanethiol (1.21 ± 0.28) x 10- 12 297 ± 2 RR [relative to Mac Leod et a/. I03 

[C2H5SH] k (trans-2-butene) 
= 3.89 x 1O- 13]a 

Dimethyl sulfide (9.92 ± 0.20) x 10- 13 296 ± 2 RR [relative to Atkinson et al/>4 
(CH3SCH3] k (trans-2-butene) 

3.89 x 10- 13]a 

(1.2 ± 0.3) x 10- 12 278 MP-A Tyndall et al.5O 

(9.9 ± 3.5) x 10- 13 298 
1.0 ± 0.2 0 (1.0 ± 0.25) x 10- 12 318 

(7.5 ± 0.5) x 10- 13 298 ± 2 FP-A Wallington et al.51 

(8.8 ± 1.2) x 10- 13 280 FP-A Wallington et al.56 

(8.1 ± 1.3) x 10- 13 298 
0.47~:;:~ -170 ± 130 (7.7 ± 0.7) x 10- 13 350 

(1.40 ± 0.21) x 10- 12 256 F-LIF Dlugokencky and Howard46 

(1.45 ± 0.22) x 10- 12 257 
(1.21 ± 0.19) x 10- 12 277 
(1.08 ± 0.17) x 10- 12 297 
(1.04 ± 0.16) x 10- 12 297 

(8.6 ± 1.3) x 10- 13 337 
0.179 ± 0.022 -530 ± 40 (7.4 ± 1.2) x 10- 13 376 

(1.3 ± 0.3) x 10- 12 298 ± 1 LP-A Daykin and Winc52 

Dimethyl sulfide-d6 (3.4 ± 0.8) x 10- 13 298 ± 1 LP-A Daykin and Winc52 

[CD3SCD3] 

lJlethyl sultide (4.8 ± 1.2) x 10- 12 298 ± 1 LP-A Daykin and Wine52 

[CH3CH2SCH2CH3] 

Dimethyl disulfide (5.3 ± 0.8) x 10- 13 280 FP-A Wallington et al.56 

[CH3SSCH3] (4.9 ± 0.8) x 10- 13 298 
0.19 ± 0.03 -290 ± 50 (4.3 ± 0.6) x 10- 13 350 

(7.3 ± 1.5) x 10- 13 334 F-UF Dlugokencky and Howard46 

0.74 ± 0.15 o ± 200 (7.5 ± 1.5) x 10- 13 382 

Thiophene (3.57 ± 0.90) x 10- 14 295 ± 1 RR [relative to Atkinson et al.102 

k (trails -2-hutenc) 
= 3.88 x 10- 13]3 

(3.91 ± 0.09) x 10- 14 295 ± I RR [relative to Atkinson et ai. 102 

k(propcnc) 
= 9.45 x 1O- 15]a 

.t Phys, Chem. Ref. Data, 'VoH, 20, No, 3, ~991 
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TABLE: 9. Rate constants k and temperature-dependent parameters, k = A e -BIT, for the gas-phase reactions of the N03 radical with sutfur-cont 
ing organic compounds - Continued 

1012 X A B k 
Organosulfur (em3 molecule-Is-I) (K) (cm3 molecule- I S-I) at T (K) Technique Reference 

(3.93 ± 0.16) x to- 14 296 ± 2 RR [relative to 
k(trans-2-butene) 
= 3.89 x 10-13]a 

Atkinson et al.67 

(4.01 ± 0.56) x 10- 14 272.4 ± 0.6 RR [relative to 
k(trans-2-butene) 
= 3.68 x 10- 13]a 

Atkinson et al. lo. 

aProm present recommendations (see text). 
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PIG 10. Arrhenius plot of rate constants for the gas-phase reaction of 
the N03 radical with methanethiol. (e) Mac Leod ct al.;1113 (6) 
Wallington et al.;s6 (0) Rahman et ar.;47 (0) Dlugokencky and 
Howard;46 (-) recommendation, see text. 
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PIG 11. Arrhenius plot of rate constants for the gas-phase reaction of 
the N03 radical with dimethyl sulfide. (e) Atkinson etal.;64 
(6) Tyndall et al.;so ( .. ) Wallington et al.;SI,S6 (0) Dlugo
kencky and Howard;46 (0) Daykin and Wine;s2 (-) recom
mendation, see text. 
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N03 radical to the S atom.46,SO,s2.S6,64,103 For example, 
methanethiol 

N03 + CII3SII ~ [CII3SH(ONOz)]i. 

The subsequent reactions of these addition adducts ; 
not totally understood. Decomposition of the adducts 
generate N02 is not observed,46,50 with an N02 format 
yield of < 5% being reported for the N03 radi 
reactions with CH3SH and CH3SCH3 at a total pressl 
of -1 Torr.46 Since the measured rate constants ; 
independent of the total pressure for pressures 
Torr,46,47,sO-S2,S6,64,103 this indicates that other decomp< 
tion pathways of the addition adduct, other than to re 
tants,occur.46 

From a product study of the N03 radical reactions \\ 
CH3SH, C2HsSH and CH3SSCH3 conducted at room te 
perature and atmospheric pressure with IT -IR abso 
tion spectroscopic detection of reactants and prodw 
Mac Leod et al. t03 suggested the formation of CH3S ra 
cals from the reaction of the N03 radical with CH3~ 
The reaction sequence may then be, 

N03 + CH3SH +t [CH3SH(ON02)]* -+ CH3S + HONO 

where the addition adduct may decompose back to re 
tants as well as to CH3S radicals and HON02. The ab 
lute room temperature rate constants determined 
Daykin and Wine52 for the reactions of the N03 radi 
with CH3SCH3, CD3SCD3 and C2HsSC2Hs show that ' 
rate determining step involves H (or D) atom abstracti 
These observations indicate that an analogous react 
mechanism occurs for the sulfides,s2 

NOJ + CHJSCHj ¢ [CH3S(ONOz)CH31-
CH)SCH2 + HOJI 

followed by reactions of the CH3SCH2 radical to yield' 
CH3S radicals2 

. M . 
CH3SCH2 + O2 ~ CH3SCH200 

. M 
CH3SCH200 + N02 +t CH3SCH200N02 

CH3SCH200 + NO ~ CH3SCH20 + N02 
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FIG 12. Arrhenius plot of rate constants for the gas-phase reaction of 
the NOa radic.al with dimethyl disl1lfide, (S) Wallington 
et al.;56 (0) Dlugokencky and Howard;46 (-) recommenda
tion, see text. 

The subsequent reactions of the CH3S radical must 
then form, among other products, S02 and HCHO. 103,l06 

Kinetic and product studies of the gas-phase reactions of 
h CH S· d' I 'th NO 107,108 NO 106,108-110 0 108,110 and t e 3 ra lca WI , 2, 2 , 

0/11 suggest that the important reactions of the CH3S 
radical under atmospheric conditions are with N02 and 

CH3S + NOz~CH3S6 + NO 

CH3S + 03~products (possibly CH3SO + Ozlll). 

Under atmospheric conditions, the CH3SO radical reacts 
with Noi06,l09,110 and O2,106 

CH3SO + N02 ~ CH3S02 + NO 

. M 
CH3SO + O2 ~ CH3S(O)OO. 

which is followed byl06 

M 
CH3S(O)OO· + NOz~CH3S(O)OONOz 

CH3S(O)OO· + NO ~ CH3S0Z + NOz, 

and possibly also with 03. 111 Reactions of the CH3SOZ 

radical must then lead to the formation of SOz, HCHO 
(through the ·CR3 radical), and CH3S03H.I06 

The reaction of the N03 radical with thiophene may 
occur by N03 radical addition to the >C=C< bonds as 
well as by N03 radical addition to the S atom. 

2.8. Nitrogen .. Contai~ill1g Organic Compounds 
2.S.al. KBn1e~UCS and! MechanisMS 

The avaHab]e rate constant data are ghren nn Table ] O. 
Rate constants, or upper Rimits thereof, are avaHable onHy 

for acetonitrile59 and pyrro!e.102 No recommendations an~ 
made. The reaction of the N03 radical with pynro~e is ex
pected to proceed by N03 radical addition. to the 
> C = C < bonds and/or to the N atom, 

2.9.8. Kanetics and Mec~arelsm$ 

The available rate constant data are given in Table 11. 
Only single rate constant studies have been carried out 
for each organophosphorus compound, and only the 
dimethyl phosphorothioamidates were observed to react 
with the N03 radical,113 presumably by interaction of the 
N03 radical with the -N(CH3)2' -NHCH3 and -NHz 
groups, possibly by overall H-atom abstraction from these 
substituent groups.113 For example, 

N03 + (CH30)2P(S)NH2 -3> HONOz + (CH30)zP(S)NH. 

2.10. Selenium-Containing Organic Compounds 

2.10.a. iKinetics and Mechanisms 

The only organoselenium compound studied to date1I5 

has been dimethyl selenide, (CH3)zSe, and the room 
temperature rate constant extrapolated to zero NOz con
centration is given in Tab]e 11. The rate constant was de
termined relative to the rate constants for the reactions 
of the N03 radical with 2-methyl-2-butene and 2,3-
dimethyl-2-butenellS and the measured rate constant in
creased linearly with increasing NOz concentration.lI5 

The measured rate constant for the gas-phase reaction of 
the N03 radical with dimethyl selenide at 296 ± 2 K in
creased from 1.6 X 10- II cm3 molecule-1s- 1 at an N02 

concentration of 1.2 x 1014 molecule cm -3 to 3.5 x 10- 11 

crn3 mo]ecule-1s- 1 at an NOz concentration of 1.2 x 1015 

molecule cm-3, with the rate constants at a given NOz 
concentration relative to 2-methy!-2-butene and 2,3-
dimethyl-2-butene being in exceUcnt agreement-liS The 
magnitude of this rate constant indicates that the reac
tion proceeds by addition of the N03 radica) to the sele
nium atom.11S The reason for the observed increase in the 
measured rate constant with increasing NO.! concentra
tion and the detailed reacHolI1l mechanism is not under
stood at present, although the reaction sequence 

N03 + (CH3)2 Se ~ 
[(CH3)2SeON02]:J: -+ produc1:: (possihly including 

1 N02 ('~ IbSc.i.:uz + HON02) 

products 

20 ~ II 0 SmCDn"u"COfi\lltaTIBU3fJ'U£J OIi$]a1mlG© CompoYfli)dls 
2. 'u ~ .2" G{~[jue~Dq::s @U1lQ] ~e©il'aCl!l1lB$m® 

TEuC ;JVi.lllbbk ~.::ki!e~ll(; db~a are gnverA HrA Tab!e 11. For aU 
[five flr(gaf~{}S~~ncOlI1l compounds studiled, KW reaction. was 
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TABLE 10. Rate constants k for the gas-phase reactions of the N01 radical with nitrogen.containing organic compounds 

Organic 

Acetonitrile 
[CH3CN] 

Pyrrole 

k 
(em3 molecule- l S-l) 

<5 X to- 19 

(4.61 ± 0.09) x to- ll 

_ Room temperature, not reported; 298 K assumed. 
b From present recommendations (see text). 

at T (K) 

a 

295 ± 1 

Technique 

RR [relative to 
Ks(N03 + NOz ;::t NzOs) 
= 3.41 x 10- 11f 

RR [relative to 
k (2-methyl-2-butene) 
= 9.37 X 10-IZ]b 

Reference 

Cantrell etal.s9 

Atkinson et al.102 

TABLE 11. Rate constants k for the gas-phase reactions of the N03 radical with phosphorus-, selenium- and silicon- containing organic compou] 

k 
Organic (cm3 molecule-Is-I) at T (K) Technique Reference 

Organophosphorus Compounds 

(CH]OhP(O)SCH~ <1.1 x to- 15 298 ± 2 RR r relative to Goodman et al. llZ 

k(propene) 
= 9.45 x to- lS]-

<1.6 x to-14 298 ± 2 RR [relative to Goodman et al.m 

k (trans -2-butene) 
= 3.90 X to- 13]-

(CH3ShP(O)OCH3 ~ 2.4 X to- 15 298 ± 2 RR [relative to Goodman et al.m 

k(propene) 
= 9.45 x to- 15]-

~7.1 x 10-14 298 ± 2 RR [relative to Goodman et al.m 

k (trans -2-butene) 
= 3.90 x 10-13]3 

(CH3O)3PS <1.6 X 10-14 298 ± 2 RR [relative to Goodman et al. l1Z 

k (trans -2-butene) 
= 3.90 X 10-13]-

(CH;!OhP(S)SCH;! <2.8 x 10- 14 298 ::t: 2 RR [relative to Goodman et al}lZ 

k (trans -2-butene) 
= 3.90 X 10- 13]-

(CII30)zP(O)N(CII3)z <3.6 x 10- 14 296 ± 2 RR [relative to Goodman ct al.1l3 

k (trans -2-butene) 
= 3.89 x to -13]-

(CH30 )zP(S)N(CH3)2 (3.23 ;;!;; 0.94) x 10-14 296.!. 2 RR [relative to Goodman et al.1l3 

k(trans-2-butene) 
= 3.89 x 10-13r 

(CH3O)2P(S)NHCH3 (3.11 ± 0.13) x 10-13 296 ± 2 RR [relative to Goodman et al.m 

k (trans -2-butene) 
= 3.89 X 10- 13]-

(CH30)2P(S)NH2 (4.05 ± 0.67) x 10-13 296 ± 2 RR [relative to Goodman et al. 113 

k (trans -2-butene) 
= 3.89 X 10- 13]-

(CH3O)2P(S)CI <2.8 x 10- 14 296 ± 2 RR [relative to Atkinson et al.ll4 
k (trans -2-butene) 
= 3.89 x 10- 13]-

J. Phys. Chem. Ref. Data, Vol. 20, No.3, 1991 
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fABLE 11. Rate constants k for the gas-phase reactions of the N03 radical with phusphorus-, selenium- am.i silicun- cUIIlaining organic com

pounds - Continued 

k 
Organic (cm3 molecule-Is-I) at T (K) Technique Reference 

Organoselenium Compounds 

Dimethyl selenide 
[(CH3hSe] 

1.4 X lO-llb 296;±: 2 RR [relative to Atkinson et al. 115 

Organosilicon Compounds 

k (2-methyl-2-butene) 
= 9.37 X 10-12 and 
k (2,3-dimethyl-2-butene) 
= 5.72 X to- 1I]3 

Tetramethylsilane 
[(CH3)4Si] 

<6 X 10-17 297;±: 2 RR [relative to 
k (n -heptane) 

Atkinson116 

= 1.37 x 10 -16]3 

Hexamethyldisiloxane 
[(CH3)3SiOSi(CH3)3] 

<6 X 10-17 297;±: 2 RR [relative to 
ken-heptane) 

Atkinson116 

= 1.37 x 1O- 16]a 

Hexamethylcydotri
siloxane [-(CH3)2SiO-]3 

< 1.4 X 10- 16 297 :t 2 RR [relative to 
ken-heptane) 

Atkinson116 

= 1.37 x 1O- 16r 
Octamethylcyclotetra
siloxane [-(CH3)2SiO-:k 

< 1.4 X 10-16 297 :t 2 RR [relative to 
k (n -heptane) 

Atkinson 116 

= 1.37 x 1O- 16]a 

Decamethylcyclopenta
siloxane (-(CH3}2SiO-)s 

<2.1 X 10- 16 297 :t 2 RR [relative to 
ken-heptane) 

Atkinsonli6 

= 1.37 x 10- 16]3 

aFrom present recommendations (see text). 
bExtrapolated to zero N02 concentration (see text). k[(CH3)zSe] = {(lA1 ± 0.11) x 10- 11 + (1.74 :t 0.18) x 10- 26 [N02]} cm3 molecule-Is-I, 
where the N02 concentration is in molecule cm -3 units and the indicated errors are the two least-squares standard deviations. 

observed.1l6 The upper limits to the rate constants for the 
N03 radical reactions and the corresponding OR radical 
reaction rate constants116 are consistent with the reaction 
mech~nisms 

20120 Aromatic Compounds 

2,12.8. Kinetics and Mechanisms 

Numerous experimental studies have been carried out 
to investigate the kinetics and products of the gas-phase 
reactions of aromatic compounds, including the 
polycyclic aromatic hydrocarbons (P AH) and their 
derivatives, in N03 radical N02 air mix
tures.38,39,42,63,68,69,73,75-77,104,117-127 As a result of the kinetic 

and mechanistic data obtained from these studies, espe
cialiy the kinetic and mechanistic data from the recent ki
netic studies of Atkinson and Aschmann69 and Atkinson 
et al.,l04 it is recognized that the reactions of the N03 rad
ical with aromatic compounds proceed by two reaction 
chalI1neis~ one involving overall H-atom abstractnon from, 
OIr N03 radkali addhion to, the §ubs~n~tllent group(s)69 and 

the other involving N03 radical addition to the aromatic 
ring to form a nitratocyclohexadienyl-type radicaL 104 The 
nitratocyclohexadienyl-type radicals either rapidly ther
mally decompose back to reactants or react exclusively 
with NOz to form products,l04 Thus, taking acenaphthenc 
as an example,69,76,104 

products (including nitroacenaphthenes) 

where the H-atom abstraction process may take piace via 
the llIi1ltermediafle li"o!llIlJla~ilon of at nlltratocydonexadieny! 
add~anon radncati 'wWh 2 snx-membered transition state42

,119 
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The N03 addition reaction pathway which involves ini
tial addit!on of the N03 radical to the aromatic ring to 
form a mtratocyclohexadienyl-type radical, which either 
thermally decomposes back to reactants or reacts with 
N02, has a reaction rate which is first order in both the 
N03 radical and N02 concentrations [i.e., on 
([N03][N02])] and is kinetically equivalent to reaction 
with N20 s under conditions where N03 radicals, N02 and 
N20S are in equilibrium.69

,104 For the reaction sequence, 

H ONOz 00 + NO, -- produ." 

then under conditions where kb ~ ka[N02], 

- d[aromatic compound]!dt = 

(a) 

(b) 

k ka [N03][N02][aromatic compound]Jkb = 
kobs[N03][N02][ aromatic compound], 

where k is the rate constant for the initial N03 radical 
addition to the aromatic ring and ka and kb are the rate 
constants for the reactions (a) and (b), respectively. To 
date, this reaction pathway has only been observed for 
polycyclic aromatic compounds containing fused six
membered rings. The measured rate coefficient, kobs, is 
then given by 

kobs = k kalkb . 

J. Phys. Chem. Ref. Data, Vol. 20, No.3, 1991 

The available rate constant data for the reactions oj 
the N03 radical with aromatic compounds which proceed 
by N03 radical reaction with the substituent groups and 
for which the reaction rates are independent of the N02 

concentration are given in Table 12, while the rate coeffi
cients kobs for interaction of the N03 radical with the aro
matic rings are given in Table 13. 

2.12.b. N03 Radical Reactions with the Aromatic Ring 

Substituent Groups 

(1) Benzene 

Only upper limits to the rate constant, obtained from 
relative rate studies carried out at room temperature, are 
available (Table 12). Based on the upper limits to the rate 
constant determined by Japar and Niki38 and Atkinson 
t 1 3963 I" h ea.,' an upper Imlt to t e rate constant of 

k(bcnzcnc) <3 x 10-17 em3 moleeule-1s-1 at 298 K 

is recommended. This recommendation is consistent with 
the room temperature rate constant of 2 x 10- 18 cm3 

molecule -IS -1 estimated by Sabljic and Giisten88 from the 
observed correlation of the N03 radical reaction rate con
stants with the vertical ionization energies. 

(2) Toluene, Toluene-d3 (C6HsCD3) and Toluene-ci. 

The available rate constant data for toluene of J apar 
and Niki,38 Carter et al.,42 Atkinson et al.39

,63 and Atkin
son and Aschmann,69 all obtained from relative rate stud
ies carried out at room temperature, are given in Table 
12. The rate constants of Atkinson et a/.39

,63 and Atkinson 
and Aschmann69 are in good agreement and are consis
tent with the upper limits to the rate constants of Carter 
et al.42 and, marginally, of Japar and Niki.38 A unit
weighted average of the rate constants of Atkinson 
et al.39

,63 and Atkinson and Aschmann69 yields the recom-
mendation of 

k(toluene) -- 6.8 x 10-17 em3 molcculc- 1s-1 at 298 K, 

with an estimated overall uncertainty of a factor of 2. 
T~e room temperature rate constants determined by 

Atkmson and Aschmann69 for the reactions of the N03 

~adic~1 wit~ ~oluene-ds and toluene-d3 (~H5CD3) are 
IdentIcal wIthm the experimental errors and are a factor 
of - 2 lower than the room temperature rate constant for 
toluene-hs. These kinetic data show that the reactions oj 
the N03 radical with toluene and the fully and partiall) 
~euterated toluenes proceed by H (or D) atom abstrac
tIon from the -CH3 (or -CD3) substituent group, with 
the rate-determining step being H (or D) atom abstrac
tion. For example, 
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(3) m -Xylene 

The available rate constants of Atkinson et al.39,63 are 
given in Table 12. These room temperature rate con
stants, determined relative to the equilibrium constant 
KS39 and to the reactions of the N03 radical with ethene39 

~md n-heptane,63 are in good agreement. A unit-weighted 
average of these rate constants39

,63 yields the recommen
dation of 

kern-xylene) = 2.33 X 10-16 cm3 molecule- 1s-1 at 298 K, 

with an estimated overall uncertainty of a factor of 2. 

(4) Phenol 

The .available rate constants of Carter et al.42 and 
Atkinson ct al.63 are given in Table 12. These room tem
perature rate constants, all obtained from relative rate 
studies, vary over a range of a factor of 2.3, with the rate 
constant of Atkinson et al.63 determined relative to the 
equilibrium constant Ks being significantly higher than 
the rate constants determined relative to the rate con
stants for the reactions of the N03 radical with cis-2-
butene42 or 2-methyl-2-butene.63 This may indicate the 
occurrence of secondary reactions in the relative rate 
method which involved monitoring the enhanced decay 
rate of NZ0 5 in the presence of excess known concentra
tions of pheno1.63 The rate constant determined by Atkin
son et al.63 relative to the rate constant for the reaction of 
the NO) radical with 2-methyl-2-butene is used to recom
mend that 

k(phenol) = 3.64 x 10-12 cm3 molecule-1s- 1 at 298 K, 

with an estimated overall uncertainty of a factor of 1.5. 
Arey et al. 127 have identified 2-nitrophenol and 4-nitro

phenol as products of this reaction, with a 2-nitrophenol 
funnation yidd uf -16%. The;; fuullatiuu uf the;;:sc: prud
ucts suggests that the reaction mechanism is 

N~ + 

rn o· 

© - HOND, + © ~ other products 

~No, 

~~/D, lQJ md 

with the reaction possibly proceeding by initial N03 rad
ical addition to the aromatic ring (see Sec. 2.12.a. above). 
This reaction scheme is consistent with the product data 
obtained by Niki et al.128 from a study of the C] atom-ini
tiated reaction of benzaldehyde in ~he jpresence of N02• 

(5) Oa, m- and p-Cl1'eso» 

The available rate constants of Carter et aZ.42 and 
Atkinson et aZ.,63 obtained from relative rate studies car
ried out at room temperature, are given in Table 12. The 
rate constants from these two studies disagree by up to a 
factor of 2. A unit-weighted average of the rate constants 
of Carter et al.42 and Atkinson et al. 63 for rn -cresol (not 
using the semi-quantitative rate constant of Atkinson 
et at.63 derived relative to the equilibrium constant Ks) 
yields the recommendation of 

k(m-cresol) = 1.2 x 10-11 cm3 molecule-1s- 1 at 298 K, 

with an estimated overall uncertainty of a factor of 3. 
Since the rate constants of Atkinson et al.63 for 0- and 

p -cresol are relative to the rate constant for the reaction 
of the N03 radical with m -cresol, no recommendations 
for 0 - and p -cresol are made, although it is evident from 
the data of Carter et al.42 and Atkinson et al.63 that the 
room temperature rate constants for 0-, m- andp-cresol 
are in the order k(o-cresol) - k(p-cresol) > k(rn
cresol). 

Grosjean117 and Arey et al. l27 have investigated the 
products of the N03 radical-initiated reaction of 0 -cresol 
in the presence of one atmosphere of air. 2-Methyl-6-ni
trophenol and 2-methyl-4-nitrophenol were observed as 
products in both studies.1l7,127 The observed nitrocresol 
yields were 2.5-20% (2-methyl-6-nitrophenol + 2-
methyl-4-nitrophenol)117 and - 5% (2-methyl-6-nitrophe
nol only).127 The reaction mechanism then appears to be 
analogous to that shown above for phenol. 

(6) Other Aromatic Compounds 

Apart from tetralin (for which the relative rate con
stants uf Atkinsun et al,1l9 and Atkinson and Aschmannll9 

are in agreement within the experimental error limits), 
rate constants for the other aromatic compounds studied 
are available only from single studies. For styrene and 
acenaphthylene, the reactions proceed by initial addition 
of the N03 radical to the -CH = CH2 group (styrene) or 
to the unsaturated cyclopenta-fused ring (acenaph
thylene ).69,76 For example, for styrene, 

M 
N03 + C6HsCH = cn h --> 

C6Hl~HCH «20N02 and C6HsCH(ON02)CH2 

and the suhsequent rC~1ctions are expected to be 
analogous to those discussed in Sec. 2.3.b. for the alke
ncs. For example, for the C6H5CH(ON02)CH2 radical 

ClH5CH(ON02YCH200· + N02 

M 
(A) 
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TABLE 12. Rate constants k for the gas-phase reactions of the N03 radical with aromatic compounds, which are independent of the NOz conce: 
tration 

k 
Aromatic (cm3 molecule -IS -1) at T (K) Technique Reference 

Benzene <6.2 x 10-17 300 RR [relative to Japar and Nikp8 
Ks(N03 + NOz ;::t NzOs) 
= 2.65 x 10-11r 

:£;;2.7 x 10-17 298 :t 1 RR [relative to Atkinson et al.39 

k(ethene) 
"" 2.05 x 10-16)1' 

<5.5 x lO-17 298 :t 1 RR [relative to Atkinson et al.63 

k (n -heptane) 
= 1.37 x lO -

16:r 
Toluene <6.2 x 10-17 300 RR [relative to Japar and Nikp8 

Ks(N03 + NOz ;::t NzOs) 
- 2.65 x 10- 11r 

:£;; 3.6 x 10- 15 300 :t 1 RR [relative to Carter et al.42 

k(propene) 
- 9.45 x 10- 1

"]," 

(6.56 :t 2.46) x lO-17 298 :t 1 RR [relative to Atkinson et al.39 

k(ethene) 
= 2.05 x 10-16]8 

(6.17 :t 1.51) x 10-17 298 :t 1 RR [relative to Atkinson et al.63 

k (n -heptane) 
= 1.37 x to- 16

]" 

(7.81 ± 0.83) x 10-17 296 ± 2 RR [relative to Atkinson and Aschmam 
k (n .heptane) 
= 1.37 x 10 16]" 

Toluene..d3 (3.84 :t 0.69) x 10-17 296 :t 2 RR [relative to Atkinson and Aschmam 
[C,HsCD3] k(n-heptane) 

= 1.37 x lO -16]8 

Toluene..d8 (3.43 :t 1.78) x lO-17 296 :t 2 RR [relative to Atkinson and Aschmam 
[C,DsCD3] k (n -heptane) 

= 1.37 x 1O-10
J8 

Ethylbenzene I!!: 5.7 x 10- 16 298 :t 2 RR [relative to Atkinson et al.119 
k(propene) 
= 9.45 x lO-15]a 

o-Xylene (3.77 ± 0.53) x 10- 16 298 :t 1 RR [relative to Atkinson et al.63 

k (n -heptane) 
= 1.37 x 10-16]a 

m-Xylene (2.10 :t 0.37) x 10-16 298 :t 1 RR [relative to Atkinson et al.39 

Ks(N03 + NOz ;% NzOs) 
= 3.41 x lO-1I]8 

(2.54 :t 0.50) x 10-16 298 :t 1 RR [relative to Atkinson et al.39 

k(ethene) 
= 2.05 x lO-16]a 

(2.36 :t 0.43) x IO- Iti 298 :t 1 RR [relative to Atkinson et al.63 

k(n-heptane) 
= 1.37 x lO-16)& 

p-Xylene (4.53 :t 0.33) x 10-16 298 :t 1 RR [relative to Atkinson et al.63 

k (n -heptane) 
= 1.37 x lO-16]8 

J. Phys. Chem. Ref. Data, Vol. 20, No.3, 1991 
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'·\BI.E 12. Rate constants k for the gas-phase reactions of the NO, radical with aromatic compounds, which ~1i'e indcpcndeili nf 11.._" [..I, ;' .. "" .•• 'j' 

tration - Continued 

k 
Aromatic (cm3 molecule- 1 s-j) at T(K) Technique Reference 

I ,~,3-Trimethylbenzene (1.86 ± 0.22) X 10-15 294 RR [relative to Atkinson et al.63 

k(n-heptane) 
= 1.37 x 10-!6r 

1,2,4-Trimethylbenzene (1.81 ± 0.21) x 10-15 294 RR [relative to Atkinson et al.63 

k (n -heptane) 
= 1.37 x 1O- 16:r 

1,3,5-Trimethylbenzene (8.00 ± 0.62) x 10-16 298 ± 1 RR [relative to Atkinson et al.63 

k (n -heptane) 
= 1.37 x 1O-16:r 

I-Methy!-4-isopropyJ- (1.00 ± 0.07) x 10- 15 295 ± 2 RR [relative to k Corchnoy and 
henzene (2,3-dimethylbutane) Atkinson!17 

(p-cymene) = 4.08 x 1O- 16:r 
Benzaldehyde :E;; 9.6 x 10-15 300 ± 1 RR [relative to Carter el al.42 

l4H SCHO] k(propene) 
= 9.45 x 1O- 1S1' 

(2.55 ± 0.08) x 10-15 294 RR [relative to Atkinson et al.63 

k(propene) 
= 9.45 x to- 1S]a 

Metboxybenzcne ::;;;4.8 x 10- 15 300 ± 1 RR [relative to Carter et al :~2 
[CHsOCH3] k(propcne) 

= 9.45 x IO-ISla 

(9.45 ± 4.73) x 10- 17 294 RR [relative to Atkinson et a/.63 

k(propene) 
= 9.45 x to-1S]a 

(2.10 ± 0.18) x 10- 16 294 RR [relative to Atkinson et ai.63 

k(n-heptane) 
= 1.37 x 10-16]8 

Phenol (2.59 ± 0.52) x 10-12 300 ± 1 RR [relative to Carter et al/·2 

[CJIsOH] k (CIS -2-butene ) 
= 3.50 x 10- 13]8 

(3.64 ± 0.14) x 10-12 294 RR [relative to Atkinson el ai.63 

k (2·methyl-2-butene) 
= 9.37 x to- 121 

(5.89 ± 0.64) x 10- 12 298 ± 1 RR [relative to Atkinson et at .(.) 
Ks(N03 + N02 +=t N20S} 

= 3.41 x lO-u]a 

o·Cresoi (1.39 ± 0.24) x 10-11 300 ± 1 RR [relative to Cm"ier.'·';'a,.'.';;: 

k (2-methyl-2-butenc) 
= 9.37 x 1O-'2]a 

(1.56 :t 0.17) x 10-I! 298 :t 1 RR [rela'tive to Atkinwn et al.63 

k(m-cresol) 
= 1.20 x lO- lIr 

m-Creso! (8.10 ± 1.16) x 10-12 300 ± 1 RR [relative to Carter et ai .42 

k (2-mcthyl-2-huienr:) 
= 9.37 x 10- :2]" 

(1.59 ± 0.17) x 10-11 298 :t 1 RR trdatiy:: to Atkinson et al.c3 

k(phcnn!) 
= 3.IY. ),: 1.0- :::]" 
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TABLE 12. R~te constants k for the gas-phase reactions of the NO., radical with aromatic compounds, which are independent of the NOL conoen 
tration - Continued 

k 
Aromatic (em3 molecule-Is-I) at T (K) Technique Reference 

-1.6 x 10-11 298 ± 1 RR [relative to AtkIinson et 01.63 
Ks(N03 + N02 l:l N2OS) 

= 3.41 x to- 11r 
p-Cresol (1.50 ± 0.24) x 10-11 300 ± 1 RR [relative to Carter et 01.42 

k(2-methyl-2-butene) 
= 9.31 x 10- 1%]" 

(1.66 ± 0.18) x 10-11 298 ± 1 RR [relative to Atkinson et 01.63 
k (m -cresol) 
=- 1.20 x 10-11]B 

Styrene (1.51 ± 0.04) x 10-13 296 ± 2 RR [relative to Atkinson and Aschmann6' 
[~HsCH= CH2] k(trans-2-butene) 

=- 3.89 x to-13r 

Benzyl chloride <5.7 x 10-16 298 ± 2 RR [relative to Atkinson et 01.119 
[~sCH2CI] k(propene) 

= 9.45 x to- 15]8 

p -Dichlorobenzene <3.4 x to- 17 298 ± 2 RR [relative to Atkinson et al. l2S 

k (cyclohexane) 
= 1.35 X 10-U']b 

Tetralin (1.11 ± 0.23) x to- 14 298 ± 2 RR [relative to Atkinson et al,u9 
(1,2,3,4-tetrahydro- k(propene) 
naphthalene) = 9.45 x to- 15]a 

(8.64 ± 0.59) x to -IS 296 ± 2 RR [relative to Atkinson and Aschmann6 

k(propene) 
= 9.45 x 10- 1S]a 

l,4-Naphthoquinone <9.5 x to- 16 298 ± 2 RR [relative to Atkinson et 01.123 
k(propene) 
= 9.45 x 10- 15]a 

1,4-Benzodioxanc (6.0 ± 3.0) x 10- 16 298 ± 2 RR [relative to Atkinson et 01.119 
k(propene) 
= 9.45 x to- 15]a 

2,3-Dihydrobenzofuranc (1.15 ± 0.25) x to -13 298 ± 2 RR [relative to Atkinson et 01.119 
k (trans -2-butene) 
= 3.90 x 10-13]8 

Azulenec (3.89 ± 0.27) x to- 1O 298 ± 2 RR [relative to Atkinson et 01.126 
k (2,3-dirnethyl-2-butene) 
= 5.72 x to- ll]8 

Acenaphthenec (4.59 ± 2.45) x to- 13 296 ± 2 RR [relative to Atkinson and Aschmannt 

k (trans -2-butene) 
= 3.89 x 10- 13]8 

AcenaphthyleneC (5.45 ± 0.47) x to- 12 296 ± 2 RR [relative to Atkinson and Aschmannl 

k(trans-2-butene) 
=- 3.89 x 10- 13]8 

I-Nitronaphthalene ~ 7.2 x to- 15 298 ± 2 RR [relative to Atkinson et 01.123 
k(propene) 
= 9.45 x to- 15]a 

2-Nitronaphthalene ~ 7.3 x to- 15 298 :t 2 RR [relative to Atkinson et 01.123 
k(propene) 
= 9.45 x 10- 15]a 
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TABLE 12. Rate constants k for the gas-phase reactions of the N03 radical with aromatic compounds, which are independent of the N02 concen
tration - Continued 

k 
Aromatic (cm3 molecule -IS - 1) at T(K) Technique Reference 

2-Methyl-1-nitro
naphthalene 

(1.13 ± 0.57) x 10-14 298 ± 2 RR [relative to 
k(propene) 

Arey et a/ .124 

a From present recommendations (see text). 
b From Table 1. 
c: Structures: 

l,4-benzodioxan; 

acenaphthylene, 

{
N02 

~ CHsCH(ON02)CH20'+ Ria-

CHsCH(ON02)CH20'~CH5tHON02 + HCHO 
~ 

CHsCHO + N02 

Q,HsCH(ONOz)CH'20' + 02 
~ CHsCH(ON02)CHO + H02 (B) 

CHsCH(ON02)CH20' + N02 
~ CJIsCH(ON02)CH;zON02 

and similarly for the C"HsCHCHzONOz radical. From a 
product study of this reaction utilizing Ff-IR absorption 
spectroscopy, Atkinson et al.l25 observed that formalde
hyde and benzaldehyde were formed in small yield 
(-10-12% each). Three major products were ob-· 
served,t25 one being a thermally 1abi1e species with 
-0N02 and -oON02 groups [product (A) or its iso
mer] and two more stable products having -ONO;! and 
>C=O groups [product (B) and its isomer]. SimiJarly~ 
the reaction of the N03 radical with azulene, which has a 
room temperature rate constant approaching the gas
kinetic collision frequency,l26 must proceed by addition. 

For the monocyciic aromatic compounds with sub
stituen.t groups lilot cOni2En!l!1lg 21 > C = ~ < bonO!, ~i]ch 2;>: 

= 9.45 x lO-15]a 

©t:J ; acenaphthene. 

o 

toluene, the xylenes, the trimethylbenzenes, p -cymene, 
benzaldehyde, methoxybenzene, phenol, the cresols, te· 
tralin, 1,4-benzodioxan and 2,3-dihydrobenzofuran (and 
acenaphthene), the kinetic data indicate that the N03 
radical reactions proceed by H-atom abstraction. Thus, 
the kinetic data of Atkinson and Aschmann69 for the re
actions of the NO,; radical with toluene-h8~ toluene..d3 

(Q;HsCD3) and toluene-dg show that the rate-determin
ing step involves H (or D) atom abstraction from the 
-CH3 (or -CD3) substituent group. Also, analogous to 
the reactions of the OH radical with acetaldehyde and 
benzaldehyde (which proceed by H-atom abstraction 
from the -CHO group),87 the N03 radical reaction rate 
constant for benzaldehyde is essentiany identical to that 
for acetaldehyde, strongly suggesting that the reaction of 
the N03 radical with benzai.dchyde proceeds by H-atom 
abstraction from the -ClHIO group 

N03 + C6H5C!r~HO -:I' ~ ION02 + CHsCO. 

Furthermore, the fni.c constants for the reactions of 
the NO.1 mdica1 wilh lh(~ xylene, trimethylbenzene and 
cfesol isomers do not exhibit the substituent pattern ex
pected for elcctrophilic addition to the aromatic ring and 
observed f.or the ,;orrcsponding OH radical reactions,87 in 
which the i,3- and 1,3,5- substituent distributions have 
significanHy higher rate constants than do the 1,2-, 1,4·, 
1,2~3- and 1,2,4- substituent distributions.R'7 Rather, for 
the NO] radical reactions the inverse is observed (Table 
X2)~ wnth the 1,3- amd 1,3,5- substituent group distribu
~·f.on~ h~vnqpg the lowest rate constants. 
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The conclusion that these N03 radical reactions pro
ceed by overall H-atom abstraction from the substituent 
group( s) is supported by the observations of Sab1jic and 
Gusten88 that benzaldehyde, phenol and the cresols do 
not obey the same correlation between the room temper
ature N03 radical reaction rate constants and the vertical 
ioni7:ation energies as do the other aromatic compounds. 
but rather fall on a separate correlation together with 
alkanes, alkenes, haloalkenes, aldehydes, ethers, thiols 
and thioethers.88 

However, comparison of the room temperature rate 
constants for H-atom abstraction from the methyl-substi
tuted benzenes, phenol, the cresols and methoxybenzene 
by the OH radicals7 with the corresponding N03 radical 
reaction rate constants (Table 12) shows that the N03 
radical reaction rate constants are significantly higher 
than expected from the correlation shown in Fig. 2. Thus, 
for example, based on the H-atom abstraction rate con
stants for the OH radical reactions with the methyl-sub
stituted benzenes and phenol,87 the H-atom abstraction 
rate constants for the reactions of the N03 radical with 
toluene, the xylenes and the trimethylbenzenes are pre
dicted to be -7 x 10-18 cm3 molecule-Is-I per -CH3 

group at 298 K, and that for phenol -1.3 x 10-16 cm3 

molecule -IS -1 at 298 K, much lower than observed. In 
particular, the room temperature rate constants for the 
N03 radical reactions with phenol and the cresols are 4-5 
orders of magnitude higher than expected on the basis of 
a direct H-atom abstraction reaction,42,119 suggesting that 
these reactions proceed by initial addition of the NO) 
radical to the aromatic ring, followed by rapid decompo
sition back to reactants or to the H-atom abstraction 
products, 

",,0 
Ifl 

/" N-O 

c6~ c6~ 

with the addition adduct possibly involving a six-mem
bered transition state.42•119 

,Further evidence for this reaction scheme arises from 
a comparison of the rate constants fur the reactiuns uf 
phenol and methoxybenzene with OH and N03 radicals. 
Thus, for the OH radical reactions with phenol and 
methoxybenzene, the room temperature rate constants 
for OH radical addition to the aromatic ring are similar, 
as are the rate constants at -400 K for H-atom abstrac
tion from the -QH or -oCH3 substituent groups.87 The 
OH radical addition reaction rate data indicate that the 
-QH and -oCH3 groups have equivalent activating ef
fects on the aromatic ring, as expected from their similar 
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electrophilic substituent constants,l29 while the H-atorr. 
abstraction rate data87 indicate that the X-H bond disso
ciation energies in the -QH and -oCH3 groups are 
also similar. Hence it may be expected that the N03 rad
ical reaction rate constants for phenol and methoxyben
zene should be reasonably similar. However, this is not 
the ca~e> with the room temperature rate con~tant for the 
reaction of the N03 radical with phenol being 4 orders of 
magnitude higher than that for reaction with methoxy
benzene. 

The conclusion that a six-membered transition state 
greatly facilitates the overall H-atom abstraction process 
during these N03 radical reactions then explains the 
lower room temperature rate constants observed for 
methoxybenzene and, to a lesser extent, 1,4-benzodi
oxan.42.119 

2.12.c. NO, Radical Reaction with the Aromatic Rings 
(Kinetically Equivalent to Reaction with N20 s) 

The available rate coefficient data are given in Table 
13. The majority of these data concern naphthalene and 
the methyl-substituted naphthalenes. 

(1) Naphthalene and Naphthalene-d. 

The available rate coefficient data of Pitts et al.,73 
Atkinson et al.68,77,104 and Atkinson and Aschmann69 are 
given in Table 13 and those of Atkinson et al. 68,104 and 
Atkin~on and A~chmann69 for naphthalene are plotted in 
Arrhenius form in Fig. 13. In the most recent tempera
ture-dependent study of Atkinson et al., 104 rate coeffi
cients kobs for naphthalene were obtained relative to the 
rate constant for the reaction of the N03 radical with 
thiophene and also relative to the equilibrium constant 
Ks. The rate coefficients kobs were determined relative to 
Ks from the measured naphthalene and N20S time-con
centration profiles, with 

-d In[naphthalene]!dt """ kObs[N20,]!K, 

As seen from Table 13, the rate coefficients determined 
relative to the equilibrium constant Ks and to the rate 
constant for the reaction of the N03 radical with thio
phene are in excellent agreement. However, since the de
termination of rate coefficients relative to the 
equilibrium constant Ks assumed that N03 radicals, N02 
and N20s were in equilibrium under the experimental 
conditions employed (which was not the original intent of 
these experiments104

), the rate cuefficients determined 
relative to the rate constant for the reaction of the N03 
radical with thiophene are preferred, and only these rate 
coefficients from the study of Atkinson et al.104 are plot
ted in Fig. 13. 

Atkinson et al.104 carried out further experiments at 
272 K and at total pressures of -65 and 740 Torr (the 
lifetime of N20s due to thermal decomposition being 10-
17 mins under these conditions22

) in which 2,3-dimethyl-
2-butene was added to scavenge N03 radicals. Despite 
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TABLE 13. Rate constants kobs = k kalkb for the gas-phase reactions of the N03 radical with the aromatic rings of aromatic compounds (kilH'f j(;dl" 

equivalent to reaction with N20 S) 

Aromatic 

Biphenyl 

Naphthalene 

N aphthalene-d8 

I-Methylnaphthalene 

2-Methylnaphthalene 

2,3-DimethyI
naphthalene 

kobs = k ka/kb 
(cm6 molecule- 2s- l ) 

<5 X 10-30 

- (7 -10) x 10-28 

(4.77 ± 0.69) x 10-28 

3.31 X 10-28 

(1.28 ± 0.20) x 10-27 

(1.10 ± 0.27) x 10-27 

(1.32 ± 0.25) x 10-27 

(6.96 ± 1.73) x 10-28 

(5.31 ± 1.18) x 10-28 

(3.64 ± 1.11) x 10-28 

(3.66 ± 1.26) x 10-28 

(1.38 ± 0.04) x 10-27 

(1.26 ± 0.04) x 10-27 

(8.84 ± 0.32) x 10-28 

(8.95 ± 0.39) x 10-28 

(7.13 ± 0.21) x 10-28 

(4.18 ± 0.17) x 10-28 

(4.23 ± 0.12) x 10-28 

(4.76 ± 0.39) x 10- 28 

(8.39 ± 1.01) x 10-28 

7.00 x 10-28 

(1.07 ± 0.16) x 10-27 

1.09 X 10-27 

(1.48 ± 0.44) x 10-27 

1.61 X 10- 27 

at T(K) 

298 ± 2 

298 ± 2 

298 ± 2 

296 ± 2 

272.0 ± 0.6 
275.2 ± 0.6 
275.2 ± 0.6 
281.9 ± 0.6 
289.1 ± 0.6 
296.3 ± 0.6 
296.9 ± 0.6 

272.0 ± 0.6 
275.2 ± 0.6 
275.2 ± 0.6 
281.9 ± 0.6 
289.1 ± 0.6 
296.3 ± 0.6 
296.9 ± 0.6 

296 ± 2 

298 ± 2 

296 ± 2 

298 ± 2 

296 ± 2 

298 ± 2 

296 ± 2 

Technique 

RR [relative to 
kobs( naphthalene) 
= 3.6 x 1O-28]a 

RR [relative to 
Ks(N03 + N02 ~ N20 S) 

= 3.41 x 10- 11]a 

RR [relative to 
Ks(N03 + N02 ~ N20 S) 

= 3.41 x lO- 11]a 

RR [relative to 
k(propene) 
= 9.45 x 10-1S]a 

RR [relative to 
k(thiophene) 
= 3.93 x 10- 14]a 

RR [relative to 
Ks(N03 + N02 ~ N20 S) 

= 1.26 x 10 - 27 e 1127S/7]3 

RR [relative to 
kobs( naphthalene) 
= 3.9 x lO- 28]a 

RR [relative to 
kobs( naphthalene) 
= 3.6 x 10-28]a 

RR [relative to 
k (trans -2-butene) 
= 3.89 x 10- 13]3 

RR [relative to 
kObs(naphthalene) 
= 3.6 x 10-28]3 

RR [relative to 
k(propene) 
= 9.45 x to- 1S]a 

RR [relative to 
kobs(naphthalene) 
= 3.6 x 10- 211],. 

RR [relative to 
k(propene) 
= 9.45 x 10- 151" 

Reference 

Atkinson et at, 68 

Pitts et al,73 

Atkinson et at ,68 

Atkinson and Aschmann69 

Atkinson et at. 104 

Atkinson et at. 104 

Atkinson et at.77 

Atkinson and Aschmann 120 

Atkinson and Aschmallll(,1) 

Atkinson and Aschmann l20 

Atkinson and Aschmann69 

Atkinson and Aschmann120 

Atkinson and Aschmann69 
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TABU::: 13. Rate constants kok = k k,Jkb for the gas-phase reactions of the NO" radical with the aromatic rings of aromatic compounds (kincli, .1 

equivalent to reaction with N20 S) - Continued 

Aromatic 
kobs = k ka/kb 

(cm6 molecule - 2S -1) at T(K) Technique Reference 

Acenaphtheneb (1.65 ± 0.38) x 10-27 296 ± 2 RR [relative to Atkinson and Aschmall 
k (trans -2-butene) 
= 3.89 x lO-13]a 

1-Nitronaphthalene (3.02 ± 1.42) x 10-29 298 ± 2 RR [relative to 
k(propene) 

Atkinson et al.l23 

= 9.45 x 10-15]8 

2-Nitronaphthalene (2.74 ± 1.14) X 10-29 298 ± 2 RR [relative to 
k(propene) 

Atkinson et al. 123 

= 9.45 x to- 1S]a 

l,4-Naphthoquinone <8.5 X to- 30 298 ± 2 RR [relative to 
k(propene) 

Atkinson et al.l23 

= 9.45 x 10- 15
]" 

2-Methyl-l-nitro
naphthalene 

(2.74 ± 1.80) x 10-29 298 ± 2 RR [relative to 
k(propene) 

Arey et al.124 

= 9.4~ x 10 .15]" 

Fluorantheneb (5.1:~:A) x 10-211 296 ± 2 RR [relative to 
kOb5( naphthalene) 
= 3.9 x 1O- 28r 

Atkinson et al.77 

(1.6:b:~) x 10-27 296 ± 2 RR [relative to 
kobs(naphthalene) 
= 3.9 x 1O- 2II]a 

Atkinson et al.77 

a From present recommendations (sec text). 
b Structures: 

acenaphthene, ; fluoranthene, 

the observed (and expected) presence of N20S in these 
experiments, no reaction of naphthalene (or of the thio
phene reference organic) was observed, showing conclu
sively that the reaction of naphthalene in NzO:; - NO) -
N02 - air mixtures is with the N03 radical and not with 
N20 S•

104 

The approximate rate coefficient derived by Pitts 
et al.73 from a fit of the naphthalene and N20 S time-con
centration data from a single experiment to the predic
tions of a Six-step reaction scheme is a factor of 2-3 
higher than the more recent and accurate rate coefficient 
data,68,69,104 and is not used in the evaluation. The room 
temperature rate coefficients of Atkinson et 01.68,104 and 
Atkinson and Aschmann69 are in good agreement, and a 
unit-weighted least-squares analysis of these rate coef
ficients of Atkinson et al. 68,104 and Atkinson and 
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;pyrene, 

Aschmann,69 using the Arrhenius expn:ssioll, yields 1 

recommendation of 

kOb~( naphthalene) 
(3.9~~:79) X 10-34 e(4090 :t S40)/T cm6 molecule-2s-1 

over the temperature range 272-298 K, where the in 
cated errors are the two least-squares standard de, 
tions, and 

kobs(naphthalene) = 3.6 x 10-28 cm6 molecule-2 s-

at 298 K, with an estimated overall uncertainty of a fac 
of 1.5 at 298 K. The kinetic data of Atkinson et al.77 yi 
a rate coefficient kobs for naphthalene-ds 20 ± 11 
higher than that for naphthalene-hs, showing that 
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FIG 13. Arrhenius plot of rate coefficients kobs for the gas-phase reac
tion of naphthalene in N03-NOz-air mixtures. (0) Atkinson 
et al.;68 (6) Atkinson and Aschmann;69 (0) Atkinson et al.,104 
relative to rate constant for reaction of the N03 radical with 
thiophene; (-) recommendation, see text. 

deuterium isotope effect is small, consistent with an addi
tion reaction being the rate-determining step. 

(2) 1-Methylnaphthalene, 2-Methylnaphthalene 

and 2,3-Dlmethylnaphthalene 

The available rate coefficients of Atkinson and 
Aschmann,69,12o determined relative to the rate constant 
for the reaction of the N03 radical with propene or trans-
2-butene69 and to the rate coefficient kobs for naph
thalene,120 are given in Table 13. These rate coefficients 
are in good agreement for all three methyl-substituted 
naphthalenes, and unit-weighted averages of these 
data69,120 lead to the recommendations of 

kobs(l-methylnaphthalene) = 
7.7 X 10-28 cm6 molecule-2s-t, 

kohs(2-methylnaphthalene) = 
1.08 X 10-27 cm6 molecule-2s- 1

, 

and 

kobs(2,3-dimethylnaphthalene) 
1.55 x 10-27 cm6 molecule-2s-I, 

all at 298 K and with estimated overall uncertainties of a 
factor of 2. 

(3) Other Aromatic Compounds 

For the remaining aromatic compounds for which data 
are available (Table 13), only single experimental studies 
have been carried out, and hence no recommendations 
are made. It is of interest to note, however, that the room 
temperature rate coefficient for acenaphthene is similar 
to that for 2~3-dimethylnaphthalene, suggesting that the 
cydopenta-fused ring in acenaphthene acts like two 

methyl-substituent groups. As discussed above, acenaph
thene reacts in N03 - N02 - N20s - air mixtures by 
two reaction pathways, involving H-atom abstraction 
from the two -CH2- groups of the cyclopenta-fused 
ring together with N03 radical addition to the two fused 
six-member aromatic rings.69,76 

In the case of acenaphthylene, the reaction pathway in
volving N03 radical addition to the> C = C < bond of the 
cyclopenta-fused ring 

totally dominated over that involving N03 radical addi
tion to the fused six-member aromatic rings under the ex
perimental conditions employed in the kinetic and 
product studies of Atkinson and Aschmann69 and Arey 
et al.76 

The rate coefficients kobs given in Table 13 and evalu
ated above are the combination of three elementary rate 
constants. For example, for naphthalene, 

N~+lOOJ*OO~ 
k, ~N~ 

products 

with kobs = k kJkb. 
As discussed by Atkinson et al., H>4 the reasonableness 

of the temperature-dependent expression for kobs recom
mended above for naphthalene can be assessed by deriv
ing the rate constant kb from the above expression and 
comparing it with the rate constant estimated from ther
mochemical considerations98 and the known decomposi
tion rates of the analogous OH-aromatic adducts.87 

The rate constant kh can be derived from the above ex
pression for kohs( naphthalene) of 

kobs(naphthalenc) = k k,Jkh = 
3.9 X 10-J4 c'IO()()(rcm6 molecule- 2 S-1 

if the rate constants k and ka can be estimated. Assuming 
that the rate constants k and ka are similar to those for the 
addition of the Oil radical to naphthalene (2 x 10- 11 cm3 

molecule -IS - 1 at 298 K87
) and for reaction of the hydrox

ycyclohexadienyl radical with N02 (-2 X 10- 11 cm3 

molecule-1s- 1 at 298 K13o,l3l), respectively, the recom
mended expression for kobs yields 
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and, assuming that k and ka are independent of tempera
ture, 

with the pre-exponential factor being uncertain by - 2 or
ders of magnitude. 

The rate constant kb can also be estimated from the 
rate constant kd for the analogous decomposition of the 
OH-naphthalene adduct 

(d) 

and the thermochemistries of reactions (b) and (d). As
suming that the resonance stabilization energies of the 
N03-aromatic adduct~ are identical to thm:e for the OR
aromatic adducts, then the N03-aromatic adducts are 
10.9 kcal mol- 1 less stable towards thermal decomposi
tion than are the OH-aromatic adducts.98 Based upon the 
thermal decomposition data of Wahner and Zetzsch132 

and Witte et al.133 for the hydroxycyclohexadienyl radical, 
Atkinson87 recommended a thermal decomposition rate 
expression of 

kd(hydroxycyclohexadienyl) = 9.4 x 1012 e-8S40/T S-l. 

Since Lorenz and Zellnerl34 obsetved that the OH-naph
thalene adduct is thermally more stable than the hydrox
ycyc10hexadienyl radical by 3.8 kcal mol-1 (assuming an 
identical pre-exponential factor), then the decomposition 
rate of the OH-naphthalene adduct becomes 

The rate constant for thermal decomposition of the N03-
naphthalene adduct is then 

and 
kb = 5 x lOS S-1 at 298 K. 

The value of kb = 5 x lOS S -1 at 298 K calculated in this 
manner is in good agreement with that of kb - 1 X 

106 S -1 derived from the recommended expression for kobs 
(naphthalene), and the differences in the preexponential 
factors and the activation energies are well within the es
timation uncertainties. The decomposition rate constant 
for the N03-naphthalene adduct of 

with 
kb -7 x lOS S-l at 298 K, 

is in accord with the requirements that reactions k and kb 

are in equilibriumlO4 and that kb ~ ka[N02] at 298 K for 
N02 concentrations ::::; 1.2 x 1015 molecule cm -3.69 

The observation of Lorenz and Zellner134 that the OH
naphthalene adduct is more· stable towards thermal de
composition than the OH-benzene adduct by 3.8 kcal 
mol-I suggests that the N03-naphthalene adduct may 
also be correspondingly more stable towards thermal de
composition than the N03-benzene adduct. If so, the rate 
constant for thermal decomposition of the N03-benzene 
adduct is -3 x 1012 e-26001T S-I (-5 X 108 S-l at 298 K). 
This lQ3 faster thermal decomposition rate for the N03-
monocyclic aromatic hydrocarbon adducts compared to 
those for the N03-fused-ring polycyclic aromatic hydro
carbon adducts is consistent with the obsetved lack of re
action of benzene or biphenyl in N20 s-N03-N02-air 
mixtures38,39,63,68,13s (see also Tables 12 and 13). 

Finally, in order to fit the observed kinetic data, the 
N03-naphthalene adduct must react exclusively with 
NOZ•

104 Significantly, this conclusion that the N03-naph
thalene adduct reacts exclusively with NO~h and does not 
react at a significant rate with O2,104 is consistent with re
cent product data6a

•
136 which show that the OH-benzene, 

OH-toluene, OH-biphenyl and OH-naphthalene adducts 
react with N02, and not with O2, under ccnditions where 
the N02 concentrations are ~ 1.5 x 1013 molecule cm -3. 

At present, the reaction mechanisms subsequent to the 
initial addition of the N03 radical to the fused six-mem
bered aromatic rings are not known, apart from the ne
cessity that the nitratocyclohexadienyl-type radicals 
formed must react exclusively with N02 under the exper
imental conditions employed to date. It is, however, 
known that nitro-products are formed from these N03 
radical-initiated reactions,68.73,75-77.118,122,123 and the avail-
able product data are given in Table 14. Qearly, the ni
troarene products obsetved and quantified account for 
only a small fraction of the overall reaction products of 
these N03 radical-initiated reactions which proceed by 
initial addition of the N03 radical to the fused six-mem
bered aromatic rings. 

2.13. Organic Radicals 

~.13.a. Kinetics and Mechanisms 

The only rate data available for the reactions of the 
N03 radical with organic radicals concern the methylper
oxy (CH300) radical, and the rate constant determined 
by Crowley et al.137 is given in Table 15. The products of 
this reaction are not known, although the pathways 

• -[ CH30+N02 +02 

N~+CH300 

CH30N02 +02 

are among those possible.137 
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2.14. ADDENDUM 

Since the revision of this paper in mid-1990 and the 
end of 1990, further kinetic and product data have be
come available139-142. These data are briefly discussed by 
the same compound classes as iIll the text. The individual 
references should be consulted for details. 

Rate constants for the reactions of the N03 radical 
with ethane, n -butane, 2-methylpropane and 2-methylbu
tane have been determined by Bagley et al. 139 as a func
tion of temperature using a discharge flow system with 
optical absorption detection of the N03 radical. The 
298 K rate constants (in. units of 10- 16 cm3 molecule-is-I) 
were: n -butane, 0.45 ± 0.06; 2-metlhylpropane, 1.1 ± 

0.2; and 2-methylbutane, 1.6 _ 0.2. This rate constant 
for 2-methylpropane is nn excellent agreement ~;t'Vith that 
determined by Atkinson et al.62

• For it -butane, the abso
lute rate constant of Bagley et al .139 is 30% Hower thmll 
(but in agreement within the cited error limits with) that 
of Atkinson et al.62

, but is a factor of 2 higher ~han the 
upper Hmit to the rate constant determined by WaUing
ton et al.5

!. For ethane, data were obtained over the tem
perature range 453-553 K, with 

k(ethane) = 
(5.7 ± 4.0) x 10- 12 e-(4426 ± 337)IT cm3 molecule- 1 S-1. 

For n -butane, 2-methylpropane and 2-methylbutane9 rate 
data were obtained over the temperature range 298-
523 K, and the group rate constants k prim

, k sec and k tert (nn 
cm3 molecu!e- 1 s-l units) were derived: k prim = 2.85 x 

TABLE 14. Nitroarene product data for the gas-phase NU3 radical-initiated reactions of polycIic aromatic hydrocarbons 

PAH 

Naphthalene 

l-Methyinaphthaiene3 

2-Methylnaphthaienea 

Acenaphthylene 

Acenaphthenea,c 

Structure 

1 

11 co,:?' I ~3 
~ ~4 

5 

5 

Nitroarene Formed (Yield) 

I-Nitronaphthalene (17%) 
2-Nitronaphthalene (7%) 

I-Methyi-3-nitronaphthalene 
I-Methyl-5-nitronaphthalene 
I-Methyl-4-nitronaphthalene 
I-Methyl-8-nitronaphthalene 
I-Methyl-6-nitronaphthalene 
I-Methyl-7-nitronaphthalene 
I-Methyl-2-nitronaphthaiene 

Total Yield - 30% 

2-Methyl-4-nitronaphthalene 
2-Methyl-l-nitronaphthalene 
2-Methyi-5-nitmmlphthalene 
2-Methyf-8-nitronaphthalene 
2-Methyl-3-nitronaphthalene 
2-Methyl-7-nitronaphthalene 
2-Methyi-6-nitronaphthalene 

Total Yield - 30% 

None observcdb 

4-Nitroaccn3phthcnc (40%) 
3-NitroaccnarhthcilC (-2%) 
5-Nitlfoaccnaphthcnc (-2%) 

References 

68,73 

122 

122 

76 

76 
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TABLE 14. Nitroarene product data for the gas-phase N03 radical-initiated reactions of polyclic aromatic hydrocarbons - Continued 

PAll 

Phenanthrene 

Anthracened 

Fluoranthene 

8 

Acephenanthrylene 

Structure 

7 6 

2 

~3 

2 

a Nitro-isomers listed in approximate order of decreasing yield. 

Nitroarene Formed (Yield) 

Four isomers (including 
9-nitrophenanthrene) 

Total Yield < 1 % 

1-Nitroanthracene 
2-Nitroanthracene 

Total Yield < 2% 

2-Nitrofluoranthene (24%) 

4-Nitropyrene (0.06%) 

None observed! 

References 

76 

76 

75,77 

77 

121 

b Reacts with the N03 radical by N03 radical addition to the >C=C< bond in the cyclopenta-fused ring.69 
C Yields of reaction pathway proceeding by N03 radical addition to the fused six-member aromatic rings. Under atmospheric conditions the pathway 

involving H-atom abstraction from the - CH2 - groups of the cyclopenta-fused ring will dominate and nitroarenes will not be formed in significant 
yield.76 

d 9-Nitroanthracene also observed but attributed to artifact formation during sample collection.76 

e 2-Nitropyrene observed with a yield linearly dependent on the N02 concentration.77 Under atmospheric conditions the 2-nitropyrene yield will 
be negligible.77 

! Expected to react with the N03 radical hy NO:} radical addition to the >C=C< bond in the cyclopenta-fused ring.121 

10- 12 e-4426fT, kSec = 1.26 X 10- 12 e-3248fT, and k tert = 2.3 
X 10-12 e-2959IT, with values at 298 K of 1.0 x 10-18, 1.3 
X 10-17

, and 1.1 x 10-16, respectively. These group rate 
constants at 298 K are in good agreement with those dis
cussed in Sec. 2.1.a. (4). 

2.14.b. Alkenes 

Using a relative rate method, Shorees et al. l40 have de
termined a rate constant at 297 ± 2 K for the reaction of 
the N03 radical with ~-phellandrene of (7.96 ± 0.44) x 
10- t2 cm3 molecule-Is-t. Hjorth et al.141 have carried out 
a product study at 295 ± 2 K and 740 ± 5 Torr total pres
sure of air for the reactions of the N03 radical with a se
ries of alkenes. The following molar carbonyl yields were 
reported: from propene, HCHO and CH3CHO, 0.10 ± 

0.05 each; from 2-methylpropene. HCHO and 
CH3COCH3, 0.24 ± 0.08 each; from cis - and trans -2-
butene, CH3CHO, 0.34 ± 0.12; from 2-methyl-2-butene, 
CH3CHO and CH3COCH3, 0.22 ± 0.06 each; and from 
2,3-dimethyl-2-butene, CH3COCH3, 1.04 ± 0.26. 3-Ni
trato-2-butanone and 3-nitrato-2-butanol were also ob
served from the 2-butenes, with molar yields of 0.41 ± 
0.13 and 0.15 ± 0.05, respectively. While the carbonyl 
product yields for propene141 are in good agreement with 
previous studies66

•
74

, the carbonyl product yields from 2-
methylpropene and trans -2-butene are significantly lower 
than reported by Barnes et al.66 

2.14.C. Haloalkenes 

Using a discharge flow system with optical absorption 
of the N03 radical and a relative rate method, Wangberg 
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TABLE 15. Rate constants k for the gas-phase reactions of the N03 radical with organic radicals 

Organic 
Radical 

1012 X k 
(cm3 molecule -1 s -1) at T (K) Technique Reference 

2.3 ± 0.7 

et al. 142 obtained rate constants for the reaction of the 
N03 radical with CH3CH2CCl==CH2 of (1.73 ± 0.31) x 
10-14 cm3 molecule-1s- 1 at 299 K and (2.2 ± 0.6) x 10-14 

cm3 molecule- 1s- 1 at 296 ± 1 K, respectively (the latter 
reevaluated using the presently recommended value of 
Ks). A product study at room temperature and 
atmospheric pressure of air of the N03 radical reactions 
with CH3CH2CCI == CH2, CH3CHCICH == CH2, CH3CH = 
CHCH2CI and CH3CH=CCICH3 was also carried out142

• 

3= Conclusions and Atmospheric 
Implications 

A substantial data base concerning the rate constants 
for the gas-phase reactions of the N03 radical with or
ganic compounds is now available, with rate constants 
having been determined using both absolute and relative 
rate methods. To date, the majority of these kinetic data 
have been obtained at room temperature using relative 
rate techniques utilizing both the reactions of the N03 

radical with other organic compounds and the equi
librium constant Ks for the N03 + NOz +:% N20s reactions 
as Lh~ referem;e reaction. Howeve.f, despite significant 
uncertainties in the equilibrium constant Ks, the available 
data base exhibits generally good agreement and self
consistency. Clearly, further absolute rate data are 
needed, preferably as a function of temperature, before 
the N03 radical reactions can be viewed as being on as 
firm a base as are the corresponding OH radical reac
tions.87 As for the reactions of the OH radical with or
ganic compounds,85,87 there is a general lack of 
mechanistic and product data available for the reactions 
of the N03 radical with organic compounds. 

From the ambient tropospheric N03 radical concentra
tion data presented by Atkinson et al., 32 the geometric 
mean maximum N03 radical mixing ratio over continen
tal areas is - 35 ppt (with a two standard deviations 
spread of an order of magnitude). Since for a given 12~hr 
nighttime period the average N03 radical concentration 
is less (sometimes significantly less13,14,16,17) than the max
imum, a 12-11r average nighttime N03 radical concentra
tion in the tropospheric- boundary !ayer over con.tinental 
areas of -5 x 108 molecule cm-3 (20 ppt) appears rea
sonable. This 12~hr average nighttime N03 radical con
centration is - 300 higher than the global tropospheric 
12~hr average OR radical concentration of 1.5 x 106 

molecule em -3 derived from the atmospheric concenfrra
Hon and emissions data for 1,1~1-trichloroethane 
(CH3CC13).138 Thus, since reactnon with the OH radical RS 
a major, if not domirmlffit, dlaytlime chemical ~oss proce~:s 
for orgallITlk oompouli!1lds ilI1l the ~rolPosIPhere,t;(·\ the faic CQl]

StSll!1ltS for tlhle N03 andl OlIT lr8kHcag ~'eaC~kjiiruS rm.l1S,i[ be I!rr1 

298 MP-A Crowley et ai,137 

the ratio kNo-lkoH > 10-3 for the NO) radical reaction 
with a given organic compound to be significant as a tro
pospheric loss process. 

The N03 radical reactions are then potentially signifi
cant as a tropospheric loss process for the thiols and alkyl 
sulfides, the alkenes other than ethene and the l-alkenes 
(hence including the monoterpenes and compounds such 
as acenaphthylene and acephenanthrylene), the hydroxy~ 
substituted aromatic hydrocarbons, and certain other 
specific compounds such as styrene, acenaphthene, azu
lene and dimethyl selenide. In particular, since the day
time N03 radical concentrations may approach the 
daytime on radical concentrations under certain NOx 

concentration conditions (see Sec. 1), those organic com
pounds for which the N03 radical reaction rate constants 
are comparable to, or exceed, the OH radical reaction 
rate constants (for example, 2,3-dimethyl-2-butene, 
a -phellandrene, a -terpinene, terpinolene, pyrrole, azu
lene, dimethyl selenide, and 0 -, m - and p -cresol) may un
dergo significant reaction during daytime hours with the 
N03 radical in addition to reaction with the OH radical 
and/or 0 3• 
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