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Reaction of O€P) with CIONO,: Rate Coefficients and Yield of NG Product
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The rate coefficient for the reaction ) with CIONQ;, k;, was measured between 202 and 325 K using two
methods: pulsed laser photolysis with time-resolved atomic resonance fluorescence detection of the O atoms
and pulsed laser photolysis with long-path tunable diode laser absorption for detection tditals. The
measured rate coefficient is summarizedkpy= (4.5 £ 1.4) x 1012 exp[(—900 £ 80)/T] cm3 molecule?

s 1, with k(298 K) = (2.24 0.2) x 10 2 cm® molecule* s™1. The yield of NQ radical in this reaction was
measured to be essentially unity. Our results are compared with those from previous studies.

Introduction 3.0) x 1078 cm® molecule’! sY). The temperature dependence
of ki, E/R = 900 K, is based on the results of Molina efal.
and Kurylo19 and the quoted uncertainty in this valueA&/R

= 200 K.

Reaction 1 has many energetically accessible product chan-
Is:

Chlorine nitrate, CIONQ is a temporary reservoir of chlorine
and, to a lesser extent, nitrogen oxides in the stratosphere. It
is formed by the reaction of CIO and N@ the presence of a
third body. It is removed via photolysis, heterogeneous/
multiphase reactions, and free-radical reactions. The rates of '€
these processes determine the partitioning of chlorine and, tOO(3P)+ CIONO, — CIO + NO, (—23.1 kcal moTl) (1a)
some extent, nitrogen oxides between active forms, which can 2 3 )
destroy stratosphericgand reservoir forms, which do not. The 1
relative importance of these different processes depends on the — CIONO + O, (—62.1 kcal mol)
location and season. In general, reactions of CIQN(h free
radicals are less important than its loss via photolysis and
heterogeneous reactions in the lower stratosphere. One of the
free radical reactions of interest is that of*B®)Y with CIONQ:

— CINO, + O, (—52.1 kcal mol") (1c)

— OCIO + NO, (—34.6 kcal moTl*)
K (1d
O(P) + CIONO, — products (1) L
— ClOO + NO, (—33.9 kcal mol™)
If CIONO, were exclusively destroyed in the stratosphere via (1e)
reaction 1, its lifetime would be on the order of 30 h at 35 km
in the midlatitudes ([OF 1 x 10° cm=3). At lower altitudes,
where O-atom concentrations are lower, this reaction is less L
important relative to photolysis and heterogeneous/multiphase — Cl + NO, + O, (—19.1 kcal mol~)
reactions. (19)
Knowledge ofk;, the rate coefficient for reaction 1, is useful 1
for some laboratory studies involving CION(e.g., see ref 1) — ClO + NO + 0, (~18.6 kcal mol)
as well as in improving the database on the reactivity of (1h)
CIONO,. Thereforek, was measured as a part of a larger effort  The enthalpies of the reaction at 2984H,°(298 K) are shown
in our laboratory~” aimed at understanding the atmospheric in the parentheses. This list includes channels where the
chemistry of chlorine nitrate. products may not adiabatically correlate with the reactants. To
The rate coefficient for reaction 1 has been previously our knowledge, only Smith et &.had previously provided some
reported at 298 K as well as at other temperatures. The currentlyinformation about the products of reaction 1. They suggested
recommended valdefor this rate coefficient, based on the the products to be £and CIONO to explain the end products
studies of Molina et aP, Kurylo,!® and Adler-Golden and  they observed in the photodissociation of CIONCHere, we
Wiesenfeldi! is ki(298) = 2.0 x 10~ cm® molecule® s71, report the rate coefficient for reaction i, as a function of
with an uncertainty factor of 1.5 (i.e., it covers the range{1.3  temperature and the yield of the N@roduct.

— CINO + O, (—28.3 kcal moT") (1)
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to quantify the NQ product yield and to measuke. For ease
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cell). Intensitiesl() in the absence of CION£and G at 213.9

of presentation, the two apparatus and experiments are discusse(first cell) and 253.7 nm (second cell) were first measured. Then

separately.
O-Atom Resonance Fluorescenceln the RF experiments,
the temporal profile of 3P), hereafter referred to as the O atom,

was monitored by vacuum UV atomic resonance fluorescence.

This apparatus has been described in detail elsewhe@nly

a few essential details are given here. A Pyrex reactdisQ
cm?®) was temperature regulated (L K) by circulating methanol

or ethylene glycol through its jacket. A retractable thermocouple

ozone was added downstream of the first cell, and its concentra-
tion was determined in the 10.6 cm cell by the attenuation of
the 253.7 nm light §0,%%7 = 1.16 x 10~7 cn? molecule™y).
Then, CIONQ was added upstream of the first cell, and the
attenuation of 213.9 nm light was measured to obtain the
concentration of CION® (ociono,?3® = 3.39 x 10718 cn?
molecule’!). Dilution of the Q due to the addition of
CIONO, was minimal, and the ozone concentration was es-

inserted into the reaction region, defined by the volume produced sentially unchanged. This negligible change was evident from
by the intersection of the photolysis and probe light beams, was the measured light intensity at 253.7 nm as CIQN@s added;
used to measure the temperature of the gases inside the cellt gecreased by an amount consistent with that expected from

O atoms were generated by photolyzing & 308 (XeCl
excimer laser) or 532 nm (second harmonic of a Nd:YAG laser)
in No. Photolysis of @ at 308 nm produces both &) and
OoCP)3

0, + hv (308 nm)— O('D) + O, (*A) (2a)

0, + hv (308 nm)— OCP)+ O, (*2) (2b)
Greater than 99% of @D) was quenched to €R) by 15 Torr
of N2 present in the cell in less than Q4.
o('D) + N,— O(P)+ N, (3)
k3(298 K) = 2.6 x 10711 cm?® molecule? s71.8 Photolysis of
Os at 532 nm, in the Chappuis band, leads only t8R)(
0, + hv (532 nm)— OCP)+ O, (*2) (2¢)
It is known that Q(*A) reacts with Q to produce O atom.
Even if Oy(*A) was formed in reaction 2c, its contribution to
the measured value d¢f should be negligible since it reacts

very slowly with O; (k(298 K) = 3.8 x 10715 cm?® molecule?
s1).8 To our knowledge, the reaction ob(3A) with CIONO,

the concentration of CIONOflowing through this cell. Note
that the exact concentration of;@as not needed, since the
rate coefficients were measured under pseudo-first-order condi-
tions in O-atom concentrations. The concentrations of bgth O
and CIONQ were corrected for the temperature and pressure
differences between the absorption cells and the reactor.
Concentrations of §) OCP), and CIONQ were typically 3x

10 molecule cm?, 6 x 10 atom cnT3, and (2-18) x 104
molecule cm®, respectively.

Long-Path Absorption (LPA) Measurements. In the LPA
study, the temporal profile of NQwas measured by detecting
the attenuation of the 662 nm radiation from a tunable diode
laser. Only NQ@ contributes significantly to the changes in
absorption of 662 nm light in this system after photolysis. The
LPA apparatus is the same as that used in our previousSstudy
of the reaction of Cl atoms with CIONO Therefore, only the
aspects of the experiments relevant to the understanding of the
present study are discussed here.

The concentrations of CIONGand Q were measured in the
reactor via UV absorption spectroscopy betwee200—350
nm using a 0.27 m spectrometer equipped with a CCD detector.
Both CIONG, and G have relatively unstructured absorption
spectra in this wavelength region. Yet by fitting linear

has not been studied and has no energetically allowed pathways;ombinations of the reference absorption spectra ofatd

to produce O atoms.
The fluorescence from tH& — 3P transition (130.22130.60

CIONO:; to the spectrum of the cell contents and minimizing
the residual, we were able to determine the concentration of

nm) of the oxygen atom, excited by the resonance lamp, was hoth species accurately. Using this method, we also established

detected by a solar-blind photomultiplier tube (PMT). A
calcium fluoride window mounted in front of the PMT blocked

that, within the error of our measurements (absorbance of
~0.001), no other absorbing species were present in the cell,

Lyman-a radiation, and the space between this window and the j ¢ ]| the measured absorption was accounted for by CIODNO

PMT was flushed by nitrogen. The detection sensitivity, as
determined by measuring the signal level from a known
concentration of O atoms, was2 x 10° atom cnt3. (The

detection sensitivity is defined as the O-atom concentration at

which the signal divided by the square root of the background
for a 1 sintegration is unity.) A known concentration of O

atoms was generated by photolyzing a measured concentration

of Oz with a laser pulse of known fluence. Approximately?10
postphotolysis profiles were co-added to improve the signal-
to-noise ratio in the temporal profile measurements. Signals
ms prior to the O-atom production were measured to obtain
the background-scattered resonance lamp light levels.

The temporal profiles of O atoms were measured&) Torr
of He (with at least 15 Torr of By under pseudo-first-order
conditions in O atoms (typically [CION£)[O], > 1000, where
[O]o is the initial concentration of O atoms) with the gas mixture
flowing through the reaction region at20 cm s. The gas
flow velocity was sufficient to replenish the reaction region with

and Q. The concentrations of £and CIONQ were also
measured in two separate absorption cells, as in the case of the
RF experiments. Concentrations determined by the single-
wavelength method agreed to within 10% of those measured in
the reactor by the CCD. The concentrations of the cell contents
were measured both before and after photolysis.

Either the D lamp radiation, to analyze the cell contents by
UV absorption, or the 308 nm photolysis laser beam passed

o through the cell at a given time. Positive position mounts

allowed us to quickly and reproducibly switch the beams. The
single-wavelength measurements were used to monitor any
significant changes in the reactant concentrations during the
acquisition of temporal profiles after the,Damp beam was
replaced by the laser beam.

The O¢D) atoms produced by the 308 nm photolysis af O
were quickly quenched to O atoms by 200 Torr of(keaction
3). The 308 nm beam unavoidably photolyzed CION(G0.

a fresh reaction mixture between photolysis pulses. Before To reduce the contribution of the possible reaction of CIQNO
reaching the reactor, the gas mixture passed through twophotolysis products with O atoms while maximizing the loss

absorption cells in series (a 100 cm cell followed by a 10.6 cm

of O atoms via reaction with CION{O(rather than with @),
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the laser fluence was maintained<at5 mJ pulse! cm=2 and trap distillations (using three traps at 195, 159, and 78 K). The
the concentration of CIONOwas at least 4 times greater than sample used in the RF study was analyzed by chemical
that of Gs. ionization mass spectrometry (CIMS) to quantify the amount

A beam-combining mirror, which transmitted the 662 nm ©0f NO2 (<0.05%), C} (<0.2%), OCIO (0.05%), and @D
diode laser beam and reflected the 308 nm photolysis beam into(0.1%) impurities. The sample used in the LPA system was
the cell, was used to co-propagate the photolysis and probe lasefnalyzed by UV absorption only; the levels of §@l;, OCIO,
beams. The 662 nm beam was adjusted to be in the center offnd CtO were<0.05%,<0.5%, 0.5%, and-0.5%, respectively.
the photolysis beam inside the reactor. The diode laser ran The samples were used without further purification. Chlorine
single mode with an output power between 3 and 5 mW. The hitrate was stored in the dark at 195 K.;®¢ was synthesized
nominal wavelength of the diode laser was measured using aPy reacting @ with NO2. N;Os emerging from the end was
scanning monochromator. The exact wavelength of the lasertrapped in a vessel held at 195 K. The N@as made via the
need not be known because we measured the relative yieldseaction of Q with purified NO (higher nitrogen oxides were
however, it should not change during our experiments to keep 'emoved by passing NO through a silica-gel trap at 195 K).
the detection sensitivity the same. Therefore, the laser wave-The N.Os, stored in a glass trap at 195 K, was eluted by a flow
length was locked to 662 nm, the peak of the Nbsorption ~ Of N2. The He carrier gas used in the RF study was dried by
feature, by adjusting the laser curren50 mA) and temperature flowing it through a molecular-sieve trap held at liquid nitrogen
(~300 K). Even if there was a small drift (which was much temperature. Mixtures of ozone in the diluent gas were prepared
less than 0.1 nm), the absorbance for a given concentration ofin 12 L bulbs and used in the RF experiments. For the LPA
NOs would not change because the absorption cross-section oféXperiments, ozone was eluted by passing driedhikbugh a
NO; in this region, 662.0G 0.1 nm, is essentially constant. silica-gel trap at 195 K th_at stored ozone. Such a procedure

The intensity of the 662 nm beam passing through the reactormisﬂgvic\zslsz; )i/eéoanmda;)r:tea}slgu?estfggg?nThﬁggﬁxgﬁomgium

rior to the photolysis laser pulse was taken tolhe The :
iF;\tensity afte[r) the Igser pulsa,pwas used witH, to calculate (UHP >99.999%) and bl (UHP >99.9995%) were used as

the absorbance as a function of time. Thus, we measured onlysuPpl'ed' The b gas used for the flush between the reactor

absorption changes due to photolysis. From the absorbance,and the PMT was 99.98% pure.

the concentration of Ngat any given time was computed using Results

the known path length (92 cm) and the Bl@bsorption cross-

section at 662 nm (2.2 107 cm?).! The time segments for The data acquisition and analysis for the RF and long-path
absorbance measurements varied between a few microsecondgbsorption experiments were different and are presented in
and a few milliseconds, depending on the experiments. The separate sections below.

calculated sensitivity for N@detection for one laser pulse was O-Atom Resonance FluorescenceThe temporal profile of

~1 x 10 molecule cm? (absorbance of-2 x 1079). O atoms in the presence of CION@Illowing their photolytic
The yield of NQ in reaction 1 and the rate constdatwere production from @ was governed by the following reactions:

deduced from the same set of j@ofiles, which were acquired 3

as follows. Nitrogen carrier gas was flowed through the reactor. O(P) + CIONO, — products 1)

A spectrum]o, of the cell content was measured using the CCD.

0Oz and CIONQ were added to the Nlow from their respective O(3P) — products 4)

reservoirs, and a second spectrumyas recorded. Using the

two spectra, the concentrations of @&d CIONQ in the reactor OCP)— loss (5)

were determined. Necessary mirrors were repositioned to ] )
propagate the excimer and diode laser beams through the reactofReactions 4 and 5 represent O-atom loss out of the reaction
The intensity of the diode laser beam exiting the reactor was ZON€ Via processes other than reaction 1 and are assumed to be
measured by a photodiode detector. The gas mixture (containingfirst order in O-atom concentration. Reaction 4 represents
0; and CIONQ) was photolyzed by the 308 nm laser beam, reactlons of O.atoms with £and any |mpur|t|¢s in the gas
and the temporal profile of NQabsorption was recorded by — Mixture or species crgated by the laser photonS|s'; these reactions
monitoring the 662 nm diode laser beam. The Neéata are assumed to be first order_ in (@) atom_s. Orkin éf &lave
acquisition was triggerest4 ms before the laser pulse to obtain ~ discussed how one could explicitly deal with the loss of O atoms
a background signald). Typically, 5-100 profiles were co- v!aacomblnatlon of diffusion gnd reaction. In our experiments,
added to enhance the signal-to-noise ratio. The mirrors wereSince the loss of O atoms in the absence of CIQN@s
repositioned to pass the;lamp beam, and the concentrations essentially exponential, we simply treated_ this loss as a first-
of O; and CIONQ were remeasured. sand CIONG were order process. The O-atom temporal profiles due to the above
replaced by MOs, and its concentration was measured by UV Process were governed by a simple exponential decay given by
absorption using the CCD, as in the case of CIQN@d Q. _ ,
The mixture was photolyzed by the 308 nm laser pulse, and () =In(&) — Kt 6
the temporal profile of N@produced was recorded. Following
photolysis, the concentration of,8s was measured again.
While acquiring the temporal profiles, the concentrations of
N2Os or O3 and CIONQ were monitored via the single-
wavelength measurements in absorption cells external to the
reactor. The sequence of measurements was repeated at several
CIONG; and NOs concentrations (48) at 298, 273, and 248 | the above expression, the contribution to the O-atom loss
K. via reaction with Qis denoted bks{O3], while the contribution
Materials. Chlorine nitrate was synthesiZédoy reacting due to impurities is represented by the last term ineq 7. A
Cl,O with an excess of pOs and purified by several trap-to-  typical O-atom temporal profile is shown in Figure 1. The line

where§ and S are the RF signals of O atoms at tirnand 0,
respectively, and

K = [CIONO,] + ks + k,JOgl + 5 kylimpurity i]  (7)
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Figure 1. Temporal profile of the O-atom signal in the presence of 4
x 10" molecule cm?® of CIONO; at 299 K. The line is a fit of the
data to eq 6.

in the figure is the linear least-squares fit of the data to eq 6.
Values ofk were measured at various concentrations of CIQNO
(shown in Table 1) to obtaiky from plots ofk’ versus [CIONQ]
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and Q was <0.25 ms in our experiments. On the other hand,
the lifetime for loss of O atoms via reaction 1 wa8 ms. Thus,
the contribution of reaction 9 to the measuredJ\iofile was
limited to very short times. The Nbsorption profile, Figure
4, shows these time scales.

The NG; absorbance profiles after0.3 ms followed the
equation:

In(A, — A) = — Kt +In(A, — Ay (10)
where A, is the absorbance after reaction 1 has gone to
completion { > 0.01 s),A; is the time-dependent absorbance,
Ao is the absorbance by N@fter photolysis when reaction 9
has gone to completion, ard is the pseudo-first-order rate
constant for the loss of O atoms via reactions 1, 4, and 5.
Because the loss of NQvas very slow on the time scale for
the completion of reaction 1A, was essentially the same as
the maximum absorption that was measured. (We actually
accounted for the slow loss of NGn the data analysis.) An
example of the temporal profile o, — A;) is shown as the

using a weighted linear least-squares fit of the data to eq 7. A inset in Figure 4. A least-squares fit of this profile yielded

typical plot for k' versus [CIONQ] at 298 K and the linear

the first-order rate coefficient for the loss of O atoms. The fit

least-squares line are shown in Figure 2. The second-order ratevas limited to times after reaction 9 had gone ¥®9%
constant; was measured at |0 temperatures between 202 andcompletion. In these experiments, loss of O atoms via process

325 K.

5 is negligibly small and reaction 4 was minimized. The decays

Table 1 lists the experimental conditions and the measured extended over 23 lifetimes for the O atom and were strictly

values ofk; along with the obtained precision in the plotskof
versus [CION@]. The obtained values df are plotted in the
Arrhenius form in Figure 3.

exponential. The measured valueskbfvere plotted against
the [CIONQ] to obtaink; as the slope. The values of the rate
coefficients obtained from the LPA experiments at 298, 273,

The fluence of the 532 nm beam was varied over a factor of and 248 K are included in Table 1.

3 (20.5-64.8 mJ cm? pulsel). The measured value &f was

A determination of the N@yield from reaction 1 required

independent of laser fluence, and hence, the photoproducts ofthe knowledge of three quantities: (i) the initial concentration

CIONO; could not have contributed significantly to the mea-
sured value ok;. As noted earlier, the expected concentrations
of the products of photodissociation of ClON@re so small
(<10" cm™3) that they cannot contribute significantly to the

of O atoms produced, (ii) the fraction of O atoms lost via
reaction with CIONQ (as opposed to other reactions), and (iii)
the concentration of N&that was generated from reaction la.
If NO3 was produced by reactions other than 1a, such reactions

measured O-atom loss-rate coefficients. The flow rate was needed to be quantified and/or minimized. Of all these
varied by a factor of 4 (2680 cm s), and the pressure was  parameters, the initial O-atom concentration is the most difficult
changed from 40 to 60 Torr. These experimental conditions to obtain accurately. The O-atom concentration in our experi-
were varied to test for Systematic errors that could have affected ments was calculated from the measured Concentration.3 of O
the kinetic determination. The measured rate coefficients were (0-atom precursor), the knowns@bsorption cross-section at
invariant for the above changes, within the precision of the 308 nm, and the photolysis laser fluence by assuming the
measurements. guantum yield for O-atom production inz@hotolysis to be
Long-Path Absorption Measurements. Since both CION@ unity. The laser fluence was deduced from thesN@nerated
and Q are photolyzed at 308 nm, the obtained N@ofiles by the photolysis of CION®itself or of N;Os in a separate
had contributions from three sources: experiment. CION@photolysis generates NQand hence, the
laser fluence could be derived from this Nf@rmation since

CIONG, + hw (308 nm)— CI + NO, ®) the quantum yield for its formation is known. Therefore, NO
from CIONG; photolysis acted as an “internal fluence calibra-
Cl + CIONO, — Cl, + NOq 9) tion”.
The NG; temporal profiles measured after the photolysis of
oCP)+ CIONO, — NO; + CIO (1a) a mixture of Q and CIONQ, such as that shown in Figure 4,

were analyzed for N@yield. The absorbance of NGrom

Photolytic production of N@from reaction 8 was essentially  reaction 1 was separated from that due to CIQN®otolysis
instantaneous. We saw no evidence for the formation of (reaction 8), which is instantaneous on the time scale of our
vibrationally excited N@ and its subsequent relaxation to the experiments, and reaction 9, which is complete aft@r25 ms.
detected ground state on the time scale of our experimiénts. The concentration of N©generated due to reaction 1, denoted
Recent work®16.17has shown that the quantum yield for NO  in Figure 4 by M, is clearly seen in the figure as the slowly
and Cl is 0.65 at 308 nm, and the O-atom yielcki8.05. The rising signal which reached a maximum. The value ofA,
rate constant for reaction 9 is60 times larger than that for — Ay, was obtained from the intercept, R(— Ao), in a plot
reaction 1, such that Cl atoms are removed very rapidly of In(A. — A;) versus time (inset in Figure 4) using a linear
compared to the O atoms. The Cl-atom loss rate is further least-squares analysis. This method of obtaining the concentra-
enhanced in our experiments due to its reaction with Ohe tion of NOs produced in reaction 1 is referred to here as the
typical lifetime (1£) for loss of Cl via reactions with CIOND graphical method. The concentration of N@enerated from



8560 J. Phys. Chem. A, Vol. 102, No. 44, 1998

TABLE 1: Measured Values of k; (in 10714 cm? molecule™® s~

and Long-Path System3

Goldfarb et al.

1) and Experimental Conditions from Resonance Fluorescence

total

% error due to impurities uncertainty
T, K [O]° [CIONO,¢ ki & (20 precision) NQ Cl,O OCIO in %' ki + (20)°
202 6 1.95-19.3 5.49+ 0.20 10.7 3.56 0.02 12.9 5.490.71
206 4 1.26-10.5 57+ 1.19 10.4 3.68 0.02 23.1 5F%1.3
223 7 0.82-17.3 8.04+ 0.40 7.0 3.13 0.02 10.4 8.040.83
247 5 4.02-17.0 10.6+0.71 5.0 2.98 0.02 10.1 1061.1
248 6 2.82-28.2 10.14-0.92 5.2 3.15 0.02 11.9 104 1.2
248 20 9.21+23.5 9.9+ 1.9 5.3 3.22 0.03 17.1 9.9 1.7
249 6 0.96-13.9 11.0+:0.3 4.8 2.92 0.02 8.0 118 0.9
249 5 0.84-12.9 10.6+ 0.7 5.0 3.03 0.02 10.1 106 1.1
260 7 0.8712.0 14+ 1 3.7 2.51 0.02 9.8 141
273 6 0.8712.5 14+ 1 3.6 2.77 0.03 9.8 141
273 85 8.64-19.2 154 3" 3.4 2.58 0.02 21.1 15 3
274 2 2.95-29.0 14.4+ 0.9 35 2.71 0.03 9.2 144 1.3
298 770 2.57+11.89 24.%4 0.9 1.9 1.83 0.02 6.7 24.9 1.7
298 185 3.4%35.93 21.5+ 1.0k 2.3 2.17 0.02 7.6 21.% 1.6
298 77 4.7519.54 20.3+ 0.8/ 2.4 2.25 0.02 7.2 20 1.4
298 21 3.26-16.14 22.7+ 1.5km 2.2 2.07 0.02 7.4 22+ 1.6
298 54 21.9-83.6 19.1+ 2.10 2.6 2.40 0.03 12.2 194 2.3
298 70 4.2%21.4 22.7+ 1.9 2.1 1.98 0.02 26.7 22F 1.7
299 35 2.34-27.0 20.5+ 0.9 2.4 2.24 0.02 7.4 20.% 1.52
299 13 2.8-30.2 22.7+0.° 2.1 2.02 0.02 6.6 22.F 1.49
298] 21.8+0.4 21.8+ 2.0
325 4 0.72-9.06 28.7+ 0.7 1.6 1.82 0.02 8.9 28F 2.6
341 2 0.76-7.46 454 2P 1.0 1.27 0.02 13.0 4% 5.8

aUnless noted, all data are from the RF experiments with the 532 nm photolysi3 #f10* cm=2 of O; to produce O atom.In units of 10°
cm3. ¢In units of 16*cm3. 4 These are upper limits for the contributiofAdded 5% uncertainty due to the uncertainty in CION@bss-section

at 213.9 nm. Additional uncertainties of 1% and 11% are added to the rate coefficients at 325 and 341 K, respectively, due to the thermal decomposition

of CIONGO;, and the production of N© All the uncertainties were added in quadrattr€rrors are & and include estimated systematic errors.

9 Flow rate increased by a factor of YData from long-path system (photolysis at 308 nhijaser fluence increased from 32 to 85 mJém
pulse’t. 1 308 nm photolysisk Laser fluence decreased from 11 to 3.2 mJ&pulse’. ' Ozone concentration reduced from 2310 to 7.7 x

10" molecule cm?®. ™ Ozone concentration lowered to 2010 molecule cm?3. " Laser fluence= 47 mJ cm? pulse. ° Laser fluence= 19 mJ

cm2 pulse™. P Thermal decomposition affected the measurement. This value was not included in our calculation of the Arrhenius parameters.

T T T T T

k' (sh

0 I 1 1 1 1
0 10 20 30

[CIONO,] (10'* molecule cm™3)

Figure 2. Typical plot ofk' vs [CIONG;] at 299 K. The line through
the data is the linear-least-squares fit which yiedds= 2.05 x 10713
cm® molecule® s™%.

reaction 1, [NG]grxi1, iS given by

Aoo —
[NOglpy = Lo -

— 11
No3662nm ( )
whereL is the path length through the reactor ang,562"mis
the absorption cross-section of M@t 662 nm. The N@yield
in reaction 1 was obtained by comparing [BIR with the
concentration of N@produced via CION@photolysis and the

reaction of Cl atoms with CION& shown in Figure 4 as N.

5 F—————————————————

Kk (10-13 cm3 molecule! s-1)

05 f

1k

30 4.0 5.0
1000/T(K)

Figure 3. Plot of k; as a function of temperature in the Arrhenius
form. Work from this laboratory are 532 nm photolysis and RF detection
of the O atom @); 308 nm photolysis and RF detectiod){ and 308

nm photolysis and long-path absorption detection of;NiB). Also
included in this plot are the findings of Molina et*K>), Adler-Golden

and Wiesenfeldt (x, room temperature only), Kuryl® (®), NASA-

JPL recommendatiérf—), and the fit to our data (- - -). The inset shows
the room-temperature values, displaced from each other for clarity. Our
value is denoted by the filled circle.

the Cl-atom reactions with CIONGnd Q.8 This fraction was
usually less than 30%, except in some experiments where it
was increased to nearly 70% (see Discussion). Such analyses
of 14 measurements at 298 K yielded an average value of 0.96

NOs is produced from reaction 9 on a very short time scale + 0.17 and are listed in Table 2.
and is essentially inseparable in our experiments from reaction Alternatively, the entire temporal profile was fit to a reaction

8. The quantum yield of N©from the photolysis of CION®

scheme comprised of reactions 1, 8, and 9, as well as the reaction

at 308 nni was taken to be 0.65. A fraction of the Cl atoms of Cl with ozone. A commercial computer code, FAC-

generated from CIONg&reacts with Qin our experiments, and

SIMILE,!® was employed to carry out such fits. For each

this fraction was calculated using known rate coefficients for profile, the initial concentration of CION£and G were fixed
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Figure 4. Temporal profile of the N@absorbance following photolysis
at 308 nm of a @and CIONQ mixture (T = 298 K). The values of

A., the amount arising from reaction 1 (M), and the amount from
reactions 8 and 9 (N) are also shown. The inset shows a pl@t.of(
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appearance of the N@roduct was measured. In both methods,
CIONO; was much more abundant than O atoms.

Potential sources of errors in the valueskpfimeasured in
the RF system were (a) loss of O atoms via reaction with species
other than CION@, such as photoproducts and impurities in
the CIONG sample, (b) errors in determining the CIONO
concentration in the reactor, (c) precision of the measured
temporal profiles, and (d) thermal decomposition of CIGNO
which leads to reactive impurities as well as a depletion of
CIONO,. The loss in CION®@ due to thermal decomposition
and the consequent lowering of the measured vallgisfquite
small and was always less than a couple of percent. Yet thermal
decomposition can be a major problem because it produces
species, such N that can react much faster with O atoms
than CIONQ. These errors are discussed below.

In past kinetic studie%,1117.22short wavelength photolysis
(=308 nm) of various photolytes has been used to produce O
atoms. However, CION®absorbs quite strongly at these

A), on a log scale, as a function of time. A least-squares analysis of wavelengths (the absorption cross-section of CIQN(B08.15

this data yielded' as the slope andA, — Ao) as the intercept. The
slope was used to deriig and the intercept to obtain the yield of
NOs in reaction 1; see text for details.

at the values measured. The N@dical concentration produced
upon photolysis, [NGpnos Was a variable in the fitting routine.
The [NGs]phot Value obtained by the fit and attributed to the

nm is 1.81x 10720 cn? molecule’?) and increases further at
shorter wavelength’. To minimize CIONQ photolysis, we
employed 532 nm photolysis ofsQo produce O atoms. At
this wavelength, the absorption cross-section of CIQNO
(<1072 cn? molecule’)) is so small that only a very small
fraction of CIONQ is photolyzed. In a few experimentsz O

sum of reactions 8 and 9 was used to calculate the initial was also photolyzed at 308 nm to simulate previous studies that

concentrations of O atoms, [@]and the other photolytically
produced radicals. The rate coefficient for the loss okM@s
assumed to be first order in N@nd was a variable in the model.
The calculated N@ yield from reaction 1 was relatively
insensitive £10%) to changing the assigned rate coefficient

utilized shorter wavelength photolysis for O-atom production.
These 308 nm photolysis measurements also served to measure
ki in the RF system under conditions similar to those used in
the LPA system to measure the Bl@eld. At this wavelength,
CIONG; photolyzes to give Cl, N@ CIO, and NQ.” Cl atoms

for reaction 9 and the initial estimates for the three variables in react rapidly with CIONG@to produce Gl and NGQ. The rate
the model by factors of two. The obtained results are also coefficients for the reactions of O atoms with CIO, N@nd

shown in Table 2 within parentheses.
The measured [N€kx1, calculated from extrapolation of the

NOs® and the quantum vyields for various photoproducts in
CIONG; photolysis at 308 nm are known. Using this informa-

temporal profiles described earlier, was also compared with tion, we calculate the maximum contribution to the removal of

[NO3]rx12 the concentration of Ngproduced by the photolysis
of a known concentration of #Ds at 308 nm.

N,Og + hv(308 nm)— NO, + NO, (12)
These NOs photolyses were carried out before and after
photolyzing CIONG/O3 mixtures, without changing the laser
fluence. The temporal profiles of Ndrom N,Os photolysis
displayed an initial jump due to its photolytic production
followed by a slow decay due to loss via reactions with
impurities, such as N§ and a very slow diffusive loss out of
the probe beam area. The jl@eld in reaction 1 was calculated
using

B [INOs]ru10n,0,[N2O8] Py 0,
INOslgu100,[04]

where [NQ]rx1 Was obtained from the graphical analyses. The
absorption cross-sections of;@nd NOs evaluated at 308
nm920 gare 1.34x 1071° and 2.46x 10-2° cn? moleculel,
respectively. The quantum yield for N@rom the photolysis

of N,Os at 308 nm was taken to be 0.960.152

(13)

rxn

Discussion
The measured values kf from the LPA method agrees with

those from the RF method within the precision of the measure-

O atoms by the reaction of the photoproducts tod8e6%. To
confirm this negligible contribution, the fluence at 308 nm was
varied by a factor of 3 (3211 mJ cm? pulse'l), and the
measured values df did not change. Further, the obtained
values agree well with those measured using 532 nm photolysis
of Os. Therefore, we are confident that our measured values
of k; were not influenced by reactions of photoproducts.

NO; is an impurity in our chlorine nitrate samples, and it
reacts rapidly with O atom&{s = 6.5 x 1012 exp(1207) cn?®
molecule’! s71).8

O + NO, — products (14)
The contribution of this reaction to the measured O-atom profiles
increases at lower temperatures whkrelecreases whil&; 4
remains nearly constant. N@ our samples was not detectable
via CIMS, as noted earlier. If we assume thatN@s present
at the concentration given by the upper limits, its contribution
to the measured valueskafwould be<3% at room temperature
and <12% at 202 K, the lowest temperature of this study. The
contribution of OCIO to the loss-rate coefficients of the O atoms
was <1% at all temperatures. £ was the only other impurity
that could have reacted with O atoms.

O + CI,©— products (15)

The rate coefficient for this reaction kss = 2.7 x 10711 exp-

ments (Figure 3). In the RF method, the disappearance of the(—530/T) cm® molecule! s1.8 At the lowest temperature
reactant O atom was monitored, and in the LPA method, the examined, reaction 15 contributetb% to the measured value
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TABLE 2: Summary of NO; Yield Data from the Long-Path UV—Vis Absorption System

method of analysfs

T (K) no. of exp [CIONQ]? [Og]2 [CIONO,]/[O4] internal calibratiof external calibration
298 14 4.21+83.6 2.94-11.8 0.5-6.5 0.96+ 0.17 (0.93+ 0.16) 1.13+0.36
273 5 8.64-19.2 747119 1.+22 0.80+ 0.23 (0.89+ 0.14) 1.224+0.09
248 4 9.21+23.5 3.874.74 1.6-54 0.87+ 0.10 (0.85+ 0.06) 1.00+ 0.11

a 10" molecule cm?3. ® The errors are two standard deviations of the mean of the number of measurements shown in céllinenr2imbers
in parentheses were derived by numerical simulations (see text for details).

of k; in the RF study and at most 15% in the LPA work. Since TABLE 3: Comparison of ki (in 1022 cm? molecule™? s79)
we did not definitely measure these impurities, we did not Measured in This Study with Those from Previous Studies
correct our measured valueslaf Instead, we have included and Recommendation3

these maximum potential contributions as uncertainties in E/R+ T

reporting our values df; by assuming that the presence of these  ref AP AER(K) k(298 KP (298 K) range (K)
impurities is uncorrelated. Strictly, the rate coefficients would  this work 4.5+ 1.4 90080  2.20+0.20 202-325
only be lowered by the presence of these impurities and the tlhl's work 4.5 900t 100 %%i 10 115 so8
e_rror_b_ars should be asymmetric. Howeyer, for the sake of g 34406 840460 2.0+08 213-295
simplicity, we have chosen to use symmetric error bounds. The 10 1.87+1.29 692+ 167 d 225-273
systematic uncertainties due to the presence of the impurities8 3’83i 1.56 gggi %gg 0 15 22103(;58(5)
are included in the errors quoted in the last column of Table 1. ¢ 30 808L 200 2.0 15 213295

The specific contribution due to various sources and the ) ]
. o . . . . a
derivation of the total uncertainties are also given in the table. ° Quoted errors arecfrom the authors? Our quoted errors include

. . estimated systematic errors in our measureméftse noted error in
The measured concentrations of CION&e uncertain due Alis derived by linear least-squares fitting ofkpith 1/T; 0o = A0ina.

to the uncertainties in the path length, the pressures in the reactofrne A value from our measurements has been adjusted to reproduce
and the absorption cell (which was varied to check for K298 K).dKurylo did not measureéy(298 K) but determined the
decomposition or three-body reactions), and the UV absorption Arrhenius parameters by measurikgbetween 225 and 273 K.
cross-sections of CIONL£and Q. We evaluated these uncer-
tainties in a previous studyand concluded that they add a Table 3 and Figure 3 show our results along with those from
systematic uncertainty of5%, almost completely due to the previous studies of;. Our results from the LPA experiments
uncertainty in the absorption cross-section of CIQNMyY agree with those from the RF method, within the uncertainty
measuring the concentration of CION@a absorption in the of the measurements. It is also clear that our results are
gas flowing through a cell held at 298 K, we were able to extremely close to those from studies used to derive the
accurately determine its concentration in the reactor, and therecommended values. Since our data agrees reasonably well
absorption cross-section at other temperatures was not neededvith the recently recommended values, we need not restate the
Chlorine nitrate thermally dissociates to produce CIO and possible reasons for the discrepancies with the earlier data. It
NO,. CIO will either recombine with N@or will react with should be noted that in-situ measurement of the CI@QNO
itself to yield ChL and Q. Neither C} nor O, reacts rapidly concentration and quantification of the impurities are critical
with O atoms under our conditions. However, N@acts with to obtaining an accurate value kf. Early measurements of
O atoms rapidly enough (reaction 14) that, if present in ki, for example that of Ravishankara et %l.were likely
significant concentrations, it enhances the measured values ofhampered by problems associated with handling and quantifying
ki. To check for possible gas-phase or heterogeneous decomCIONO; as well as the reactive impurities.
position of CIONQ, the gas flow rate was varied by a factor In Table 3, we have also listed our results in the format used
of 4; k; was invariant with the changes in the flow rate Tox by the recommendations. Combining the results of Molina et
325 K. Note, if CIONQ is lost via hydrolysis on the surface, al. and Kurylo with our data leads to essentially the same value
the HNG; and HOCI products would not react very rapidly with  as that derived from our data alone. It is clear that because of
O atoms® We calculate that fof < 325, the extent of thermal  our extensive measurements, the uncertainty in the vallg of
dissociation of CIONQ@for a typical residence time~24 s) in has been significantly reduced. The larger range of temperatures
the manifold and photolysis cell was0.3%. Assuming this in this study has helped in reducing the uncertainty in the
upper limit for the thermal dissociation could introduce an error activation energy for the reaction.

of 11% tok; at 325 K; it is negligible at 298 K and below. Comparison of reaction 1 with other reactions of O atoms
This uncertainty is included in the errors shown in the last with inorganic chlorinated compounds, ,CICIBr, or CLO,
column of Table 1. leading to the formation of ClIO shows a rough trend with the

At 341 K we saw clear evidence for the thermal decomposi- exothermicity of the reaction. The rate coefficient for the
tion of CIONQ,. Even though the extent of thermal dissociation reaction of O atoms with @D (AH;°(298 K) = —30 kcal mot™?)
of CIONG; is calculated to be only 1.5% at 341 K, the measured is 10 times larger thaky at 298 K. The rate coefficient for the
rate constant was-45% higher than that expected from an reaction of O atoms with G{AH,°(298 K) = —6.3 kcal mot™)
extrapolation of data assuming an Arrhenius behavigg.ihe is roughly 10 times smaller thaa. These large changes are
measured higher rate coefficient at 341 K is consistent with mostly due to the decreasing activation energy with the
the estimated contribution due to M@roduced by thermal increasing exothermicity of the reactions.
decomposition. Therefore, the Arrhenius expression given in  The NG; produced in the reaction can arise from pathways

Table 3 was calculated using dataTat< 325 K. Thermal other than reaction 1a. Our method was incapable of directly
decomposition was also seen in our study of the-@IONG;, distinguishing NQ production from reaction la from that
reaction. However, because the Cl atom reacts with MQGch produced via channel 1e, which leads to Cl via the rapid thermal

slower than with CION@ the effects of thermal decomposition decomposition of CIOG$2 or 1g followed by the reaction of
manifested itself as a decrease in the measured valug,.bf Cl atoms with CIONQ. Cl-atoms react very rapidly with
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CIONO;, via reaction 9 such that the rate-limiting step for NO  Therefore, to check for this, pure;Mas used and all the Teflon
formation will be reaction 1. Thus, the measured temporal tubing was replaced by glass; the intercept did not change. Thus,
profiles of NG cannot help distinguish reaction la from we are at a loss to explain this larger intercept. Yet the
reactions le and 1g. We indirectly gauged the contribution of agreement between the values laf measured in the LPA

these two channels by varying the ratio of;]@ [CIONO;]. apparatus with that measured in the RF apparatus lends
In this way, the fraction of Cl atoms that reacts with, @ther confidence to the measured yields.
than with CIONQ, will change and alters N production. This study provides a comprehensive measuremekit arfid

Changing the [CION@)/[O3] ratio by a factor of~10 at 298 K the first report of the direct determination of the products of
(~2 at 273 K and~5 at 248 K), thus changing the fraction of ~reaction 1. However, the previous conclusion regarding the
Cl atoms that reacted with{3rom ~15% to~65% at 298 K negligible contribution of reaction 1 to the lower stratospheric
(~30 to~50% at 273 K and-20 to 50%), did not appreciably ~ destruction of CION@remains unchanged. As noted in earlier
affect the measured N@ield. Given the large uncertainty in ~ Papers, reaction 1 becomes a significant loss process only at
the values of the yield, we can say that the sum of the branchinghigher altitudes, where the abundance of CIGQN&ather low.
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