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Kinetics and Products of the IO Self-Reaction
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The absorption cross sections of the gas-phase 10 radical and the kinetics and products of the 10 self-reaction
have been measured using the technique of laser photolysis with time-resolvedd Asorption spectroscopy.

The 10 absorption cross section at the peak of the (4,0) vibronic band ofAfhE < X 2I1) transition at

427.2 nm, determined using the reactior*fR)(+ CFsl to form 10 and calibrated relative to the;@ross

section was found to be (12 0.17) x 10" cnmolecule® at 295 K and 1.13 nm fwhm spectral resolution.

The 10 cross sections were found to exhibit a negative temperature dependence. The kinetics of the 10 self-
reaction were measured using the reactiofPQ¢- |, to form 10, and the self-reaction rate coefficidat
determined from the loss of 10 radicals in the absence of ozone, was found to be& (B2 x 101!
molecules! cm® st at 295 K and 760 Torr. The self-reaction rate coefficient was found to be independent
of pressure between 100 and 760 Torr, and to display a negative temperature dependence between 222 and
325 K, described bk; = (4.1 + 3.4) x 10! exp{(220 4 230)/T} molecules?! cn? s % All errors are 2.

Four potential product channels exist for the 10 self-reaction+H@ — 2| + O, (1a), IO+ 10 — 1, + O,

(1b), IO+ 10 —0I0 + I (1c), IO+ 10 + M — 1,0, + M (1d). No direct measurement of | atom production

was performed.,lformation was observed, but attributed to |O-catalyzed | atom recombinatién@ +

M — 1,0 + M; | + 1,0 — I, + 10). OIO formation was observed and shown to result from the 10 self-
reaction. Formation of a broadband absorbing product underlying the 10 absorption &t lewi@0 nm)
wavelengths was observed, and tentatively attributed@e. [The OIO cross sections and yield from the

IO + 10 reaction were determined via measurement of OlO production from the reaction which
allowed limits to be placed on the branching ratio for OlO formation in the 10 self-reaction at 295 K and
760 Torr. Branching ratios for all reaction channels were found to lie in the ranges<Ol@7k; < 0.15,

kip/ky < 0.05, 0.30< ki/k; < 0.46, and 0.4% k;¢k; < 0.55 at 295 K and 760 Torr. The results are compared
with previous studies of the 10 self-reaction, and their implications for atmospheric iodine chemistry are
considered.

1. Introduction organisms’. The most abundant iodocarbon in the atmosphere

. . _is CHgl, with observed atmospheric concentrations typically
Gas phase halogen monoxide radicals play a key role in ranging from 1 to 3 ppt¥ with higher concentrations, up to

catalytic cycles which can destroy atmospheric oZoGan- 43 pptv, reported in regions of high biological productivity.
sequently, r_eac_tlons of these species havg been the subject ofyiher alkyl iodide species (e.g., Gl CHsl, and CHIBr) have
numerous kinetic and mechanistic studies in recent ye&ine also been detected in the atmosphere, and may even dominate

importance of chlorine and bromine species in atmospheric jgine emissions in some marine locatiérBirect anthropo-
chemistry is now widely recognized, and current models of genic sources of atmospheric iodine, principally sGFare
atmospheric composition and chemistry incorporate an extensivegstimated to account for less than 10% of the total iodine source,
database of chlorine and bromine reactidrs, contrast, the although release of iodine through biomass burning also
role of iodine in the atmosphere is less well-known but, congributes to the atmospheric iodine budddthe biogenic
following trends of reactivity through the halogens, potentially jodocarbons are all photolabile in the atmosphere, with lifetimes
significant. This work, and that in the accompanying paper, yth respect to solar photolysis ranging from min&t&¢€Hsl-)
investigates the gas-phase chemistry of a key species in they, 4 few day4! (CHsl). Solar photolysis of iodocarbons (RI)
atmospheric chemistry of iodine: the 10 radical. releases iodine atoms which react with atmospheric ozone

10 is formed in the atmosphere following the photooxidation producing 10 radicals:
of iodine containing source gases. The principal sources of
iodine-containing species emitted to the atmosphere are organic, RI+hyr—R+1 (2)
and are believed to be of biogenic origin, produced by marine

|+ 0O0,— 10+ 0, 3)
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The atmospheric role of 10 is thus determined by its TABLE 1: Comparison of Determinations of the 10
photolysis rate, and the nature and rates of the reactions of |oAbscérpt|og Cross Section at 427.2 nm (Peak of the (4,0)
with other trace species, e.g. RO, CIO, BrO, and 10. Solar ~ Band) at 295-303 K

photolysis of 10 in the atmosphere is followed by reformation o(I0) x 10,

of 10 via reaction 3, consuming ozone. This is offset by reaction authors date molecule™ cn  fwhm resolution, nm
of the oxygen atom coproduced in reaction 4 with atmospheric Cox and Coker* 1983 3.172, 0.27

oxygen reforming ozone, thus 10 photolysis is a null cycle with Jenkin and Co%® 1985 22405 0.27

respect to ozone loss. In contrast, reactions that convert 10 to Sandet® 1986 3.1+03 0.17

Stickel et aP” 1988 3.1+ 0.6 0.3

I, either directly or indirectly, W|thou_t concomitant regeneration Las7lo ot aP® 1995 58% 0.5 03
of odd-oxygen, can lead to catalytic ozone loss. For example, javood et af® 1997 30+04 0.44
the reaction of 10 with H@followed by the photolysis of HOI Harwood et af® 1997 3.6+ 05 0.14
completes a catalytic cycle for ozone Id3s: Harwood et af® 1997 2.3+ 0.3 0.44 smoothed to 1.13
this work 1.9+0.2 1.13
IO +HO,— HOI + O, (5)
atoms. Because of the short lifetime of surface-emitted iodine
HOI + hv — OH + | (6) source gasé$ stratospheric abundances of iodine of 1 pptv
would require rapid vertical transport of air to the stratosphere,
|+ 0O;— 10+ 0, 3 and the first measuremetg° of stratospheric composition
aimed at detecting iodine suggested that this amount was
net: HQ,+ O;— OH + 20, unlikely to be present. Wennberg et'&placed an upper limit

of 0.2(f8j§) pptv on the total inorganic iodine abundance in the

Several similar cycles can occur involving reactions of 10 with lower stratosphere at mid-latitudes. Similarly, Pundt et0al.
other species (e.g. 10, CIO, BrO, etc.) In competition with such derived a limit of 0.2 pptv of 10 in the stratosphere at high
cycles, iodine can form “reservoir species” (e.g. HI, IONO Ilatitudes. Very recently, however, Wittrock etdhave reported
which sequester “active” iodine (I and 10) and mitigate ozone a definitive observation of stratospheric 10, above Spitzbergen.
loss. However, iodine reservoirs are formed less readily than In a series of observations made since 1995, stratospheric 10
their chlorine and bromine counterparts. For example, formation was detected each year, with a polar stratospheric 10 mixing
of HI by hydrogen abstraction is only possible in the atmosphere ratio of in the range 0.650.80 pptv & 0.2 pptv) in Spring
in the reaction of | with HG,!3 whereas Cl, and to a lesser 1997. These results imply that iodine can indeed play a
extent Br, can abstract hydrogen from many organic spéties. significant role in the stratosphere, dependent upon the nature
lodine reservoir species are also less thermally and photolytically and rates of the gas-phase reactions of 10.
stable than their chlorine and bromine analogues. Because iodine Quantification of the role of iodine chemistry in the atmo-
reservoirs are formed only slowly and are unstable, the fraction sphere requires measurement of the absorption cross sections
of total inorganic iodine present in active forms is much greater of 10, both to determine its atmospheric photolysis rate and to
than the equivalent fractions for chlorine and bromine, and even permit detection of IO via absorption spectroscopy, in both the
a small abundance of iodine has the potential to make alaboratory and the field. A knowledge of the kinetics and
significant impact upon atmospheric ozone levels. products of the 10 self-reaction is also required, to determine

The potential for iodine chemistry to contribute to the the importance of this reaction in the troposphere and to conduct
destruction of ozone in the troposphere has been considered byaboratory studies of other aspects of the chemistry of 10. To
Davis et af They calculated that iodine chemistry could account this end, several studies of the kinetics and photochemistry of
for between 6 and 30% of the total column ozone destruction gas-phase iodine species have been reported in the literature.
rate in the troposphere, for inorganic iodine mixing ratios of  Previous studies of the UWis absorption spectrum of 1O
1.5 and 7 pptv, respectively. Davis et al. also showed that iodine (0i0)??~2° all show that the UV absorption, arising from the
chemistry can perturb the concentrations and ratios of other trace(A2IT — X2I1) electronic transition, consists of a continuum
species, e.g., [OH]/[H&) and [NO]/[NO,]. On the basis of their ~ shoulder between 340 and 400 nm with vibronic structure to
measurements of GHover the Pacific Ocean, Davis et al. higher wavelengths, extending to approximately 470 nm.
suggested that the lower total iodine (1.5 pptv) scenario was in Reported absorption cross sections of 10 across the resolution-
general more representative of the marine troposphere, but alsandependent shoulder show reasonable agreement, but compari-
pointed out the considerable potential for iodine to have a son of the cross sections measured in the structured region is
significant impact on tropospheric ozone levels in regions of complicated by the dependencesaf on instrumental resolution.
high source activity, such as those discussed above. Reported measurements of the 10 absorption cross sections at

The 10 radical has recently been observed in the troposphere the (4,0) band head are compared in Table 1. The temperature
in the course of DOAS observations in the marine boundary dependence afio at the (4,0) band head has been studied by
layer (MBL).1>16]0 was detected at concentrations of up to 9 Sande?® and by Harwood et &° These studies are not in
pptv, with associated observations of the alkyl iodide species agreement: Sander observed a pronounced negative temperature
CHal,, CoHsl, and CHl.8 Modeling studies based upon these dependence toio between 250 and 373 K, whereas Harwood
observations show that the 10 self-reaction is a major gas-phaseet al. report a temperature-independert between 203 and
reaction process for 10, and have confirmed that iodine 373 K.
chemistry can lead to significant MBL ozone destructieri® The kinetics and products of the 10 self-reaction have been

The possibility that iodine might also play a role in the subject of several studies, employing discharge-flow/
stratospheric chemistry was initially raised by Solomon ét al. absorption spectroscopymodulated-photolysis/absorption spec-
These authors showed, in a modeling study, that lower troscopy?*25393ldischarge-flow/mass spectrometif3pulsed-
stratospheric total iodine abundances of 1 pptv would have a photolysis/absorption spectroscépy®34and discharge-flow/
profound impact on ozone concentrations, provided that the gas-resonance fluorescence. Comparison of the results obtained is
phase reactions of the 10 radical were rapid and produced | complicated by the use of different chemical systems and, in



7842 J. Phys. Chem. A, Vol. 105, No. 33, 2001 Bloss et al.

TABLE 2: Comparison of Determinations of the 10 Self-Reaction Rate Coefficient at 295298 K, Measured in Non-Ozone
Systems

study year experimental technique  chemical system k x 10"Ymolecules®cm®s™* pressure/Torr
Sandet® 1986 FP/UVA O+ 12 55+ 1.1 50-700
Martin et al®? 1987 DF/MS O+ 12 3+05 1
Barnes et af? 1991 DF/MS Otz 55+0.8 1-5
Laszlo et aP® 1995 LFP/UVA O+ 12 8.0+1.8 60-610
Harwood et af® 1997 LFP/UVA O+l 10.1+04 610
Atkinson et af 1999 LFP/CRDS Cr CHil 10£3 9.4,30.1
Vipond® 1998 DF/LIF O+ CFl 9.3+1.0 2-4
Ingham et af* 2000 LFP/UVA O+ 12 9.0+17 60
this work LFP/UVA O+ 1 8.2+1.0 106-760

aFP = flash photolysis, LFP= laser flash photolysis, DE disharge flow, UVA= UV —vis absorption spectroscopy, LAS laser absorption
spectroscopy, MS= mass spectrometry, LIE laser-induced fluorescence, CRBScavity ring-down spectroscopy.

the spectroscopic studies, the use of different 10 absorption cross20 + 7% of the 10 self-reaction at 298 K and 760 TéftiVhile
sections and instrumental resolution. However, recent stud-the formation of } has been observed in studies of reaction 1,
ies28.29.34.35f the 10+ 10 reaction at ambient temperature are the kinetics of } formation were not consistent with the direct

in good agreement, indicating a rate coefficidatfor the formation of b in reaction channel 1b, and somefdrmation
reaction is attributed to | atom recombination. Harwood et%placed
an upper limit of 0.3 for the branching ratiay/k;, while both

IO + 10 — products (1) sande® and Laszlo et & reportedky/ks < 0.05.

The visible absorption spectrum of OIO was recently reported
by Himmelmann et al® following the flash photolysis ofyl
O3 mixtures. The identification of OIO in this system indicates
that reaction 1c may operate. Alternatively, the observed OIO
may have originated from a reaction between 10 and ozone:

defined by d[IO]/dt = 2k([lO]?), in the rangek; =
(8—10) x 1071 molecules? cm?® s71. These recent results are
somewhat higher than earlier measurementg,&t273233yhich
were in the rangé; = (3 — 7) x 10711 molecules! cm?® s71.
Measurements df; are summarized in Table 2. The temperature
dependence ok; has been investigated by Sarideand by _

Harwood et al2? both of whom used pulsed photolysis/&V I0+0,~0l0+0, (7)
vis absorption techniques. Sander reports a negative temperatur
dependence tiy from 250 to 373 K, while Harwood et al. report

a temperature independdatover the same temperature range.
This discrepancy is largely attributable to the different 10
absorption cross sections used by these authors: the temperatu
dependencies ok{/o\0) determined by Sander and by Harwood

%hile OCIO is known to form as a product of the CIO self-
reaction3” OBrO is not formed from the self-reaction of ground
state BrO radicals (although production of OBrO from the self-
reaction of vibrationally excited BrO has recently been re-
'Sorted®) but can be formed by the slow reaction of BrO with
033940 Formation of OIO from the |0 self-reaction in the

reported thak; is pressure-independent over the range& €0 letionif Ol | . lar bhotolvsi
Torr at ambient temperature, in the absence of 02b&° ?oesigraog(s%asllg)sequenty underwent rapid solar photolysis

The products of the 10 self-reaction are not well-known. The
production of iodine atoms in reaction 1 is implied by a
reduction in the rate coefficierit; observed in experiments
carried out in an excess of ozoff&?? attributed to the rapid
regeneration of 1O radicals in reaction 3. Also, the formation
of I, has been observed in studies of reactidf?.No studies
show that thed and the | atom channels account for all of the
IO self-reaction, however. Equally, no other channels of the
IO + 10 reaction have hitherto been identified. By analogy with
the CIO and BrO self-reactions, four potential channels of the
IO + 10 reaction could exist:

Reaction channel 1d, formation of the 10 dimef)4, is also
possible by analogy with the other halogens. Formation gD£|
from the CIO self-reaction is well-knowi,and recent work in
our laboratory has identified BD, as a product of the BrO
self-reactiorf! The formation of 4O, in the 10 + 10 reaction
has been implied in previous studies from the low branching
ratios for the production of | atoms anglih this reaction. On
this basis, Harwood et &).indicate that formation o0, could
be the main product of the 10 self-reaction. The absence of a
pressure dependence to reaction 1 implies that the reaction
channel 1d does not operate, or is not termolecular, or that

IO +10—21+0, (1a) channel 1d has reached its high-pressure limit at low pressures
(a few Torr).
—1,+ 0, (1b) No definitive spectroscopic evidence fogO,p has been
reported. Sandétobserved formation of an absorbing species
—~0lO+ 1| (1c) at low (1 < 310 nm) wavelengths in the course of flash
photolysis/UV absorption studies of the 10 self-reaction.
IO+10+M—1,0,+M (1d) However, appearance of this absorption occurred on a consider-

ably longer time scale than the decay of the IO radical,
Comparison of the rate coefficients reported in the presence andsuggesting that this species may have been one of the higher
absence of ozone indicates that iodine atom producing channeldodine oxides, 40s or 1409, formed by a multistep mechanism.

account for approximately 30% of reaction 1 at high 00 Spietz et af? have reported observing unattributed UV absorbers
Torr) pressure and 298 #:2° Since both channels 1a and 1c in the IO self-reaction system (in the presence ¢f lut have
contribute | atoms, this implies théitkia + Yokio)/ky) =~ 0.3}. been unable to definitively identify the species responsible.

This value is in reasonable agreement with the branching ratio In this paper we present a determination of the absorption
implied by studies of the iodine-photosensitized decomposition cross sections of the 10 radical as a function of temperature,
of ozone, which indicated that | atom channels accounted for and an investigation of the temperature- and pressure depen-
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lamp cell diameter (14.8 mm). The expansion recollimation and partial
reflection of the laser beam reduced the laser fluence entering
beam dump the reaction cell by a factor of 320, resulting in typical laser
energy meter fluences in the cell of ca. 220 mJ cm? The laser beam
3o LT exiting the ce[l was terminated intc_) a beam dump energy meter.
handling — e The attenuation of the photolysis laser beam by absorbing
species in the reaction cell was kept low and never exceeded
thermostat et computer 50%. At an attenuation of 50% of thg laser b_eam, simulationfs
- 1 | experiment contral [ showed that the resultant concentration gradients of photolyti-
: analysis cally generated species led to a slight deviation in apparent
pump/ vent ; archiving second-order rate coefficients of the order of 3%.
1 Concentrations of precursor gases, reactants, intermediate
. . species, and products were monitored using-ig absorption
N _ spectroscopy. Analysis light from a 30W continuous output
I excimer faser xenon arc lamp was collimated and passed along the long axis
of the reaction cell, counterpropagating the laser beam. The
analysis light beam was then focused onto the entrance slit of
A a 0.25 m focal length astigmatic Czernayurner spectrograph,
\ fitted with three interchangeable diffraction gratings having 150,
spectrograph 300, and 600 grooves/mm. Wavelength-resolved analysis light
ceo ltime

source K mirrors longitudinally through the reaction cell filling the internal

A
v

from the spectrograph was imaged across the top of the CCD
detector.

The CCD comprises an array of 1152 rows by 298 columns
of light sensitive pixels, which convert incident light into
photocharge. The device also has the facility to shift the
Figure 1. Schematic of the laser flash photolysis system. Source lamp photocharge rapidly and efficiently from row to row along the
light, having passed through the reaction cell, is dispersed and imagedlong axis of the array. The CCD was thus positioned with the
acrosihthe_mp |r°W5 Oftthgt?(t:r? ?"5_‘(31/- (i';_aﬁie tra“Sfe’tiii th:g ‘éifi;?short axis of the device in the dispersive focal plane of the
move the signal generate e Inciaentli , represen , H H
ino he storage egion of the COD, hereby enabiing the rapd recorcing S roo ol PTPENdicular lo ihe axs of fast charge bansfer.
of sequential spectra of the reaction mixture. A ' < .

photocharge, representing spectra of the transmitted analysis
light intensity, were shifted down the device into an optically
masked region. When the top row of charge had traversed the
entire device, charge-transfer ceased and stored photocharge was
read off and transferred to a PC for analysis. In this way, up to
BrO reaction. Results from the accompanying paper have beenl152 sequential transmission spectra of the reaction cell could

be recorded. Charge-transfer rates of up to 1 MHz per row (1

used to quantify branching ratios for the 10 self-reaction. The )
atmospheric implications of the results obtained are briefly 4s per spectrum) were attalna_ble. Waveler_lgth coverage of up
considered. to 130 nm/spectrum was possible, depending upon the grating
used. The spectrograph was regularly wavelength calibrated and
the spectral resolution determined using the spectral emission
lines from a low-pressure mercury lamp.

Apparatus and Method. The 1O absorption cross sections  Absorption spectra of precursor gas mixtures were obtained
and the 10 self-reaction were studied using laser flash photolysis py ratioing the analysis light intensity in the presengednd

coupled with time-resolved U¥vis absorption spectroscopy. absencel) of the gas mixture, according to Beer's law:
Charge-coupled-device (CCD) detection was used to monitor
the laser-initiated evolution and decay of chemical species. The Ar=1In{ly /13 ()
apparatus has been described in detail previotisitherefore,
only a brief description is given here. A schematic diagram of For kinetic experiments, the photolysis laser was initiated during
the apparatus is shown in Figure 1. the charge-transfer process and time-resolved spectra were
Precursor gas mixtures were prepared in a gas manifold usingratioed using an average prephotolysis intensityl,aghus,
stainless steel mass flow controllers, and flowed continuously spectra obtained show changes in the absorbance of the reaction
throuch a 1 mlong jacketed quartz reaction cell. The reaction mixture as a result of the photolysis laser pulse and subsequent
cell was temperature controlled using recirculating fluid from chemistry.
a thermostated bath, and cell temperatures in the range 200  Absorption spectra were analyzed by numerically fitting
350 K to within+-0.5 K could be maintained, as measured with reference cross sections for the species of interest to all observed
a thermocouple placed in the gas flow. Gases were pumpedspectra. Thus, in kinetic experiments a spectrum was analyzed
through the reaction cell where necessary, allowing pressuresto determine species concentrations at each time point. Where
from 50 to 760 Torr to withintl Torr to be maintained, as  the species of interest had structured absorption features, a

dence of the kinetics of the IO self-reaction. The branching ratio
for all four product channels of the 10 self-reaction was also
determined at 295 K and 760 Torr. In the accompanying p&per,

we describe a study of the kinetics and products of theHO

2. Experimental Details

measured with a capacitance manometer. “differential” spectral fitting technique was employed. This
Reactions were initiated using 193 nm pulsed excimer laser involved the high-pass filtering of both the observed spectrum
photolysis. The laser beam, initially with energies of 3@00 and the reference cross sections, with fitting of the resulting

mJ/pulse and a pulse duration of-1490 ns, was expanded and structure using a linear least-squares method. This approach
recollimated using cylindrical lenses, and passed, using dichroicallowed the unequivocal identification and separate, accurate,



7844 J. Phys. Chem. A, Vol. 105, No. 33, 2001 Bloss et al.

TABLE 3: Conditions of Precursor Species Employed and [, +hy—2I (12)
Resulting Peak 10 Concentrations in This Work
species concentration/molecules@m Moreover, because of the significant absorption cross section
N,O 3.7-12.3x 106 of iodine at 193 nm{o (|2, 193 nm)= 1.1 x 10717 cn?
I 1-3 x 104 molecule’} *4 the photolysis laser fluence and consequently
ﬁFsl ﬁ—|12-5>< 10t the degree of BD photolysis were reduced. The need to preclude
2 alance the creation of a significant concentration gradient of 10 alon
peak 10 (bsystem) 25 x 10 g g 9

the reaction cell (which would have distorted the observed

kinetics) limited the molecular iodine concentration which could

quantification of multiple structured absorbing species (such asbe employed. This resulted in a significant fractionl0%) of

|O) in the presence of other absorbers. the O(SP) atoms produced I’eaCting with 1O rather tharﬁhd
The experiments reported here were conducted using a 300"educing the 10 yield relative to photolytic O atom production:

g/mm spectrograph grating, which gave a wavelength coverage

peak 10 (CRl system) 5-10 x 108

of 65 nm. With 75um spectrograph entrance slits, this OCP)+10—0,+I (13)

corresponded to a resolution (fwhm) of 1.13 nm. The CCD was 10 1 3 18

operated at a spectral acquisition rate o&510° Hz, corre- (ki3=1.2x 10 “"molecules cm’s ~)

sponding to a charge-transfer interval/spectral acquisition time

of 2 us. In contrast, in the C# system, the much lower 193 nm
Generation of 10 Radicals. Two chemical systems were absorption cross section of @Ro(CFRsl, 193 nm= 2.1 x 1072

employed to generate 10 radicals. In both case® Nvas molecule! cn?)*® allowed higher CH concentrations to be

photolyzed at 193 nm to form ¢) + N.. The excited oxygen ~ employed, such that €R) atoms reacted exclusively 99.9%)
atoms were then rapidly and exclusively collisionally quenched with CFRsl. Thus, the yield of 10 from this system, for an
in an excess of nitrogen, and the resulting®)(atoms reacted  equivalent [NO] and laser fluence, was higher than for the |
with either CFl or |,, forming 1O radicals: system. However, some kinetic complications were observed:
the production of 1O in reaction 10 is accompanied by generation
N,O + hv — N, + o(lD) (8) of CRs radicals, and the subsequent potential reactions of both
CF; and CFRl with 10 are poorly characterized. Indeed, some
O(lD) +N,— O(3P) +N, 9) evidence for a reaction between £&nd 10 was obtained in
this work, as discussed in the kinetics section, below.
either 3. Results
OCP)+1,— 10 +1 (10) Determination of 10 Absorption Cross Sections.The IO
absorption cross sectionsp, were determined using the gF
or system. Thus, IO was generated and its spectrum recorded
following photolysis of NO/CFKsl/N, mixtures, and in parallel
o(3p)+ CF;l — 10 + CF; (11) experiments conducted under identical conditionsgl @Fas
replaced by @ Substitution of @ for CFsl led to formation of

N,O (Distillers MG, 99%), N (Distillers MG, 99.996%), © ozone in place of IO:
(Distillers MG, 99.996%), and GF (Fluorochem, 99%) were
used as supplied, (Breckland Scientific, resublimed; 99%) OCP)+0,+M—0;+ N, (14)
was entrained in a flow of nitrogen passed through a trap
containing glass wool interspersed with iodine crystals. Reactant The concentration of ozone was then determined using spectral
concentration ranges are given in Table 3. The total flow of fitting (in the Hartley band between 220 and 285 nm) with
reagent gases through the reaction cell was chosen to ensureeference ozone cross sectiénghe concentration of ozone
that a fresh gas mixture was photolyzed in each laser shot, whileproduced was then equated to the concentration &?){toms
the flowout of reagents during a kinetic experiment was produced from MO photolysis and subsequent'D) quenching,
minimized. In both chemical systems (referred to hereafter as and hence to the flux through the®j + CF:l reaction in the
the L or CRsl systems), 10 radicals were generated rapidly on 10 experiment. This allowed quantification of the 10 in the
the time scale of their subsequent loss, as evidenced by theuncalibrated spectrum and hence the determination of absolute
prompt appearance of the characteristic structured absorptionlO cross sections. Figure 2 shows the time-resolradtive
spectrum of theA?IT < X 2IT) vibronic transition between 400 IO concentrations, obtained by fitting an uncalibrated 10
and 470 nm. Subsequently, the 10 absorption decayed on a timespectrum to successive spectra of the reaction mixture, along
scale of hundreds of microseconds, as the IO radicals self-with absolute ozone concentrations obtained in the calibration
reacted. Typical peak IO concentrations ranged betweenexperiment. The apparent noninstantaneous growth of the 10
(2—10) x 10" molecules cm?. Typically, data from 100 laser ~ concentration is an experimental artifact arising from the time-
shots were coadded, giving an 10 detection limit (S:NL) of averaging effect of the illumination of 31 rows in the temporal
1 x 10" molecules cm?. axis of the CCD array. This effect is readily accounted in

The use of two chemical systems for the generation of 10 determining the true maximum relative [IO] by including a
radicals allowed the investigation of different aspects of 10 temporal averaging function with a simple kinetics simulafion.
photochemistry. However, complications were associated with  The nitrogen, oxygen and GIFconcentrations employed
each IO generation system. (Table 3) were such that @f) atoms produced from D

In the b system, an excess of | atoms was generated relative photolysis were rapidly and exclusively quenched téRpand
to the 10 radicals, both from reaction 10 and from the direct that all OfP) atoms reacted rapidly and stoichiometrically with
photolysis of $ at 193 nm: oxygen or CEl. A small complication to the ozone experiments
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Figure 2. Temporal profiles for 10 and ©recorded following
photolysis of NO/CRl/N, and NO/O,/N, mixtures, respectively. The
rapid decay of 10 radicals was followed by fitting the structure of the
IO absorption spectrum.

was the additional source of O atoms produced from direct
photolysis of molecular oxygen both inside and (mainly) outside
of the reaction cell. Extracellular photolysis of atmospheric
oxygen took place in the portion of the photolysis laser beam
external to the cell but within the analysis beam path. This led
to ozone production even in the absence g®ONwhich was

determined in separate experiments and, with a small correction
for laser fluence, subtracted from the ozone concentrations

determined in the presence of®l By minimizing the extra-
cellular path length of the photolysis laser beam, the ozone

correction was always small, and never exceeded 5% of the

ozone concentrations produced froraNphotolysis.

Having determined the GR) atom yield from MO photolysis
and O{D) quenching, the initial 10 concentration from the
OEP) + CFsl reaction could be determined. As shown by Gilles
et al., the yield® of 10 from the reaction of GP) with CRl
is nonunity, and some other channel of this reaction must exist:

O(P)+ CF,l — 10 + CF, (11a)
— other product (11b)
Hence, in determiningID]o:
[10]o= [OCP)}® = [O4] ;P (ii)
where
D =K,/ Ky (iii)

The absorption cross sections of 10 were calculated from the
initial 10 absorbance, the initial concentration of 1O radicals
[10]0, and the optical path length(l = 98.2 cm), according to
the Beer-Lambert law. Thus,

Ouon = A(|o,z,0)/([|o] o) (iv)
Hence, from mechanism ii,
Ouo, 0 = A(|o,/1,0)/ ([O3lope@) (v)

The nonunity yield of 10 from the GP) + CFsl reaction thus
complicated the determination oficy. However, the alternative
chemical system for 10 generation, ®} + I, was not used
since b attenuates the photolysis laser beam, renderingP)R(
lower in the presence of iodine than would be the case in the
presence of oxygen. In addition, the consumption of 10 in
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Figure 3. Initial IO yield for the CRl system measured as a function

of pressure (relative to that at 100 Torr) at 295 K (filled triangles, dashed
line) and at 220 K (filled squares, solid line).

reaction 13 (OP) + 10) leads to nonstoichiometric 10
generation from GP) atoms, rendering calibration experiments
of little value in this system.

The value of® for reaction 11 has been measured by Gilles
et al*” who report® = 0.834- 0.09 at 100 Torr total pressure
and by Vipond®® who reports® = 0.93 4 0.04 at 2-4 Torr
total pressure (both measurements at 298 K). Both results are
supported by the recent suggestion of Yuan é ghat the 10
yield from reaction 11 may be pressure dependent if the reaction
proceeds via a collisionally stabilizable g§6* intermediate:

OCP)+ CF,l — CF,JO* — 10 + CF,
M
CRIO

Since the 10 cross section determinations reported here were
conducted at (768 10) Torr, and the previous determinations
of ® were carried out at somewhat lower pressures, an
investigation into the relative pressure dependencé afas
carried out. As a measure @, the relative initial IO yield was
recorded as a function of pressure from 100 to 760 Torr, under
otherwise identical conditions (P®], [CFsl] and laser fluence).
This analysis assumes that the absorption cross section of 10
oo is itself pressure independent. At 295 K, no significant
variation in the 10 yield, and henc® was observed with
pressure. However, at lower temperatures (220 K), a reduction
in the initial 10 yield of approximately 20% was observed as
the pressure was increased from 100 to 760 Torr. Figure 3 shows
the relative initial yields of 10 from these experiments,
normalized to the 10 vyield at 100 Torr. At intermediate
temperatures, the pressure dependenck wfs found to vary
approximately linearly. Thus, using the temperature-independent,
100 Torr value of® = 0.845 recommended by Gilles et 4.,

the 760 Torr value ofb was parametrized using:

@ (760 Torr)= 0.845(1+ (T — 295)/450) (vi)

The value of® from this parametrization was used, along with
the ozone calibration results and the optical path length, to
convert the 10 absorption spectrum into absorption cross
sections using equation v. The relative IO decay trace obtained
from differential fitting of the uncalibrated 10 spectrum was
used to determine the fraction of the peak concentration of 10
present in the uncalibrated spectrum, thereby accounting for 10
loss during the spectral recording.
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Figure 4. Postphotolysis relative to pre-photolysis absorption spectra Figure 5. Upper and lower limits for the absorption cross sections of
of a NO/Io/N, reaction mixture recorded over 8@s and 1 ms 10 determined in this work at 295 K. Also shown are the 10 spectra
postphotolysis time periods. reported by Laszlo et & and by Harwood et &®
0.004 — e

The form of the observed IO absorption spectrum was found
to vary with time following photolysis. This is shown in Figure
4, in which a spectrum recorded over the first80following 0.003
photolysis is compared to a spectrum recorded over the first 1
ms following photolysis. In Figure, the 1 ms spectrum, with
lower [I0], has been normalized using the 10 differential
structure to contain the same contribution from 10 as thes80
spectrum. The observed spectral evolution was attributed to the
formation of an additional absorbing or scattering species with
an apparently monotonically increasing absorption to decreasing 0
wavelengths. This species, hereafter referred to as P, was formed
on the time scale of the 10 decay. 0.001

The apparent spectrum of P was deconvolved from that of 340 360 380 400 420 440 460 480
IO by performing a scaled subtraction of a spectrum recorded Wavelength/ nm

immediately following photolysis (6500us), containing mostly Figure 6. Absorption spectra of species “P” as recorded in thel CF

IO, from one recorded at a later time after photolysis 500  and } systems. The spectra have been arbitrarily scaled to be of similar
1000us), containing mostly P. The differential structure of IO  magnitude.

was used to scale the early«{B00 us) spectrum to the late

(500—-1000us) spectrum, and the former was then subtracted was taken to determine final 10 absorption cross sections. The
from the latter, thereby giving a spectrum of species P with no differential 10 cross sections, used to convert the absorption
contribution from 10. It was not possible to reverse this spectra to cross sections in the subsequent kinetics experiments,
procedure to obtain a pure spectrum of 10 since no independentwere unaffected by the presence or subtraction of species P.
measure of relative [P] (as was provided by the 10 structure) A similar apparent absorbing species to P was also observed
was available. Two approaches were therefore adopted toin the L system, in addition to 10. An identical spectral
acquire upper and lower limits for the 10 absorption spectrum separation procedure was performed, although quantification of
(and hence cross sections) in the absence of other absorbersso in this system was not possible since [§@Jpuld not be

An upper limit to the 10 spectrum was acquired by recording independently determined, as discussed above. The spectra of
spectra for a very short period of time immediately following P recorded in each system are shown in Figure 6. The spectra
photolysis, when 10 concentrations were at their maximum and have been arbitrarily scaled to be of similar magnitude. The
those of P minimized. A time period of20us after photolysis identity of species P is discussed in the context of the reaction
was found to be the shortest commensurate with an acceptablgroducts, below.

S:N ratio. This spectrum represented an upper limit since the The final 10 cross sections determined at ambient temperature
presence of any other absorbers would indicate that the true 10(295 4+ 3 K) and at 1.13 nm fwhm instrumental resolution are
spectrum was infact lower. A lower limit for the 10 spectrum plotted in Figure 5. The first series of vibrational bands of the
was obtained by assuming that below some critical wavelength 10 (A2I1 < X?2II) transition from (7,0) to (0,0) are well-defined,

A, the observed absorption arose solely from species P. As aand the (3,1), (2,1), and (1,1) hot bands can be resolved at 448.9,
spectrum of P had been recorded, the appropriate contribution459.0, and 469.7 nm, respectively. The 10 cross section at 427.2
from this species to the 10 absorption could be removed by nm, the peak of the (4,0) band, is (10 0.17) x 1077
fitting the spectrum of P to the measured absorption at molecules! cm?, and the cross section at 396.5 nm, the peak
wavelengths belowl.. In practice,A. was set to 340 nm by  of the (resolution-independent) 10 shoulder is (8:70.5) x
inspection of observed spectra. This procedure gave a spectruni0-18 molecules?! cn?. Band assignments were taken from ref
representing a lower limit since any contribution to the total 29. The errors quoted are a combination of the statistiagl (2
absorption arising from 10 at wavelengths shorter thawould variation in the 10 cross section determinations and the
have resulted in oversubtraction of P. The upper and lower limits uncertainty in the value of,*” which is the major source of
obtained for the 10 spectra are shown as cross sections in Figuregpotential systematic error. The 10 cross sections are listed as a
5. The two limits covered a very narrow range, and the mean function of wavelength in Table 4S (Supporting Information).
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TABLE 6: Rate Coefficients Obtained for the 10
Self-Reaction as a Function of Temperature

295-298 K value. rate coeffx 10'Ymolecules! cmés™?
TABLE 5: Reactions Included in the Kinetic Model Used to temperature/K ke +20
Determine k; 325 7.51 0.80
K (295 K)/ 296 8.18 1.0
reaction molecules® cmPs™ ref %(?)’ 191)'_?34 232

O(1D)+ N,— OCP) + N2 (14) 2.6x 1071 De More et aP 235 8.14 1.6
OFP)+ 1,—10 +1(15) 1.4x 10710 De More et aP 222 10.4 2.2
OFP)+ 10—1+ 0, (18) 1.2x 10710 Laszlo et aP®
IO + 10 — products (1) optimized !

The 10 cross sections were measured as a function of 1070 LB .r”‘+ __________________________ |
temperature at 220, 250, 273, 295, and 325 K. The differential - ﬁ"%"m +
IO cross section, as used to quantify 10 in the kinetic vz L
experiments, was found to increase with decreasing temperature, 3 %
by approximately 40% between 325 and 220 K. The relative «g %
differential 10 cross section as a function of temperature is S ‘L %}
shown in Figure 7, together with the results from other studies. > i
The temperature dependence of the differential cross section
reported here is in contrast to the temperature-indepenggnt
reported by Harwood et &P. and less pronounced than the 10
negative temperature dependence reported by Sahder. 25 3 35 4 45 5

Kinetics of the 10 Self-Reaction. The rate coefficient for 1000K/T
the 10 self-reaction was determined from the rate of loss of IO Figure 9. Arrhenius-fit to the temperature-dependent IO self-reaction
radicals, generated from the ®] + I, reaction 10. 10 decay  rate coefficients determined in this work (filled squares). Temperature-
traces were generated by fitting the 10 reference cross section dzg@g%znétvsggﬁs pgﬁ tt}?;r?g;}gg) 23; esgggfrh(gvsﬁn circles) and by
to successive 10 absorption spectra, recorded on each row o ' ’

the CCD at 2us time intervals, using the differential fitting K and 760+ 10 Torr. The value is the mean of 37
technique. The decay trgces so obtained were thus un"J‘f](e‘:te%eterminations, each of which results from between 50 and 100
by the formation of species P or any other products. The decay|aser shots, and the error represedto statistical only.
of 10 ra_ldlc_als n _the d_ system_w_as found to follow second- Incorporation of the 11% uncertainty in the differential IO cross
order kinetics, with slight deviations due to the3P(+ 10 sections gives; = (8.2+ 1.3) x 10~ molecules! cm? s L,
(reaction 13) and the flowout of 10 radicals from the reaction yhe self-reaction rate coefficient was measured as a function
cell. To account for these, and for the distortion to the decay ¢ pressure between 100 at 760 Torr at 295 and 220 K. No
traces imparted by the CCD time-averaging effect, a simple yressure dependencekowas observed at either temperature.
model of the reaction system was constructed using the The temperature dependence of the 4010 reaction rate
FACSIMILE*® numerical integration package, incorporating the  coefficient was investigated with determinationskefat 222,
reactions listed in Table 5 and a simulation of the temporal 235 250, 273, 295, and 325 K. The temperature-dependent 10
averaging kemel. Within the model, the concentration of apsorption cross sections reported above were used to quantify
photolytically produced OD) atoms and the value &6 were  [10], with interpolation performed to determings at temper-
optimized to minimize the sum of squares of residuals between atyres intermediate to those at which the cross sections were
calculated and observed decay traces. A typical decay trace angneasured. The temperature-dependent valuksatftained are
optimized fit are shown in Figure 8. given in Table 6, and plotted in Arrhenius form in Figure 9.
The overall rate coefficienk; for the 10 self-reaction was  The reaction exhibits a weak negative temperature dependence,
found to be (8.2 1.0) x 107 molecules! cm?® s1 at 295+ which is described by
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K, = (4.1+ 3.4) x 10 ™ exp{ (220 230)TT} 8 72
molecules® cm® s (vii) %%

Errors on both Arrhenius parameters at2o.
Kinetics of the 10 decay recorded using thetGCF;l reaction

11 as the source of 10 deviated significantly from second-order
and showed enhanced 10 removal rates. The decay of 10 in
this system could be simulated by incorporation of an additional
first-order loss of 10 into the reaction scheme given in Table 5.

The kinetics were equally well-described by adding either 0 R 0
reaction 15 or 16 to the reaction scheme:

[10}1 10" molec em™
N i »
WW
\ o
3
2
\l/‘ >
O
o - -
o wm
Z
¢-wo st oL /71

|0 + SRP— products (15) 2 05 1 o

IO 4+ CF,— products (16) time/ ms
Figure 10. 10 and kL concentration profiles, GFsystem. Thed data
Where SRP= a product of the 10 self-reaction. The kinetics RT‘:Ob:ﬁg‘wima'gg?gJ’lgeﬁ?%‘r‘ﬁ";’: grfezigjené"?cﬂ ?gjrraggsé‘i’glg?”ty'
of 10 in the CFKl system were not cc_)nS|dered further due to 01 mechanisms ted) referred to in the text.
the many poorly characterized reactions which could occur.

Products of the 10 Self-Reaction.The four potential product  does not produce an excess of | atoms) several potential sources
channels of the 10 self-reaction (by analogy with other halogen could account for the observeg Modeled 4 profiles for each
monoxide self-reactions) are discussed in turn below: of the following potential 4 formation mechanisms are shown

(@ 10+ 10 — 1 + 1+ O, Since | atoms absorb in the in Figure 10:
vacuum UV, it was not possible to detect | atoms directly using (a) direct production of,l from reaction 1b,
this apparatus. However, it was in theory possible to quantify
the production of | atoms in reaction 1 by addition of excess 10 +10—1,+0, (1b)
ozone. The rapid regeneration of 10 radicals from | atoms via

reaction 3 in the presence of excess ozone would reduce thelb) I atom formation in reaction 1a, followed by recombination,

obser\_/ed 10 self-reaction rate coefhmen_t (measured as Ios_s of 10 +10—21+ 0, (1a)
10 radicals) due to the effective suppression of | atom producing
channels. Thus, measurementkafwith and without excess I+1+M—1,+M a7)

ozone would have determined a branching ratio for | atom
producing channels. Alternatively, the catalytic loss of ozone (c) | atom formation in reaction la followed by a reaction
would itself have been an indicator of the | atom yield during between | atoms and some other product of the 10 self-reaction
the 10 self-reaction. In practice, trial experiments in which (denoted SRP), as suggested by Laszlo e¥al.,

sufficient ozone was added to the precursor gas mixtures to

rapidly reconvert | atoms into 10 resulted in yellow-white solid IO +10—21+0, (1a)
deposi'gs on the vyalls and windows of the apparatus, severgly IO + 10 — SRP (e.g., (1d))
degrading the optical performance of the system and precluding

the conduct of useful experiments. This behavior is consistent | + SRP— I, + products (18)

with that reported by other groups: Harwood et%leported o )
the formation of aerosol and deposition of a brown solid in a (d) I atom formation in reaction 1a, followed by 10-catalyzed
mixture of b and Q; similar effects have been reported in iodine atom recombination, by analogy with the behavior of

several other studie€:39.35This behavior is attributed to the B atoms, and as suggested by Harwood e#al.,

formation of higher iodine oxides;®s and LOg, in a thermal .

(i.e. nonphotoinitiated) reaction of with 0s.%° As a result of 10+ M—1,0+M (19)
these complications, the branching ratio for channel 1a could I+1,0—1,+10 (20)
not be directly quantified: an indirect determination is described

below. As shown in Figure 10, the observed formation kineticsof |

(b) 10 + 1O — I, + O,. The formation of molecular iodine  were inconsistent with the direct mechanism a produgirfigin
was observed in the IO self-reaction system, and studied usingreaction 1b. The observed rate of formation was not
the O@P) + CFsl reaction as the source of 10. This system proportional to [IOf, as would be expected from the direct
was chosen since excess | atoms were present in thel® channel 1b. Moreover, the absolute amount gffdrmed
system, providing a significant additional source gffiom amounts to a small fraction of the 10 undergoing self-reaction:
termolecular | atom recombination, toncentration vs time  the b profile for mechanism (a) was generated using a branching
profiles were obtained by differential fitting of referengectoss ratio (ki/ky) of 0.22. In contrast, the alternative mechanism b,
sections to the structured hbsorption over the wavelength  producing  from the recombination of | atoms produced in
region 520-580 nm. Differential reference tross sections were  reaction 1a, led to,lformation on a much slower time scale
generated from absorption spectra giNL mixtures recorded  than that observed, even assuming that reaction 1 produced
at the same resolution as kinetic experiments, and reference | exclusively 2I+ O,. Thus, this mechanism alone could not
cross sections were calibrated using lower resolution (spectrally account for the observed. IMechanism c, producing lfrom
smooth) } cross sections taken from the literat8?elypical the secondary reaction of | atoms with some other product of
IO and L, profiles obtained in this way are shown in Figure 10. reaction 1 could produce a modelegddrofile more closely

Notwithstanding the use of €R) + CFsl as the source of  resembling the observeg In simulation c, the branching ratios
IO radicals in these experiments (i.e., a chemical system which for reaction 1 were set at those reported by Harwood efal.;
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By analogy with OCIO and OBrO, potential sources of OIO
include reactions 1c and the reaction 7 of IO with ozone.
However, no ozone was present in any of these experiments,
showing that reaction 7 is not the source of observed OIO in
this work. In previous studies, Himmelmann ef@bbserved
OIl0 in a b/O3 photolysis system and attributed OIO to a product
of either the 10+ O3 or the IO+ 10 reaction. Subsequently,
we reportedl-52that OIO was a product of the 10 self-reaction
via observation of OIO in the absence of ozone, details of which
are given below. Ingham et &l. have also observed OIO
production following the formation of 1O in the @ I, reaction.
Ingham et al. employed ozone as the photolytic source of O
atoms for 10 production, but showed that ozone was completely
removed in the photolysis process and thus absent during the
IO decay.

These observations all imply that OIO is indeed a product of

bands of 10 (between 400 and 470 nm) and OIO (between 495 and reaction 1. However, alternative reactions which could act as

600 nm). From the CJF system.
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Figure 12. Typical temporal profiles for IO and OIO, determined using
differential spectroscopy. From the dystem.

OIO sources include the (probably termolecular) combination
of OGP) and 10. In this work, the majority of OlO formation
(>90%) was observed to take place beyond the calculated
lifetime of OGP) atoms implying that GP) + 10 is not the
OIO source.

The reaction of | atoms with an 10 dimer of the form 1010
could also provide a source of both OIO anddnalogous to
mechanism iii above.) However, the rate of formation of OlO
via this mechanism, which would be equal to the rate ,0of |
formation, shown in Figure 10, was much too slow to account
for the observed rate of OlO production. We therefore conclude
that OIO is a product of the 10 self-reaction.

Absolute absorption cross sections for OlO were unknown
prior to this work, preventing direct quantification of the
branching ratio for OIO production in reaction 1. However, a
lower limit for the OIO absorption cross sections was derived
assuming a unity branching ratio for OIO formation in reaction
1, and that no OIO loss occurred. At the peak of the (5,1,0)
band® at 549 nm this gave(OIlO) > 4.15 x 10-18 molecules?

the product SRP was assumed to be 100I, and the rate ofcmg.

reaction 18 was allowed to vary to optimize the fit to the |
profile. Finally, mechanism d, producing from IO catalyzed

| atom recombination, gave the best fit of modeled to observed

I> formation profiles. The rate coefficients for reactions 19 and
20 were both allowed to vary to optimize the fit, and returned
values ofkig= 1.7 x 1070 andkyy = 2.1 x 1019 molecules?

cm®s1, at 295 K and 760 Torr. The possibility of a combination

The formation of OlO was also observed from the+@BrO
reaction, as described in the accompanying péper:
IO + BrO— Br + OIO (22)

The branching ratio for OlO formation from reaction 21 was
used to constrain the branching ratio for production of OIO in

of mechanisms operating cannot be ruled out, in which casereaction 1 and hence the OIO absorption cross sections. This

the rate coefficient&; g andkyo represent upper limits.
These results indicate that direct production ghlreaction
1b is minor, and are consistent with the upper limikgfk; <
0.05, as reported by Sandeand by Laszlo et af8 In addition,
some enhancement to the rate gfférmation over simple |

analysis, details of which are given in the accompanying pHper,
indicated that the branching ratio to for OlO production from
the 10 self-reaction lies within the range:

0.30+ 0.05< k; /k, < 0.46 0.08

atom recombination must operate, and mechanism d is the most

likely candidate.
(c) 10 + 10 — OIO + I. Examination of post-photolysis

corresponding to a range of OIO cross sections (at the peak of
the (5,1,0) band at 549 nm, with 1.13 nm fwhm resolution) of

spectra obtained for both chemical systems used to generate

10 showed that, in addition to the absorption spectra of 10 and
I, a progression of bands extending from 495 nm to above 600

1.29+ 0.22= (o(010) x 10*) = 0.87+ 0.15

nm was present. These features, shown along with the 10 bandsThe range in values &6 /k; ando(OIO) correspond to the range
in Figure 11, were identical in wavelength and appearance to of possible branching ratios for the production of O#OBr

those originally reported by Himmelman et #.and were
attributed to OIO. Differential fitting was used, with an

from reaction 21, and the errors in each value reflect the
propagated statistical uncertaintyoj2in the relative [OIO],

uncalibrated OIO spectrum, to obtain the temporal profile of [BrO], and [IO] used in these calculations. The wavelength-

relative [OIQ], shown along with an IO trace in Figure 12. OIO

dependent OIO absorption cross sections corresponding to the

was observed to grow in and decay in these experiments on acenter of the calculated ranges of peak cross section are listed

similar time scale to 10, but with clearly independent kinetic
behavior.

in Table 7S (Supporting Information). The range in peak OIO
cross section reported here is lower than the lower limit of
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2.7 x 10717 cm? recently reported fowoio at 548.6 nm by 3 ————— 0.015
Ingham et al3! this point is discussed more fully below. . z

OIO was a transient species in all experiments, removed over =~ ™ -
a period of hundreds of microseconds. Since flowout and g 2 001 2
heterogeneous loss of OIO on the walls of the reaction vessel g . | g
were negligible on this time scale, OIO must undergo further 3 ' —— 2
reaction. Proportionately higher peak OIO concentrations, for g 1 ek i Ll L Rl 0.005 2
a given initial [IO], were observed using ) + CFsl as the T o5k ‘ U b ' g
source of 10 relative to using @ I, as the source of 0. This ~ ® N S
may indicate that reaction of OlO with | atoms, presentin excess 0 ! 0 @
in the L system, was at least in part responsible for the removal = 05
of OIO. If this reaction occurs and leads to rapid regeneration
of 10 (reaction 23a), rate coefficients for the 10 self-reaction -1 -0.005

0 02 04 06 038 1 12 14 186
time / ms

determined from the rate of loss of IO radicals will be

underestimates.
Figure 13. Temporal profile for 10 and species “P” in thg dystem.
| +0lI0—I10+ 10 (23a) Also shown is the temporal profile predicted for an inert product of

the 10 self-reaction, arbitrarily scaled.
— products (not 10) (23b)

. _ some loss of species P was apparent, which would not be
Several further possibilities exist for the secondary loss of OlO expected if P were aerosol. The final absorption of P was lower
in both reaction systems including: (relative to [IO}o) in the b system than in the GFsystem,
suggesting that reaction between | atoms, present in excess in

I0+0I0+M—=1,0;+M (23) the L system, and P may occur. If species P was I0OlI, this
reaction would produce;land 10O, which, by analogy to
OIO + OI0 — products (24) CIOO®” and BrOO?! could decompose giving+ Oy:
CF; + OIO — products (25) | +1001—1,+ 100 (31)
CF;l + OlO — products (26) Several alternative chemical candidates for the identity of
species P were considered. Products of reactions 9boCEFR;!
[, + OlO — products (27) were discounted, as the same absorption was observed in both
the L, and the CH systems. JO was also discounted on the
Several permutations of some or all of reactions-22 could basis of the recently reporteg] spectrun®® Another possibility

be used to model the observed temporal behavior of OIO in was bOs, formed from the reaction of IO with OIO:

both chemical systems for the production of 1O, but the exact

fate of OIO in these experiments could not be unequivocally IO+ 0I0+M—1,0;+M (23)
elucidated. Moreover, the high concentrations of reactive radical . L ) )
species present in this system give rise to an environment However, occurrence of this reaction is inconsistent with the

atypical of the atmosphere, in which the apparent reactivity of observed second—order. decqy ki_netics for !O' We therefore
0IO may not be reproduced. conclude that the most likely identity for species P,{3, The

(d) 10+ 10 (+ M) — 1,0, (+ M). The experiments described isomeric nature ofJO, (I0IO vs. I00I) is considered further
above show thablis not a significant product of the 10 self- in the discussion of the branching ratio of the 10 self-reaction.

reaction, and that channel 1c (formation of O1Q) can account
for up to (46 £ 8%) of reaction 1). In addition, previous
studied6-2%-300of reaction 1 indicate that production of | atoms IO Absorption Cross Sections.The ambient temperature 10
is not the dominant channel of reaction 1 at high pressure absorption cross sections obtained in this work are compared
(kidks < ~ 0.3 at 760 Torr/295 K). Thus, a significant fraction  with those reported by Laszlo et ®land Harwood et &? in
of the flux through the 10 self-reaction is unaccounted for, Figure 5, and with other literature values for the cross section
possibly implying that channel 1d occurs. An unattributed at the peak of the (4,0) band at 427.2 nm in Table 1. The general
spectrally smooth apparent absorption feature produced in theform of the calibrated absorption spectrum of 10 is similar to
10 self-reaction system was also observed in the course of thesehat reported in the earlier studig&**however, two significant
experiments, as discussed above. This feature could result fromdifferences are apparent. First, the difference in the size of the
molecular absorption or from light scattering through aerosol structural features shown in Figure 5 arises largely from the
formation, and, for the reasons given below, we have tentatively different spectral resolutions employed: Harwood et al. and
identified the absorbing/scattering species (referred to as “P” Laszlo et al. worked at 0.44 and 0.3 nm fwhm, respectively,
above) asJO,. while this work was conducted at 1.13 nm fwhm. When the
The concentration profile obtained for P in thesystem is cross sections reported by Harwood et al. were smoothed to
compared with that predicted for an inert product of the 1O self- the resolution of this work, the magnitudes of the resulting
reaction in Figure 13. The formation kinetics of species P are differential cross sections agree to within 2%. Second, the cross
consistent with those predicted for channel 1d, supporting the sections obtained in this work are smaller in absolute magnitude
assignation of P as®,. Previous studies of 10 kineti¢shave than those from the previous studies, particularly at shorter
observed aerosol formation: however, this observation took wavelengths, by up to 50%. This difference is attributed to the
place on a much longer time scale than that of the IO decay. absorption of species P (0, which underlies the short
Species P in this system is formed on a time scale similar to wavelength 10 continuum absorption and which was separated
that of the 10 decay. At long times>(L.6 ms in this system)  from the 10 absorption in this work.

4. Discussion
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Considering also the single wavelength 10 cross sections fluorescence at very low (24 Torr) pressures is in agreement
reported for the 427.2 nm peak, another potential source of with the value reported here. Moreover, the valu&akported
discrepancy arises from the ) + 10 reaction 13. The by Vipond indicates that the pressure-independence determined
occurrence of this reaction, which has recently been shown tofor the 10 self-reaction rate coefficient in the absence of ozone
be extremely rapidkgs = 1.2 x 1071 molecule’* cm® s71),28 extends beyond the pressure range studied in the flash photoly-
was not taken into account in some of the early determinations sis/UV absorption experiments (50 Torr and above) to the low
of 010.2627 If reaction 13 did occur to a significant extent in  pressures used by Barnes et al. (a few Torr).
early determinations afio, it would have the effect of reducing The only two previous measurements of the temperature
the 10 concentration and hence lead to underestimation of dependence of the 10 self-reaction rate coeffig&Hwere both
the 10 cross sections for a given calibrated O atom signal. The performed using the flash photolysis/UV absorption technique,
OCP) + 10 reaction was characterized and taken into account analogous to this work. Thus, the temperature dependence
by Laszlo et af® who used a MO/l system to generate IO  obtained fork; in these studies is directly dependent upon the
radicals and to calibrateio. The calibration of initial O atom temperature dependence of the 10 cross sections employed.
concentration in the work of Laszlo et al. was afforded by the Harwood et aP® found bothk; and ¢(I0) to be temperature
substitution of Q for 1, and the generation of {as a measure  independent, while Sand€rfound both to exhibit a negative
of [O(P)l. However, Laszlo et al. do not mention any temperature dependence. Comparison okthealues confirms
correction to the 10 yield which would result from the reduction that the trends obtained fdg with respect to temperature by
in 193 nm laser fluence in the presence ofih the absence of ~ Sander, Harwood et al. and in the current work are in reasonable
such a correction, the IO cross sections would be slightly agreement when the differing trendsaflO) with respect to
underestimated and we note that the value for peakeported temperature are taken into account. Confirmation of the negative
by Laszlo et al. is lower than that from other studies at the same temperature dependence of the 10 cross sections, and hence of
spectral resolution and that of Harwood et?alat lower ki, would be provided by a study of the temperature dependence
resolution. of the 10 self-reaction rate coefficient using a different 10

The temperature dependence of the 10 cross sections meadetection technique.
sured in this work is compared with the previous measurements The rate coefficient for the 10 self-reaction determined in
of Sandet® and Harwood et &°in Figure 7. The 10 absorption  this work at 298 K is in good agreement with recent data
cross sections have been found to exhibit a negative temperaturevaluations, which have recommended values of>8.00 11
dependence in this work. Harwood et al., who also used the (ref 3) and 8.9x 107* (ref 14) moleculest cm?® s™*. The results
O + CFsl reaction to generate 10, adopted the temperature- of this work suggests that the expression given by DeMore et
independent value 6b measured at 100 Torr by Gilles et4dl.  al3 (of ky = 1.5 x 10711 exp((500+ 500)/T) molecules? cm?
and applied this value at ambient pressure, and found the 10s™) overestimates the temperature dependencé;ofThis
cross sections to be temperature independent. We have foundecommendation was obtained from the mean of the results of
that @ displays a pressure dependence between 100 and 76(ande?® and Harwood et af? while the work reported here is
Torr at low temperatures, and that the 100 Torr v&lueust in better agreement with the latter study.
therefore be corrected according to equation vi before it can be  Products, Branching Ratio for the |10 Self-Reaction.The
applied at ambient pressure. The disparity in the temperatureexperiments performed in the course of this work did not permit
dependence of(I0) between the results of Harwood et?al. direct monitoring of the production of | atoms from the 10 self-
and this work can be accounted for by the differénvalues reaction. The observation of formation, and its attribution to
employed. In addition to the JD/CFK;l experiments, Harwood  an |O-catalyzed | atom recombination mechanism, is in keeping
et al. conducted a limited number of measurements of the with the results reported elsewhéfe&® An upper limit of 5%
temperature dependence of the 10 cross section using@n | for the branching ratio for the, I+ O, channel, i.e.kipks <
system to generate 10 radicals; however, the results from these0.05 is also consistent with previous studies?
experiments (also shown in Figure 7) are too scattered to confirm 0|0 has been shown to be a significant product of the 10
a definite trend. Sander observed a pronounced negativeself-reaction. The wavelengtiime coverage afforded by the
temperature dependence to the cross section at temperatureSCD detection system used in this work facilitated the observa-
below 317 K. While reasons for the disagreement with this work tion of OIO kinetics. The alternative OIO formation reaction,
are uncertain, it is possible that a temperature dependence tq0 + Os (reaction 7), may also occur, and a combination of
the rate coefficient of reaction 13, &) + 10, may explain  these mechanisms may have been responsible for the OIO
the discrepancy. observed by Himmelmann et #in the presence of £

Kinetics of the 10 Self-Reaction. Previous measurements Consideration of the results obtained in the course of this
of the rate coefficient of the 10 self-reaction are compared with work together with those reported in the literature permits the
the results of this work in Table 2 and in Figure 9. The ambient branching ratio for the 10 self-reaction under ambient conditions
temperature value ok; obtained in this work is in good to be constrained. Previous studfe®:3° have shown that
agreement with the most recent determinatf§3834The values production of | atoms accounts for approximately 30% of the
of ki obtained in the earlier studis7-32are somewhat lower |0 self-reaction, i.e.{(kia + Yokio)/ks ) ~ 0.3 at high (606
than that reported here. Reasons for the discrepancy are760 Torr) pressure. The experiments reported here and in the
unclear: the 10 cross sections used by Sa#fdare slightly accompanying paptrhave determined the branching ratio for
smaller than the resolution used (0.17 nm fwhm) would suggest the OIO + | product channel of the 10 self-reaction to lie in
in comparison with other measureméifs (Table 1), but not the range (0.3& 0.05) < ki/k; < (0.46+£ 0.08). The branching
sufficiently so to account for the difference in rate coefficient. ratio for the atomic channel (2+ O,) of the 10 self-reaction
Barnes et at? employed mass-spectrometric detection of IO to is therefore constrained: 0.G7 kyg/k; < 0.15. The production
measurek;, thus avoiding any dependence of their kinetics of I, from the 10 self-reaction has been shown to be negligible
results uporw(10). The rate coefficient determined by Vipoiid (kip'ks < 0.05) thus the remaining flux through the self-reaction
((9.34 1.0) x 107 molecules! cm®s™1) via | atom resonance  must lead to formation of,0,. The ranges determined for the
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branching ratio of the IO self-reaction under ambient conditions the exclusive formation of I0I0*, and we conclude that IOOI*

(295+ 3 K; >600 Torr) are therefore is the most likely form of the IO association complex. This
implies that 100l is the preferred isomer of stabilize@J. The
I0O+10—21+0, 0.07-0.15 (la)  formation of IOIO* and thus stabilized I0IO is not precluded:

the | atom yield determined merely implies that at least some

—l 0, 0-0.05 (D) of the L0, is 100,
—OIlO + 1| 0.30-0.46 (1c) Misra and Marshatf have conducted computational studies
I0+10+M—1,0,+M 0.42-055 (1d) of the 10 self-reaction system suggesting that the major products

of the 10 self-reaction reaction are# OIO and bO,, with
negligible b formation, in agreement with the results of this
work. Misra and Marshall also predict the 1010 isomer to be
the most stable form of,0, which could form as a direct
product of the 10 self-reaction. In the computational studies,
the calculated lifetime of 1010 with respect to decomposition
to I + OIO was less than 1 ms at 298 K/760 Torr of. Nhis

is inconsistent with the identification of®, as a stable product
of the 10 self-reaction in this work, and the total iodine atom
yield for the 10 self-reaction determined elsewh&é>30The
experimental studies therefore imply that th®J species is
more stable than the calculations suggest.

Two previous determinations of lower limits for the cross
sections of OIO have been reported in the literature, both (in
common with this work) for the most intense peak at ap-
proximately 549 nm, at 298 K: Spietz et &.who determine
a lower limit for the cross section of 4 10718 molecules?

Determination of the branching ratio for the association channel
permits quantification ofJO, formation in the 10 self-reaction
and hence, assigning absorber P &%, derivation of the 1O,
absorption cross sections. Only a lower limit can be derived
for 0(1,0,) because the possibility of further reactions consum-
ing 1,0, cannot be precluded (as indeed is indicated by the form
of the kinetic profile; Figure 13). The maximum branching ratio
of kig'k; = 0.55 for LO, formation corresponds to a lower limit
for the cross section af(1,0;) = 2.0 x 10718 c? molecule®

at 340 nm.

The negative temperature dependence for the HOO
reaction indicates that the reaction proceeds through@gf |
association complex. The observation gd4 as a product of
this reaction also indicates that stabilization of §@,f complex
is possible, perhaps in competition with other product channels.
The observation of no pressure dependendg todicates that . T
the contribution of channel 1d to the overall reaction is pressure C¥> @nd estimate the actual value to lie in the rangé 3«

independent. While this could simply imply that reaction channel 10~ *’ molecules* cn¥, and Inghamgt afiwho otl)tain a lower
1d is not termolecular or that reaction channel 1d is in its high- imit to the cross section of 2. 10" molecules* cn¥. These

pressure limit at all pressures studied in this work, we do not values differ from those obtained in this work (lower limit of

. . . . . 18 2-
believe this to be the case. The lowest pressure studied in this?15 X 10° molecules cm? calculated actual range for

work was 100 Torr, and the value & agrees with values o(0IO) of (0.87-1.29) x 10~*" molecules cm?).

obtained from discharge flow studies carried out as low as 2 In common with the present study, the cross section lower
Torr3235 at which the high pressure limit is unlikely to have limit estimates from the literature were obtained by comparing

been reached. An alternative explanation arises from the the observed OIO absorption with that calculated on the basis
observation of a pressure dependence to the 10 self-reaction inof the known flux through the 10 self-reaction, assuming 100%
the presence of excess 0z@A€° This supports a mechanism  production of OIO+ | from 10 + 10. Occurrence of any other

in which 10 dimer stabilization competes with | atom formation: product channels would reduce the flux through the OIO
channel, and lead to the calculated OIO concentrations being

IO + 10 < [,O,* — | atoms overestimated and the OIO cross sections underestimated; hence,
the value obtained is a lower limit. However, the reactive loss
M of OIO, observed in this work (Figure 12) and by Ingham et
1,0, al., complicates this analysishe concentration of OIO present

at any point in time following photolysis is less than the total

In this mechanism, the rapid regeneration of 10 from | atoms amount of OlO generated via I& IO up to that time, by an

in the presence of excess ozone would lead to an effective@mount which is dependent upon the point in time considered.
Suppression of the | atom product ChanneL and a pressureThe lower limit to the OIO cross sections determined in the
dependent overall reaction. However, in the absence of ozone manner described above is thus dependent upon the point in
such as in this study no IO regeneration is possible, and nothe 10 decay/OIO formation at which the calculation is
pressure dependence is predicted' as observed. This hypothesgerformed, with the smallest values obtained at the shortest
is further supported by the reported high | atom branching ratio times, when the total reactive loss of OIO is least.

{(kia + Y2kig)/ky ) of 0.654+ 0.10 from the 10 self-reaction at If the OIO cross section is calculated immediately following
low pressuré® (2—4 Torr.). photolysis the cumulative reactive losses of OlO are minimized,
By analogy with the CIO self-reaction, two isomers gD} this approach will result in the lowest “lower limit” to the cross
can be envisaged to form directly from the IO self-reaction: sections. In this work, the initial gradients of the flux through
IO0I and I0IO. If the IO self-reaction proceeds via a@f* the 10 self-reaction and the OIO absorption with respect to time

species which can be collisionally stabilized or may decompose, were compared to obtain the value f0¢OIO)yn of 4.15 x

the high pressure branching ratios reported here, coupled with10-1® molecules cm? att = 0. Ingham et al. determined
the high | atom branching ratio reported at low pressures o(OIO)min when 50% of the 10 was consumed; were we to adopt
indicates that IOOI* must form to some extent. This conclusion this “calculation time” for our data, we would obtain a value
follows the observation that I001* would decompose at low of approximately 1.7x 1017 molecules cm? for (OlO)min.
pressure to give two iodine atoms, whereas the alternate I010* The discrepancy between the results of Ingham et al. and the
isomer would decompose at low pressure to give a single iodine current work may therefore be in part a manifestation of the
atom and OIO. The reported branching ratio for iodine atom method used to calculate the lower limit for the OIO cross
formation at low pressure therefore cannot be explained from sections. Spectral resolution may also affect the values of
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TABLE 8: Calculated 10 Photolysis Rates (s}), as a supported by recent laboratory studies of the laser photolysis
Function of SZA and Altitude of 0103 and by recent atmospheric observations of OIO in the
SZA 1000 mb 500 mb~(5.5 km) 75 mb £20 km) MBL.% Because OIO is formed in the 10 self-reaction, which
40 014 0.26 0.27 will occur to a significant extent at the levels of IO recently
60 0.10 0.20 0.23 observed in the MBLL>16 this species may be a significant

80 0.03 0.09 0.18 atmospheric iodine reservoir. This hypothesis is developed in

more detail elsewher@. If OlO is indeed photostable, the
o(OIO)min obtained; while this work was performed at 1.13 nm  potential for the 10 self-reaction to contribute to ozone depletion
fwhm, Ingham et al. worked at 0.16 nm fwhm and Spietz et al |l be reduced, as “active” IQwill be converted to a reservoir
at 0.22 nm fwhm; thus, lower peak cross sections for a strongly form. Moreover, the existence of an additional iodine reservoir
structured absorber such as OlO might be expected under thespecies will affect model calculations of the partitioning of

conditions of this work. inorganic iodine: stratospheric iodine levels will be greater than
. o those inferred previously from 10 observations. The potential
5. Atmospheric Implications for iodine chemistry to contribute to stratospheric ozone

The quantum yield for photolysis of the 10 radical has been depletion is considered further in the accompanying p&per.
measured as unity at 355 nm in a recent study by Ingham et )
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