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THE REACTIONS QF Ct AND Cl0 WITH THE NO, RADICAL 

‘Ik phtrtolysis ol‘CI2 in the presence of CIONOa UTIC used as a sxwx of NOJ radicals via the reaction Cl + CIONO, 

- C1-r + h’O3. Tote kinctirprowh and decay of NO3 uxxc measured using time-rcsoivcd absorption at 661 nm_ The reac- 

tions Cl + NOa - Cl0 + iW* (7) snd Cl0 f NO, - 
X IO-” and /ia = (a.0 r 1.7) x IO-l3 

Cl00 + NOI (8) sppuared to be importanr. \vith k7 = (7-6 z 1.11 
cm3 moiccuk- 5-l at 296 K. A value of I.63 x 1O-‘7 cm2 motccuIe-l ~3s deter- 

mined for the absorption cross section of NO-, at 661 run. 

I. Introduction 

It has bcw recogniscd for some time that the nitrate 
radical plays an important role in armosphcric NO_, 
chemistry. Its principal route of formation is the rcac- 
Lion 0f NO, wilh ozone [I ] : 

NO’+Oj -+NO, ‘Oz. (11 

In daylight, NOj is rapidly photolyscd. 

NO> + 111, -t NO + O2 . 

-+N02 +O, 

but also reacts rapidly with NO and NO?: 

(%I) 

(3b) 

NO3 + NO - 2NOI! f (3) 

NO3 + NO, -+- M - N205 -I- M . (4) 

NO, radicals have recently been identified as potcn- 
tin1 attacking species in the atmospheric oxidation of 
urgallic n~oIcculcs, particularly aromatic hydrocarbons 
[2] _ AsscssmenL of Lhc importance of this process 3s 
WA ;1s the rate of oxidation of NO2 via (I) requires 
ticfinition of the steady-state concentration ofFJOlt. 

Accurate kinetic and photochemical data for the reac- 

tions controlIing NO, concentration in the atmosphere 

arc therefore needed. 
Until recently, most of the photochemical and 

kinetic information concerning NO, reactions was due 
to Johnston and co-workers [3,4], who investigated 
the chemistry of the NO,--Ox-N,O, system. This 
work provided indirect d&erminations of rate coeff- 
cients for a number of elementary reactions of NO, 
and also the absorption cross section c~ and quantum 
yields for photodissociation of NO, in its broad, struc- 
tured visible- absorption band. Mitch&i CT al. IS] have 
also used the NO2 + 0, reaction as a source of NO,, 
and obtained an estimate of the absorption cross sec- 
tion in the O-O vibronic band at 622 nm. Their result 
was approximately 50% lower than the most recent 
vnluc from MarineiIi et al. [4] _ 

Very recently, Ravishankara and Wine [6] have re- 

ported measurements of the NO3 absorption cross 
sections in the region 565-673 nm. NO3 was generat- 
ed in the reaction of F atoms with HN03 in a discharge 
flow system, and its concentration determined by chem- 
ical titration with NO, reaction (3). The value of CT 

at rht: peak of the 662 nm band showed good agree- 
ment with rhc result of Marinclli et al. [4]. 

Recent work on the chemistry of chlorine nitrate, 
CIONO, [7,8], has shown that the reaction of Cl with 
CIONO, is much faster than hitherto believed. This 
offers a potentially usefu1 source of NO3 radicaIs by 
the reaction 
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Cl + CION02 --f Cl, + NO3 

(k, = 1.12 x l&l 

(5) 

cm3 molecule-1 s-l at 298 K) . 

In the present paper, we describe experiments in 
which photolysis of Cl-, at 350 nm was employed to 
generate Cl atoms in the presence of ClONO,. NO3 
formation and decay was monitored in absorption at 
667, nm, and observations of NO3 kinetics enabled 
a determination of the absorption cross section 0~0, 
at 662 nm and rate coefficients for reactions of C1 and 
Cl0 with NO,, which arc proposed to explain the 
kinetics of NO3 removal in the system. 

2. Experimental 

The experiments were performed in a 130 cm long 
jacketed quartz reaction cell at atmospheric pressure 
and 396 K. The cell was surrounded by fii fluorescent 
“Blacklights” (Philips TL 40/08), any number of which 
could be activated by an electronically switched 350 
V dc power supply for a preset period. The spectral 
monitoring beam from cithcr a dcuterium lamp or a 
tungsten-halogen lamp passed along the cell before 
dispersion on mO.75 111 Spcx monochromator and 
detection on a photomultiplier. The photomultiplier 
signal was recorded on a fast digital multichannel scaler, 
giving time-resolved absorption profiles with milli- 
second time. resolution. The details of this device have 
been reported elsewhere [9]. 

The reaction cell was filled with a mixture of Cl1 
(=lolj molecule cm -3) and chlorine nitrate (~2. 
X 1 013 molcculc cmS3) in N, diluent from a flow 
manifold at atmospheric pressure. ClONO, was intro- 
duced by passing part of the diluent through a bubbler 
containing a sample of liquid ClONO? at -6OOC. The 
CION02 was prepared using the reac<on of chlorine 
monoxide with nitrogen pentoxide. Cl, was taken from 
a cylinder (BOC 5% Cl, in N2) through a flowmeter 
a needle valve. Concen&ations of Cl2 and Cl0N0~ 
in the reaction cell wcce determined by absorption at 
350 nm and 220 nm, respectively, using cross sections 
of 1.85 X lo-t9 and 3.2 X 10-l” cm?, respectively. 
For the kinetics experiments, the flow through the 
vessel was stopped and photolysis performed on static 
gas mixtures. Time-resolved absorption during a select- 
ed period of illumination followed by an equal period 
of dark chemistry was recorded_ 

The rate of photolysis of Cl? for any combination of 
the six lamps was determined in separate experiments 
in which the rate of decay of Cl2 in the presence of es- 

cess H, and O2 was monitored [lo]. The rate COII- 

stant determined for the photodissociation reaction 

Cl? + hv -+ 2Cl (6) 

was kg = 8.84 X 10U1 s-t per lamp. 

3. Results 

Fig. 1 shows a typical absorption (at 662 nm) versus 

time recording in the phorolysis of a static mixture 
containing initially 1.36 X lOI5 molecule cmm3 Cl, 
and 2-7 X 101” molecule cm- 3 CIONO,. It can be 
seen that NO3 initially increases steadily on photolysis 
but then levels off to a steady state. On cessation of 
photolysis, the radical decays rather slowly, taking 
about 30 s for 97% decay. 

The absorption cross section for NO, was deter- 
mined from measurement of the initial rate of increase 
in absorption in esperiments covering a 20-fold range 
of NO; production rate, obtained by varying the quan- 
tity 11%~ [Cl,] (IV is the number of photolysis lamps). 
Based on the assumption that each Cl atom produced 
photolytically yields an NO; radical, the average of all 
the data gave a value of 

uNO, = (I -63 f 0.15) X lo-t7 cm2 molccule-1 . 

The kinetic behaviour of NO, during photolysis 

Fig. 1. Concentration bckaviour of NO3 from absorption at 
662 11111. 
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and in the dark was also analysed. Examination of fig. 
1 showed that the rise to steady state followed first- 
order kinetics fairly closely, i.e. NO3 is formed at a 
constant rate during illumination and is removed by a 
pseudo-first-order process. The first-order rate con- 
stants, kl, for the reaction NO,(i-X) --f products, where 
X is a reactant present at constant (steady-state or 
excess) concentration or an absorbed photon, were 

determined from plots of ln[An,,@,, - A,)] 
versus time (A is the absorption of NO,). The plots 
were linear up to at least three half-lives, giving values 

of X-l in the range 0.25-3 .O s-l _ 
Direct photoiysis can be ruled out as a major loss 

process for NO,, since it would require a photodissocia- 
tion rate approximately 1000 greater than that for 
Cl2 in the 350 nm region to give the required value of 
kl_ Although NO3 may absorb in this region, a cross 

section of the order of lo-t6 cm2 molecule-l is un- 
reasonably large. However, A-’ did seem to vary system- 
atically with both light intensity and CIONO? con- 
centration. Fig. 2 shows a plot of k* against the ratio 
2x-6 [Cl,]/[ClONOl] for initial conditions. The plot 
was reasonably linear, indicating that the concentra- 
rion of X was proportional 10 the rate of Cl atom pro- 
duction and inversely proportional to chlorine nitrate 

concentration. This observation rules out reaction of 
NO, with CIONO,. which would show the opposite 

r-------- I 

i?p. 1. I’lot ol’ first-or&r rate coefficient for NO3 renxnd 
against rhc ratio X6 [ Cl2 ]/[ CIONOz] _ 

dependence on [C10N02] to that observed. The most 
likely candidate for X appears to be Cl atoms, since 
a steady state involving reactions (5) and (6) would 
give 

[Cl] = 2k, [Clz]/ks [CIONO,] . 6) 

If k1 = nk7 [Cl], where II is the number of NO, ra- 
dicals removed following the reaction 

Cl + NOj + products , (7) 

then the slope of the plot in fig. 2 (=27.3 + 2.6) gives 
the rate-constant ratio nk7/k5. The value for k, 
quoted above leads to JZIC~ = (30.5 i 4.4) X I O-l1 cm3 
molecule-l s-l (error = 2 standard deviations based 
on the error of the slope of fig. 2 and the uncertainty 
in X-s ). 

The observed first-order kinetics and the above 
analysis require that the occurrence of reaction (7) 

does not lead to net loss of Cl atoms. If reaction (7) 
was a sink for Cl, both the rate of production of NO, 
and the pseudo-first-order removal rate coefficient 
k1 would decrease with time, giving rise to complex 
kinetic behaviour. A plausible mechanism to explain 
the observed behaviour involves the following elemen- 
tary processes: 

Cl+N03~C10+N01, 4Ho = -57 kJ mol-1, 

(7) 

Cl0 + NO, d Cl00 + NO, , 4H” = 16 kJ mol-I, 

(8) 
ClOO+M~CI+O,+M. (9) 

NO, +N03+ M-;N?O, +M. (4) 

Of these reactions, (9) and (4) are reasonably well 
established and the rate coefficients at 1 atm pressure 
can be calculated from the pressure dependences given 
in the recent NASA evaluation [ 111. Reactions (7) 
and (8) do not appear to have been characterised 
previously but both are reactions between two radical/ 
atomic species and therefore likely to be relatively 
rapid at ambient temperature. 

In the above scheme, 4 NO, molecules are removed 
in the sequence (7) + (8) + 2 X (4): i.e. II = 4. This 
gives a value of 

k, = (7.6 i 1-1)X lo-l1 cm3 molecule-l s-1 

at296K. 

The steady-state concentration of NO, reached 
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during illumination and controlled by reactions (4)- 
(9) is given by 

k, [Cl] [CIONO,] 

tN031s = k, [Cl] -I- kg [Cl01 + k, [NO?] - 
(ii) 

Furthermore, if Cl, Cl0 and NO-, are also in steady 
state under these conditions, wh$h is a reasonable as- 
sumption. the rates of reactions (7) (8) and (4) must 
be equal, provided these are the only removal reactions 
for ClO, NO? and NOj, i.e. 

k7 [Cl] = kg [CIO] = ;k4 [NO-,] 

and 

(iii) 

[N03], = (X-5/4A.,)[CION0,] . (iv) 

Although the steady-state absorption due to NO, in- 
creased with [CIONO,] . the [N031s values also ex- 

hibited a dependence on light intensity, which is not 
predicted by eq. (iv). This would arise if a [Cl]-indepen- 
dent loss route for NO, was present. The occurrence 
of such a loss route is indicated by the intercept on the 
plot in fig. 3 and the slow dark decay of NO, _ An ap- 
proximate value of 4k,/k, = 40 + 20 could be obtain- 
ed from the data, which is consistent with the value 

derived from fig. 2. 
Information on the kinetics of the rate-determining 

step of the reaction sequence (7) + (S) + (4) can be ob- 
tained from the observed decay of NO, on cessation 
of photolysis. Close examination of fig. 1 shows that, 

on cessation of photolysis, NO, decays rapidly at first 
and then more slowly. Analysis of the decay from a 
number of experiments showed that the slow decay 
was first-order with a rate coefficient of 0.12 2 0.03 
S -1 independent of [N03],, i.e. similar to the intercept 
in fig. 3 _ This may be a wall-removal process or it may 
arise from decomposition of product N205 either 
thermally or photolytically, due to the unfiltered 
monitoring lamp beam. 

In order to analyse the initial decay of NO,, the 
log-linear portion of the NO; absorption decay curve 
was extrapolated back to lo, corresponding to termina- 
tion of photolysis, and the “excess” NO, removal 
was obtained by difference, as illustrated in fig. 3a. 
Fig. 3b shows a logarithmic plot of the “excess” NO, 
decay, which occurs with a half-life of 0.35 s and rep- 
resents the time constant of the slowest, rate-deter- 
mining step in the sequence (7) -t (S) -I- (4) 

The lifetime of Cl is determined by reaction (5) 

which, for the conditions in this experiment, gives 
7cl = (X-s [CION02])-1 = 0.43 ms. Since k, = 1.2 
X lo-12 cm3 molecule-l s-p at 1 atm pressure and 
296 K, i-NO2 = (k, [NO,])-1 = 0.09 s. Therefore, both 
Cl and NO2 decay lifetimes are considerably shorter 

than the observed decay time for “excess” NO,. It is 
concluded, therefore, that reaction (8) is the slowest 
step and it follows that Cl0 is the radical present at 
highest concentration. Assuming that the observed 
decay half-life of 0.35 s reflects the rate of reaction of 
Cl0 with NO; at an average concentration of 5.6 
X lo’? molecul- cmm3 c , the observed rate gives k, 
= 3.5 X 10-G cm; rnolecule-1 s-l _ 

Neglecting the contribution due to Cl, which is 

only present at very low steady state (~3 X IO9 mole- 

cule cm- 3), the “excess” NO3 is related stoichiometric- 

ally to the steady states of Cl0 and NO, by 

[NO;], = 2[C10]s i- [NO&. (v> 

The steady-state relationships for [ClO], and [NOzls, 
eq. (iii), then give 

k8 = 2k7 [Cl],/([NO;]e - [NO1],)- 

F&. 3. (a) Decay of NO-+ (b) Decay of “csccss N03” (from 
(a)). 
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Using the value ofk, derived above and the experimen- 
tal data in fig. 3, we obtain X-6 = 3.6 X lo-l3 wt3 

molecufe-l s-l , _ m excellent agreement with the ab- 
salute measurcmenr from the ‘Lexcess’1 NO, decay ” 
Treatment of data sets from five separate experiments 
wve an average value of a 

k, = (4.Oi I.r;jX lo-13 cm3 molecule-’ s-l at 296 K 

(error = one standard deviation). 

4. Discrrssion 

The absorption cross section for NO, at 663 mn 
derermined in the present work tends to support the 
higher values obtained by Marinclli et al. [4] and by 

Ravishankara and Wine [61_ The main sources of error 
were the determination ofX_, and measurement of 
overall concentrations of [Ct,], giving an estimated 
overall uilccrtainty of 520%. 

Kinetic data for reactions (7) and (8) have nat been 
reported before. The value fur k-7 is similar to the 
fafc coefficient for the reactions of Cf with other ra- 
dical species such as HO?, OCIO and CfUU, which are 
all >1 O-II cm3 molecule-’ s-l I The reaction of CIO 

with NO, is considerably slower, which is in ticcord 

with the lower reactivity of Cl0 compared to Cl, parti- 

cularly with plyatomic species. An interesting analogy 
to fL’actiot1 (8) is 0 transfer in the self-reaction of CiO: 

CfO + MI -+ CKIO f CI . fW 

This reaction is also slow, k,, r;=: 3.5 X 10-t” cm3 
111olccule-t s-1 at 298 K [ 121~ the slow rate resulting 
from the cndothes-micity of the rcacxion (1 I S k.! 

~not-~ > and alsu the low =3 factor (A to = 3 X IO- l3 
cm3 molcuulc-’ s-t )_ Since reaction (8) is csothermic 
and k, =A to, reaction (8) may have new-zero xtiva- 

tion cncrgy arid hcrlcc a very small tcmpcrat ure depen- 

dence. 
The 1eacriuns &Cl and Cl0 with NO, comprise yet 

fttr&er coupIing betwcelx the CIOx md NO_,, cycles 
in the chemistry of the stratosphere. and providi- a 
sink for ozone: through the rcuction sequence 

CIt-NO,+CIU+NU,, 

CIO-tN03 +C1+02+N02, 

2NQ2 + 203 + 2N03 -i- 20, , 

This reaction scheme is unlikely to be a major influence 
on the 0, budget, but it is ofinterest because it provides 
a route for converting the fess reactive Cl0 species in- 
to Cf atoms during ~ightt~nle~ when usual reaction 
partners 0 and NO, which result form photodissocia- 
tion, are absent. Calculations using a one-dimensional 
atmospheric model with diurnal variations of photo- 
chemistry are needed for a quantitative assessment of 
the role of reactions (7) and (8) in the stratosphere. 
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