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TEMPERATURE DEPENDENCE OF THE REACTION NO + NO, + 2N0, 
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The flash photolysis-wstble absorption technique has been used to measure rate constants for the reaction NO + NO, + 2N0, 

(1) over the temperature range 224-328 K. The temperature dependence of the rate constant is given by the expresston 

k,(T) = (1.59+0.32)x10-“exp(122/T) cm3 molecule-’ s-’ where the stated uncertainties refer to the +2u limits from 

both random and systematic errors. 

1. Introduction 

The nitrate radical, N03, plays an important part 
in the chemistry of the troposphere and lower strato- 
sphere. The reaction 

NO3 + NO --f 2N0, (1) 

has a role in the partitioning among species in the 
NO, family particularly at sunset and at night in the 
vicinity of local NO sources. Rate constants for reac- 
tion (1) have been determined by a number of differ- 

ent techniques with the measured values at 298 K 
spread over a wide range between 7.5 X lo-l3 and 
2.0 X lo-lo cm3 molecule s-l [l-10]. Recently, 
however, detection techniques for NO3 using long- 
path absorption and laser-induced fluorescence have 
become sufficiently sensitive to permit rate constants 
for rapid NO3 reactions to be measured under condi- 
tions relatively free of interfering secondary processes. 
These techniques have been applied successfully to 
several key NO3 reaction rate studies, with rate con- 
stants for the reactions of NO, with N02, 0, Cl and 
several other species being measured [ 11,121, In this 
study, the flash photolysis-visible absorption tech- 
nique was used to measure the temperature depen- 
dence of kL over the range 224-328 K. 
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2. Experimental 

The experimental apparatus has been described in 

detail previously [12,13] with the approach being 
virtually identical to our previous study [ 141 of the 
reaction NO3 t NO, t M + N205 t M. Briefly, NO, 

radicals were produced by flash photolysis using a 
Pyrex flash lamp/reaction cell and were monitored 
spectrophotometrically in the (0,O) band at 661.8 nm 
with a resolution of about 0.4 run. Absorption signals 

from 25-50 flashes were averaged to obtain first- 

order kinetic decay plots which could be followed 
over 3-4 l/e times. The chemical source of NO3 was 
the photolysis of C12-C10N02 mixtures at wave- 
lengths longer than 300 run: 

Cl, •t hv + 2c1, 

Cl + ClONO, --f Cl, t N03, 

k, = 6.3 X lo-l2 exp(lSO/T) 

cm3 molecule-1 s-l [ 151. (2) 

Sufficient C10N02 (( 1 S-4) X 1015 molecule cm-s) 
was used to ensure that NO3 was always formed on a 

time scale at least ten times faster than its loss by 
reaction with NO, and that Cl atoms were scavenged 
completely by CIONO,. Cl, and NO concentrations 
were varied over the ranges (0.6-3) X 1015 and 
(0.2-2) X 1014 molecule cmM3, respectively. Initial 
NO3 concentrations varied from (1-3) X 1012 mole- 
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cule cme3, ensuring that NO was always present in 
large excess over NO,. 

Reagents entered the reaction cell pre-mixed 
through calibrated flowmeters. The preparation and 
handling of CIONOZ was carried out in an identical 
manner to our previous study [ 141, Cl, and NO were 
used as received without additional purification. He 
and N, were passed through molecular sieve traps at 
77 and 195 K, respectively. 

3. Results and discussion 

The reaction between NO3 and NO was studied as 
a function of temperature (224-328 K), total pres- 
sure (So-700 Torr) and diluent gas (M = He, N2). For 
each kinetic run, the pseudo-first-order rate constant, 
ki, was obtained from the slope of the plot of ln(N03 
absorbance) versus time. Fig. 1 shows a plot of ki 
versus [NO] at 298 K. The bimolecular rate constant, 
k,, at each temperature was obtained from the slope 
of the corresponding plot of k; versus [NO]. Values 
of k, are listed in table 1 and plotted in fig. 2 in the 
form In k, versus l/T. The Arrhenius expression ob- 
tained from this plot is 

kl(T) = (1.59 f 0.32) X lo-l1 exp(l22jT) 

cm3 molecule-l s-l, 

where the stated uncertainty refers to the *2u limits 
from both random and systematic errors. The derived 
values of k, were independent of pressure and bath 

41 I I 1 
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Fig. 1. Plot of ki versus [NO] at 298 K for the reaction 
NO + NO3 -, 2N02. 

Table 1 
Summary of kinetic data for NO + NO3 + 2N02 

T m Number of 
experiments 

10” kl a) 
(cm3 molecule-l 5-l) 

224 10 2.72 f 0.54 
242 10 2.66 f 0.53 
269 10 2.48 * 0.50 
298 22 2.41 i 0.48 
315 10 2.36 i 0.47 
328 10 2.28 f 0.46 

a) Error limits are *2u, random plus systematic uncertainty. 

gas (He/N> within the above error limits. 
Several possibilities concerning interfering second- 

ary reactions were investigated. Cl20 can be formed 
by the reaction of C10N02 on moist surfaces in the 
reactor and gas-handling system, 

2C10N02 + H,Oa,,,,, -+ 2HN03 + C1,0, 

and may be present as an impurity arising from the 
C10N02 synthesis. The presence of Cl20 would re- 
sult in the regeneration of atomic chlorine, and 

1I 
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Fig. 2. Plot of kr versus l/7’. (0) Data from this study. (0) 
Data from the discharge flow/laser-induced fluorescence. 
study of Hammer et al. [lo], 
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therefore NOj, through the following rn~ch~i~: 

Cl + Cl,0 + Cl, + ClO, 

k, = 9.8 X lo-l1 cm3 molecuIe-1 s-l [ll], (3) 

Cl0 + NO --f Cl + NO,, 

k4 = 1.7 X lo-l1 cm3 molecule-l s-l [I 1 J, (4) 

Cl + ClONO, -+ Cl, t NOj . (2) 

To test this possibility, an effort was made to observe 
Cl0 in absorption from the photolysis of Cl,-ClONO, 
mixtures. The Cl0 detection sensitivity was first op 
timized by observing its formation in a Cl,-0, sys- 
tem (excess 03) at 277.4 nm (peak of the (11 ,O) band 
of the A 2IJ + X 21J transition, oc10 ~5 X lo-la cm2 
molecule-f [ 161, Efforts to detect Cl0 in the 
Cl,-ClONO, system were unsuccessful, suggesting an 
upper limit of WOJ for the ratio [Cl,01 /(C10N02]. 
This is consistent with previous observations [12,14] 
that careful purification can reduce the Cl20 impuri- 
ty in the synthesis of CIONOz to less than 0.1% and 
that precautions in the handling of CION02, such as 
adequate preconditioning of the reaction cell, can 
minimize the heterogeneous formation of Cl,O. Be- 
cause atomic chlorine reacts about ten times faster 
with Cl,0 than with ClONO, at room temperature, 
a relatively small Cl,0 impurity can still perturb the 
kinetics of the NO t NO, system, Computer simula- 
tions of reactions (l)-(4) indicate that, under reac- 

Table 2 
Summary of experimental results for NO + NO3 w 2NQ 

tion conditions similar to those carried out in this 
study, a 1% $0 impurity will result in a fust-order 
regeneration term for NO, that is indistinguishable 
from the first-order decay term due to the NO t NO, 
reaction and will cause the rate constant to be under- 
estimated by 13%. This value can therefore be con- 
sidered an upper limit to the error caused by the pres- 
ence of Cl,0 in this system. 

The system was also tested for the presence of 
atomic oxygen which might be formed from the pho- 
tolysis of CION02 or impurity NO2 at wavelengths 
longer than 300 nm. This was accomplished by adding 
100 Torr of 0, to Cl,-ClONO, mixtures and testing 
for the formation of OS by UV absorption at 254 nm. 
No 0, could be detected which implies an upper 
limit of 0.01 for the ratio [O] u/ [NO31 ,,. 

The results of previous determinations of k, are 
summarized in table 2, Early studies of reaction (1) 
were generally carried out in static reactors with a 
large number of competing reactions under conditions 
where direct NO3 detection was not possible [2,4,5 f . 
Husain and Norrish used the flash photolysisjabsorp- 
tion technique to monitor the production and remov- 
al of NO, following the photolysis of NO, [3]. This 
study was complicated, however, by the relatively 
poor sensitivity afforded by plate photometry and a 
short optical path length. Graham and Johnston were 
able to improve on previous measurements of k, by 
using molecular modulation combined with long-path 

Ref. 10” k 
(cm3 molecule-* s-l) 

T 6) Technique a) 

;;; b, 
I31 
141 
ISI 
[cl 
171 
WI 
[91 

I101 

this work 

0.45 1.0 300 300 
20 298 
0.075 298 
0.87 297 
1.3 f 0.7 1000-1100 
1.9 It 0.4 297 
2.0 * 1.0 292-298 
3.24 * 0.32 298 
2.93 f 0.09 298 

(155 f 0.23) exp[(l95 f 39)ITj 209-299 
2.95 f 0.16 296-414 

(1.59 f 0.32) exp(122/T) 224-328 

ST/VIS SSP 
FP/VIS 
SSP 
MM/IR 
ST/WI 
MM/IR-VIS 
FPfVIS 
DF/LIF 
FP/VIS 
DF/LIF 

FP/VIS 

a) SSP - steady&ate photolysis, MM - molecular modulation, ST - shock tube, DF - discharge tlow, FP - flash photolyais, 
IR - infrared absorption, VIS - visible absorption, LIF - laser-induced fluorescence. 

b, Data from this study used to reinterpret room temperature results of Hisatsune et al, [ 171. 
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absorption to detect NOg and several other species. 
Croce de Cobos et al. [8] used a flash photolysis sys- 
tem to derive a value fork, at 298 K in the pressure 
range 2-200 atm in good agreement with the value 
obtained by Graham and Johnston. Unlike the previ- 
ous investigations, recent studies by Torabi and 
Ravishankara [9] and Hammer et al. [IO] used both 
flash photolysis/absorption and discharge flow/laser- 
induced fluorescence methods to measure the rate 
constant under conditions where only reaction (1) 
controlled the NOg decay profile. The studies are in 
good agreement concerning k, at 298 K, obtaining a 
value about 50% higher than the recommendations of 
recent rate constant reviews [ 11,121 which are based 
primarily on the results of Graham and Johnston [7]. 
The only other study of the temperature dependence 
of k, is that of Hammer et al. [lo] who obtained a 
temperature-independent value of k, above 298 K and 
a temperature dependence in good agreement with 
this study below 298 K. 

A number of different explanations can be invoked 
to explain the small, negative temperature dependence 
observed in both this study and that of Hammer et al. 
According to the latter study, elementary transition 
state theory cannot simultaneously account for both 
the magnitude and temperature dependence of the A 
factor, and also does not predict the curvature ob- 
served in their Arrhenius plot. An alternative explana- 
tion that qualitatively accounts for negative tempera- 
ture dependences in other radical-radical and radical- 
molecule reactions involves the passage of the reaction 
intermediate over a bound potential energy surface. 
Several groups have reported the observation of an 
asymmetric NO, dimer, ON-ONO,, which would 
presumably have the same geometry as the NO + NO, 
transition state [ 18-221. This species, however, has 
only been observed in matrices at temperatures not 
much higher than 4 K. In an experiment involving 
the supersonic expansion of NO2 with electrostatic 
deflection, Novick et al. [23] were unable to observe 
a polar component to the mass spectrum of (NO&. 
This component would have suggested the presence 
of the ON-0N02 isomer. However, the formation of 
even a weakly bound isomer in the NO + NO3 reac- 
tion could conceivably explain the small negative 
temperature dependence observed in this study and 
that of Hammer et al. 
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