J. Phys. Chem. A997,101,853-863 853

Absorption Cross Sections and Self-Reaction Kinetics of the 10 Radical
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Rate coefficients for the 10 self-reaction, ©©10 — products (4), were determined over the range-2520

K and were found to be independent of temperature with an average value of (9.9) x 107! cn?®
molecule! s1. Absorption cross sections for the 10 radical were measured between 340 and 480 nm. The
absorption cross section at the peak of the (4,0) band was determined as a function of temperature. The
cross section is essentially independent of temperature with an average value between 373 and 203 K of (3.6
+ 0.5) x 107" cm? molecule!. Comparison with previous measurements and a discussion of the atmospheric
implications of these results are also presented.

1. Introduction O+10——21+0, (4)

The importance of iodine-containing compounds to the
chemistry of the atmosphere has long been deBafethe most ~ @nd
significant single source of iodine-containing species in the
atmosphere is methyl iodide (produced naturally by marine biota
and released in industrial pollution), and field measurements
show that its concentration in the boundary layer ranges HOI + hv —1 + HO (6)

between 1 and 50 pptv. ) - .
CHl is rapidly photolyzed in the troposphere to release iodine Davis et al* have calculated the effect of these iodine reactions

atoms which can react with ozone to yield 10: on ozone destruction rates in the troposphere for different CH
mixing ratios using the data available to them. With 7 pptv of
| +0,—~ 10+ 0, 1) _CH3I in their model, the inclusion of_ the iodine chemistry
increased the rate of total tropospheric column ozone loss by
. L i 30%. The contribution of the iodine-catalyzed loss processes
The atmospheric fate of IO is primarily determined by the rates j,reased with altitude as the efficiency of other destruction
of its photolysis (2) and the reactions of 10 (3) with a variety ¢y cjes (mainly HQ chemistry) decreased. As the concentrations
of other atmospheric species. of CHal in the model increased, so did the importance of the
IO self-reaction relative to reactions 5 and 6. Measurements

IO + HO, — HOI + O, (5)

IO+hw—1+0 2 of CHsl over the Pacific Ocednhave demonstrated that the

10 + X — products (X= NO, NO,, HO,, 10, CIO, BrO) vertical profiles of CHI show interesting features. The mixing
ratio decreases from sea level to about 6 km but then shows an
() increase to values of between 0.1 and 1 pptv at about 12 km.

This suggests a role for iodine in the upper as well as lower

If reaction 3 produces | atoms (or produces a species that canroposphere. In addition, enhanced concentrations of halogens
lead to I) without producing an oxygen atom, then catalytic in the marine boundary layer in springtime (observed in the
destruction of ozone can occur through reactions 1 and 3. Polar Sunrise Experimefitcoincide with episodic and rapid
However, 10 can be converted to inactive “reservoir’ com- depletion of ozone in arctic regions. lodine compounds, in
pounds (e.g., HOI, HI, and ION in reaction 3. These  addition to (or together with) bromine, could also play a role
compounds are longer lived and can be removed from the in these events.
atmosphere by aerosol scavenging or rainout. Relative to the |t is clear that 10 can have a significant impact on tropo-
other halogens, the formation of iodine reservoir compounds is spheric ozone, but recent work by Solomon étlas suggested
believed to be very inefficient, and thus the fraction of the total that atmospheric iodine-containing species may also significantly
iodine expected to be in active forms is large, much greater impact the ozone chemistry of the lower stratosphere at mid-
than for chlorine and brominte. latitudes. In this region dramatic downward trends in ozone

It is believed? that the most important reactions for iodine-  concentrations have been observed during the past two décades.
catalyzed ozone loss in the troposphere are the following: Although the tropospheric lifetime of GH (with respect to
photolysis) is short, it is believed that strong convective
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in the stratosphere are large enough to make the |10 self-reactior2. Experimental Section
(4) important in ozone loss. Therefore, potential ozone loss ) )
must occur through the reactions of 10 with CIO, BrO, and To determine the rate constant for the_ 10 self_—reactlon, the
HO,. However, the partitioning of reactive iodine between | absolute concentration of 10 as a function of time must be
and 10 will be primarily determined by the rates of reactions 1 Measured. Laser flash photolysis with time-resolved visible
and 2, and thus, knowledge of the photolysis rate of 10 is crucial @bsorption spectroscopy is the ideal technique for this study,
to predict the effect of iodine compounds on stratospheric ozone. allowing 10 to be made rapidly and for its absolute concentration
The 10 self-reaction has been studied previodshk. In to be measured as it decays.
general, these studies have measured the decay rates of 10 Apparatus. The flash photolysis apparatus used in this study
(produced in a number of different chemical systems) using has been fully described previousktherefore, a brief descrip-
visible absorption spectroscopy. While the reported values of tion of the salient features (Figure 1) is given here. 10 radicals
kl/o (the ratio of the measured rate coefficient to measured 10 were produced by laser photolysis and their concentrations
cross section) for this reaction are in reasonable agreementmeasured using UVvis spectroscopy. The apparatus consisted
(within a factor of 2), the use of different chemical systems of a 91 cm long reaction cell with evacuated quartz windows.
and different values for the IO absorption cross section has Flows of gases through the cell were controlled by stainless
complicated comparison of the previous results. The IO self- steel needle valves and measured by electronic mass-flow

reaction could proceed via four different channels: meters. The cell pressure was monitored using 10 and 1000
Torr calibrated capacitance manometers. The reaction cell was
I0+10—1,+ 0, (4a) surrounded by a Pyrex jacket, through which a thermoregulation
fluid was passed, enabling the cell temperature to be controlled
—21+0, (4b) to within 1 K in therange 206-400 K.

Photolysis light from an excimer laser was guided by

—1+0IO (4c) dielectric mirrors through the cell collinearly with the spectro-

scopic analysis light. Analysis light was from a xenon arc lamp

I0+10+M—1,0,+M (4d) (75 W), a deuterium lamp (30 W), or a tunable diode laser

operating at 427.2 nm. The analysis light sampled only the
volume of the reaction cell through which the photolysis beam
passed. The analysis light leaving the reaction cell was passed

In some earlier worR;1°10 was produced by reacting | atoms
with excess ozone, and while complications due to aerosol

formation arose, the results indicated that the rate coefficient through suitable filters (ensuring that no photolysis laser light
for the 10 self-reaction was pressure dependent. In this chemical g ched the detection optics) and directed onto the slits of either

system, channel 4b does not contribute to the loss of 1O becausea 250 mm focal-length spectrometer coupled to a photomultiplier

it is regenerated via reaction 1. It was concluded that the { peo (PMT) or a 270 mm focal-length spectrograph coupled to

disappearance of 10 was through bimolecular (4a) and termo- 5 10p4.element diode array detector. The 427.2 nm laser beam
lecular (4d) reactions. Subsequently, Saktishowed (by was delivered to a photodiode detector.

monitoring the production okIfollowing the photolysis of @ .
I, mixtures) that channel 4a constituted less than 5% of the total 'The monochrqmatefPMT dgtgctlon system was operated
with entrance slits of 2%m, giving a spectral resolution of

self-reaction and determined that the overall rate coefficient was : .
pressure independent. However, he did identify a strong 0'1.4 nm fwhm. Th.e P.MT sllgnals'vyere converted t.o. a}bsorptlons
using prephotolysis light intensities. The sensitivity of the

negative temperature dependence to the overall rate coefficientPMT_ h ; ingle | .
His results also showed that the rate constant determined in the | _monochromator system for a single |nt_egrat|.on was
presence of ozone depended on pressure. A recent study Ofypma_llly 0.001 absorption units for a signal-to-noise (S:N) ratio
the 10 self-reactiol confirmed that the decay of 10 in the of umty.l )
absence of ozone was pressure independent. Himmelmann et The diode arrayspectrograph system was operated with
al.1 have identified OIO in the photolysis of4, mixtures, entrance slits of 1@m, giving a spectral resolutlpn of 0.44 nm
suggesting that channel 4c may also be operating. fwhm. The total spectral coverage was approximately 120 nm.
reaction is that it proceeds via at least two bimolecular channelsthe emission from a mercury lamp. The diode array was
and one termolecular channel. The overall rate coefficient has lectronically gated, enabling it to be switched on for short
a negative temperature dependence and, while the sum ofPeriods of time (e.g., 5Qs) following photolysis. Thus,
channels 4a and 4d (and possibly 4c) is pressure dependent‘:snapshots” of the transmitted spectral intensity could be
the overall rate constant at room temperature is not, suggestingecorded before and after the laser flash, allowing us to
a compensating pressure dependence to the branching ratio. Thigpectroscopically measure losses of reactants and the formation
type of complex reaction mechanism is seen in the self-reactionsOf products. The diode array detection system could typically
of ClO5 and BrO16.17 measure absorbance changes of 0.01 for a single integration
The UV-vis absorption spectrum of 10 is continuous With a S:N ratio of unity.
between 340 and 400 nm with vibrationally banded structure  The 427.2 nm light was produced by second harmonic
to longer wavelength%1112.18 The absorption cross section at generation (SHG) of a 854 nm extended cavity diode laser
the peak of the (4,0) band has been determined at roomsource, using temperature-tuned KNHar the doubling crystal.
temperature in a number of studfed? with reasonably good  The laser line width was less than 100 kHz, verified by
agreement. The temperature dependence of the 10 cross sectionbservations with an optical cavity. The laser wavelength was
at this wavelength has been determined in only one previousmeasured with a wavemeter to a precision of one part in a
study?®® million. An optical ring cavity was used to enhance the
This work describes a kinetic study of the self-reaction of fundamental IR in the 15 mm long KNkQ@rystal. The blue
10 and an investigation of the UMvis absorption spectrum of ~ SHG light was focused into a 20 meter optical fiber (single
IO with the aim of quantifying the role of iodine in the mode at 427 nm), which allowed for some flexibility in the
atmosphere. position of the absorption cell relative to the diode laser setup.
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In the second system, mixtures of ozone andwere

quite low relative to other types of light sources, the use of the photolyzed with the excimer laser operating at 308 or at 248

optical buildup cavity and the optical fiber resulted in intensity

nm, and the 10 was formed via the following processes:

noise on the 427 nm beam of a few percent. This noise was

greatly reduced by using an electrooptical modulator for intensity

stabilization. Approximately one-third of the power exiting the

fiber was diverted by a beam splitter, detected, and used for a

wide-band servo loop (1.5 MHz) to control the modulator. The
remaining two-thirds of the power (about 0.5 mW), used to
monitor the 10 absorption, exhibited intensity fluctuations at
or below the 10€ level from dc out to 50 kHz. However, after
the reaction cell, intensity fluctuations were an order of
magnitude greater than this.

3. Method

Production of IO Radicals. 10 radicals were produced in
two ways. In the first method, 40 was photolyzed at 193 nm
in an excess of by and the O atoms thus produced reacted with
either b or CKl to produce IO:

N,O + hy(A = 193 nm)— N, + O('D) 7
O('D) + N,— N, + OCP) (8)
OCP)+ 1,— 10+ (9)

O(P)+ CF,] — 10 + CF, (10a)

— other products (10b)

In these experiments, the concentration gfudis high &1 x
10" molecules cm?3), and the quenching of @) to OCP)
was therefore complete-09%) in 10 ns-essentially instanta-
neous on the time scale of the subsequent chemistry.
addition, the concentrations gfénd CFl were kept sufficiently
high such that the formation of 1O was fast50 us) relative
to its subsequent reactions.

In

0, + hv (1 = 308/248 nm)— O, + O('D) (11a)
— 0, + OCP) (11b)

O('D) + N,— N, + OCP) (8)

OCP)+ 1,— 10 + 1 (9)

In both systems, the initial IO concentration was varied in
the range (+30) x 10'2 molecules cm? by changing both the
laser fluence and the concentration of the precursos® (bF
03).

4. Results

To study the kinetics of the IO self-reaction by visible
absorption spectroscopy, it was first necessary to determine the
absorption cross sections of the IO radical in this region. The
next section describes measurements of the absorption cross
sections for 10 and is followed by the results from the kinetic
studies of the 10 self-reaction.

(a) Spectroscopic Studies of 10. We first measured the
absorption spectrum of 10 between 340 and 480 nm using the
diode array spectrometer. The absorption cross section at 427.2
nm was then measured, in separate experiments, to place the
diode array spectrum on an absolute scale.

The IO Spectrum. 10 was produced by the photolysis of
N0 in the presence of excess {LFThe diode array was gated
to be “on” for 50 us before and for 5Qus after the laser
photolysis flash. The absorption due to 10 was calculated from
the relationship

A(0)Z = In[(1)/(1)2] (i)

where lp and |; are the preflash and postflash intensities,

respectively.
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Figure 2. 10 absorption spectrum: thick line, cross sections from this resolution. The wavelengths are for vacuum.

work; thin line, cross sections from Laszlo et al. The cross section . . . .
from the PMT-monochromator measurement at 390 nm is given as a Were employed during this study. 10 production via thetO
solid symbol ). CFsl reaction was the most precise and accurate and is presented

first. The other two less precise methods provided supporting
The absorption spectrum for 10 at 298 K (Figure 2) shows a values and are described later.
smooth shoulder between 340 and 380 nm, beyond which some Photolysis of NO/CFl. In these experiments, O atoms were
broad peaks are visible on top of the continuum. A progression produced by NO photolysis as described above. The concen-
of vibrational bands from the (7,0) band at 411 nm to the (0,0) tration of O atoms was quantified by adding © the cell and
band at 466 nm is also seen (see ref 19 for band assignments)monitoring the absorption due to the ozone formed via the
To ensure that the short-wavelength continuum in the reaction
spectrum was indeed due to 1O, the temporal variation of the

absorption at 427.2 nm was recorded using the monochromator OCP)+0,+M—0;+M (12)
PMT system and compared to that measured at 390 nm under ) )
chemically identical conditions. The measured valueksff Os formation was monitored at 253.7 nm where thg O

(the slopes of the second-order plots) were in the same ratio asabsorption cross section is well established and relatively
the cross sections at the two wavelengths, suggesting that thdemperature independent € 1.15x 107 cn? molecule* 9.
absorption at 390 nm was indeed due to 10. Itis unlikely that The & was then replaced with GF and the absorption due to
this absorption arises from any other species (&@s) which IO at the peak of the (4,0) band was monitored with the PMT
would have a different temporal profile. In addition, if the Monochromator combination under conditions that were oth-
absorption at 390 nm was due tgdp, then its contribution erwise identical. An example of the absorption profiles at 427.2
should be expected to increase significantly at low temperatures.nm (I0) and at 253.7 nm (§pobtained in these experiments is
However the spectrum attributed to 10 showed very little Shown in Figure 4A.

variation in shape with temperature. Our dual-wavelength study Experiments performed by Gilles et @4lhave shown that
allowed the relative magnitude of the 10 cross section at 427.7 the yield @) for 10 in the reaction between €K) and CRl is

and at 390 nm to be determine®(l0);=427.0(10); =300 = 4.7 0.86+ 0.06 independent of temperature (between 370 and 254
+ 0.2). This is a useful check on the wavelength-dependent K). To a first approximation, the 1O cross sections can be

10 cross sections described below. determined using the following expression:
Kinetic studies, described later, were carried out by monitor- Adl
ing the absorption at the peak of the (4,0) band because the 10 o(10) = (10)a(0y) (il

absorption cross section is largest here (ensuring maximum

sensitivity to 10) and because the cross section of the other

species (e.g.p) involved in the reactions are sufficiently small ~ As seen in Figure 4A, the ozone absorptiéds)) is constant

for them to have a negligible effect on the measured absorptions.and easily measured. In contrast, the absorption due to the 10

The shape of this band was investigated at 298 K under high initially produced is more difficult to quantify because, once

resolution using the tunable diode laser absorption system. IOformed, 10 is consumed in self-reaction 4 and via reaction with

was produced in the photolysis of/N,O mixtures, and the O atoms:

maximum absorption was measured at a range of wavelengths

between 426.6 and 427.6 nm, under identical chemical condi- oeP)+10—1+0, (13)

tions. With the assumption that the amount of 10 produced

was constant, the relative absorptions were plotted as a function(ky;s = (1.44 0.4) x 1071%cm?® molecule s711%). To account

of wavelength (Figure 3) to determine the shape of the (4,0) for this loss, the measured absorption profiles were analyzed

band. The (4,0) feature shows a very sharp edge on the shoruusing FACSIMILE? (a commercial numerical integration

wavelength side and a broad “tail” on the long-wavelength side. software package). In this approach, a chemical reaction scheme

It is clear from Figure 3 that no rotational fine structure exists involving reactions 4, 10, and 13 was simulated, with the initial

in this absorption band. concentration of O atoms set equal to the measii@d]. The
Determination of the 10 Absorption Cross Section at 427.2 absorption cross section of IO and the rate coefficient of the

nm. Various IO production schemes and quantification methods 10 self-reaction were then optimized to fit the observed decay

A(Oy)®@
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TABLE 1: 10 Cross Sections at 427.2 nm from All
Experiments®

no. of [O]y/10%2 10 cross section/
system temp/K runs molecules cm® 1077 cnm? molecule
N.O/CRl 373 4 5-20 3.9+0.1
353 5 3.4+£0.1
323 8 3.3t 0.1
298 8 3.4+£0.1
250 6 3.7£0.2
220 4 3.7£0.1
203 4 3.6£0.2
O4/l; 298 16 0.5-5 35+04
275 4 3.7£04
253 4 3.1+ 04
N20O/I, 298 13 5-15 3.3+ 04
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Figure 4. Determination of the IO cross section at 427.2 nm: (A)
Absorption profiles of 10 (427.2 nm) and ozone (253.7 nm); (B) profiles
of 10 (427.2 nm) and4 (500 nm), showing the:photolysis component
of the absorption signal. The &bsorption traces are multiplied by 2
for clarity. (C) Numerical fitting of the observed 10 decays to a reaction
scheme to determine the 10 cross section. Residuals (data fit), offset
for clarity, are also shown.

of 10. Figure 4C shows one such fit. For the conditions used
in this study, the correction to the absorption cross section as
calculated from expression ii was less than 10%. The IO
absorption cross section was determined in this way at different
temperatures, and the results are given in Table 1.

a Data from the NO/CR;l system only was used in the recommenda-
tion. The given uncertainties are those due to random errors at the
(10) level.

Weighted linear least-squares fitting to this data showed that
the error in the temperature trend is much larger than the trend
itself, and we therefore recommend an average temperature-
independent value for the 10 cross section at the peak of the
(4,0) band head of = (3.6 & 0.5) x 10717 cn? molecule?,
where the error indicates the sum of both the estimated
systematic errors (estimated as 10%) and the random errgrs (1

Photolysis of MO/I,. 10 was produced in the /1, system
as described above. The PMMmonochromator system was
used to monitor absorptions at 427.2 nm (I0) and 500 rn (I
before and after the laser pulse. The change in the absorption
at 500 nm was used to estimate the concentrationsrefrioved
via the O+ |, reaction and, hence, the 10 concentration. It
was assumed thaj Is the only absorber at 500 nm.

There are, however, a few problems associated with this
method. }, which has a significant absorption cross section at
193 nm, was unavoidably photolyzed. To account for this,
absorption profiles were recorded at 500 nm with onlahd
N2 in the cell; examples are shown in Figure 4B. It is clear
from the figure that a large fraction of the Is directly
photolyzed. Further, O can significantly attenuate the 193
nm laser fluence. Therefore, low,@ concentrations had to
be employed. Use of such low,® concentrations meant that
the change in the absorption resulting from the & I, reaction
was only a fraction (10-70%) of that due to the photolysis of
I2.

We noted some inconsistencies in the regeneration of |
this reaction system. In the absence ofON the b, once
photolyzed, was regenerated presumably via the reaction

I+1+M—1,+M (14)
The “return” of L followed second-order kinetics yielding a
bimolecular rate constant of 8 10712 cm® molecule’! s™1 at

a pressure of 520 Torr. On addition of®, however, the rate

of I, regeneration (via a bimolecular reaction) increased
dramatically, giving a rate constant of 1.2 10712 cm?
molecule! s71 at 298 K and 520 Torr. Similar enhancement
was also observed by Laszlo etldlin the same chemical
system. They attributed this enhancement to a reaction between
I atoms and a product of the 10 self-reaction. Numerical
simulations showed that our observed enhancement insthe |
regeneration rate cannot be due to the direct productiosiof |
the 10 self-reaction because (a) the 40O reaction can only
regenerate half the originai lost (the other half having been

| atoms) and (b) the temporal profiles of IO andib not match.
Further, the 4 signal was observed to return to prephotolysis
values at long reaction times, indicating that in this reaction
system there are no stable products other than |
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The above evidence points to some catalyzed regeneration 1.6 ——
of I, in this system. The most likely possibility is 1ok

IO + 1 + (M?)— 1,0 + (M?) (15)

1.2 F

T T T T T T T
|+ 1,0—1,+10 (16) 1.0 [ t=60s ]
net 2|—*|2 ; 0.8 ; w~mAwwJW’“(//////’—-“\\\\\\\\\\\\\\\\\ ?
06 b oo t=30s |
Indeed, the rate of the;lregeneration increased with the ]
concentration of | atoms. If reaction 15 is termolecular, this 0.4 |- ]

mechanism would also explain the observation by Laszlo®t al.

02 [ 1
that the rate of regeneration ofihcreased at higher pressures. : \M\hwmg ]

Other species that could react with | atoms (OlO M,) are 00 Lot ! L T
220 260 300 340

extinction

not likely to causecatalytic regeneration of,l
Because of these complications, the IO cross section at 427.2 o o
nm was determined by equating the difference in the initial F;gure 5& EXt'”ﬁt'O” spectrum of tkh%a}%rospl p""?duﬁed on mixing flows
amounts of 4 lost in the b/N,O and b-only photolysis (under ~ °f 2 @nd Q. The spectrum marked *flowing” is that of the mixture
icallv thi diti h £10 f d. The IO flowing through the reaction cell. The other spectra were recorded at
optica y t 'n_ conditions) to the amount o ormed. ? the indicated time intervals after stopping the flow of this mixture and
absorption signal was extrapolated te 0 and the cross section  demonstrate the growth of the aerosol.

calculated from the following expression:

wavelength (nm)

to wavelengths as long as 500 nm. If we assume that the

AZI™I,, N,O) wavelength at the peak of the extinction spectrum is ap-
0(10) 427 vm= | =007 Soom 0(12)500 nm proximately equal to the radius of the particle, it appears that
AZo "1, N,O) — AZ "1, only) the particles grow from about 0.25 to about @ in 5 min.
(iii) The measured optical depth suggests a particle volumexof 2

1077 cn?® per cn? of gas. This particle volume is consistent
The room temperature cross section foati500 nnd® was taken with the amount of ozone and lost from the gas phase.
to be 2.15x 10718 cm? molecule’l. Minimizing exposure to the deuterium lamp analysis light
The precision of the resulting IO cross section values was prior to the making each spectral measurement had a small effect
low, due to the difficulty in measuring the small signal due to on the growth of the absorber. However, reducing the temper-
the L lost through the GF I, reaction. The room temperature  ature from 298 to 250 K dramatically reduced the extinction,
value iso(lO, 4 = 427.2 nm)= (3.3 £ 0.7) x 10717 cn? suggesting that there is some thermal barrier to the formation
molecule® where the error indicates the sum of both the of the aerosol. However, even at 250 K, the 'dark’ reaction was
estimated systematic errors (15% of the value) and the randomsufficient to preclude meaningful measurements of the 10
errors (). These measurements were restricted to 298 K and profiles.
are in good agreement with our primary method. Photolysis of ozone at 248 nm, where its cross section is
Photolysis of @l,. In another set of experiments, 10 was significantly higher, allowed us to use very low ozone concen-
generated in the £, system where the decrease in the ozone trations and thus minimize the problems due to aerosol
absorption (at 253.7 nm) determines the concentration of O formation. Further, use of a tunable diode laser at 427.2 nm
atoms (and therefore 10) produced. This system has also beernllowed us to produce only small amounts of O and therefore
used in previous studies. to detect small amounts of 0. In these experiments, the laser
We found that the mixture ofz] Oz, and N reacts “in the fluence was calibrated using the photolysis of HNO
dark” to form a species that strongly attenuates the UV and
visible light. This attenuation was significant at 308 and 253.7 HNO;+ hv (1 =248 nm)—~OH+ NO,  (17)
nm and hence interfered with both photolysis and detection
(253.7 nm was the wavelength used for ozone detection). and the NQ produced was monitored with the same diode laser
Furthermore, as time progressed, a light brown film developed (04272n{NOz) = 5.73 x 107! cn? molecule*.?* Small
in the reaction cell and reduced the laser fluence, making corrections to the measured value SfNO,] were made to
experiments difficult. account for the presence of a small amount of sN@hich
To determine the source of the attenuation, the deuterium absorbs at 427.2 nm and is produced in the ©@HHNOs
lamp/diode array system was used to measure the extinction inféaction. The O atom concentration at a specific photolysis laser
the range 236370 nm. The extinction spectrum of the cell's fluence was determined using the expression
contents was measured, first withs/@, only and then at
increasing times after the addition of 10n adding 4, the [0], = 9(03) P(O5)[O4]AING,]
absorption due to @€dropped, and a new “absorption” appeared o o(H NO;) ®(HNO,)[HNO,]
in the UV region. The ozone absorption continued to drop with
time, and the new feature grew. Using the characteristic where the quantum yields for O and N@roduction from Q
structure in the ozone absorption near 260 nm, the contributionand HNQ photolysis at 248 nm, respectively, were assumed
of ozone to the observed spectrum was subtracted. The residualo be unity?® The O; and HNG concentrations were deter-
extinction (due to the reaction product) showed a very broad mined via UV absorption measured using the diode array
absorption, whose peak shifted to longer wavelengths with time spectrometer. The £and HNQ absorption cross sections at
(Figure 5). These results are consistent with the growth of an 248 nm were taken from ref 20. The 1O cross sections were
aerosol whose maximum Mie scattering cross section movesthen determined from the measured 10 absorption at 427.2 nm
to longer wavelengths as the size of the aerosol particlesand the concentration of O atoms assuming quantitative conver-
increases. The unknown species showed a significant extinctionsion of O to 10 (justified by the large excess @j.l1 The 10

(iv)
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temperature (K) monochromator at 427.2 nm (line) compared with that from the gated
diode array @), where the entire spectrum was monitored as a function

Figure 6. Cross sections for 10 at the peak of the (4,0) absorption
band as a function of temperature. Solid symbols indicate data from

this study @, N,O/CFl system;®, N.O/I; system;a, the G/l system). . . -
Open Syym-bm; are':fro% previouszwoﬁm)zLasz’l?) ot a%/OZ gande)r' spectral changes were converted into 10 concentrations by fitting

x, Cox et al.;a, Stickel et al.). The line shows the weighted linear @ reference 10 spectrum to the measured IO spectrum (using a
least-squares fit to the Z/CFl system. linear least-squares technique). The temporal profiles of 10

. obtained from the absorption at 427.2 nm are identical, within
cross sections were measured at 298, 275, and 257 K, and th@ne error bars, to those obtained from the gated diode array
results are given in Table 1. _ (Figure 7). Because the diode array measurement discriminates
_ The IO Absorption Spectrum. The absorption cross sec-  5gainst any absorption not due to 10, the agreement clearly
tions of 10 at 427.2 nm, the (4,0) band head, determined by ghoys that the absorption at 427.2 nm is solely due to 10.
the three methods at room temperature are shown in Figure 6. Photolysis of NO in the Presence of 5. The decay of 10
Also shown are the cross sections measured between 373 angyrmed in the NO/I, system was monitored at 427 nm using
203 K. As noted earlier, it is clear that the cross sections are tne monochromatefrPMT detection system, and the cross
essentially independent of temperature. To determine the Crosssection recommended above was used to convert the measured
sections at other wavelengths, the 10 spectrum, measured with 5 ahsorption into a concentration as a function of time. The

the diode array, was placed on an absolute scale using the valug,ss of |0 through its self-reaction is given by the rate equation:
at 427.2 nm. To account for the difference in the wavelength

resolution of the PMT and diode array spectrometer detection _ _ 2
systems, the high-resolution 10 spectrum measured with the d[odt = 2k[10] V)
tunable diode laser (shown in Figure 3) was degraded by
convolving it with the instrument function of the diode array
(approximated by a Gaussian function with a fwhn®.44 nm). 1 1 ]
This approach showed that the cross section at the peak of the 10l_ _ [0] + 2kt (vi)
(4,0) band in the diode array spectrum should be 0.83 of the =t =0
value determined with the PMT detection. The diode array
spectrum was then scaled to this value to give the 10 cross
sections as a function of wavelength (Figure 2). The value of
the 10 cross section determined at 390 nm by monitoring the
decay of 10 at 427.2 and 390 nm under identical conditions (as
described tabg;\lget)hls 3'53 shown (|jn tFlgure 2 and is in excellent second-order rate coefficient did not change with the initial
agreement wi € diode array data. . concentration of 10 (over the range<20) x 102 molecules
Using a temperature-independent cross section at the peakcm,3)
of the (4,0) band, the diode array spectra of 10 recorded at a . .
variety of temperatures (298, 273, 253, 233, 213, and 203 K) At low temperatures, some deviation from second-order

were normalized at 427.2 nm. The temperature dependence o#metlc behavior was observed; the second-order plots had an

. - upward turning tail (e.g., Figure 8, line c). As the 10 concentra-
the rest of the spectrum was then determined. This approach,: : . L
showed that in the range 340 and 440 nm the cross section tions were increased, this deviation became more pronounced.

*Here the loss of 10 obeyed a mixture of first- and second-order
changed by less than 10% between 298 and 203 K. S ; . - .
(b) Kinetics of the Self-Reaction of 10 Radicals. In most kinetics. The observations are consistent with the reaction of

of the kinetic studies described here, the 10 concentration WasIO with a product of the self-reaction

of time.

whose integrated form is

At and above room temperature, the IO decays were observed
to be strictly second-order (i.e., plots of 1/[IO] versus time were

linear). The rate constants were obtained from the slopes of the
second-order plots (such as those shown in Figure 8, lines a
and b) using a weighted linear least-squares analysis. The

monitored using the (4,0) absorption band. However, as a 1O + 10 — product 1 @)
check, in one series of experiments, we monitored IO via two
different methods: diode array absorption and single-wavelength IO + product 1— product 2 (18)

monitoring under otherwise identical conditions. The PMT was

used to monitor the absorption at the peak of the (4,0) band, The hypothetical reaction 18 would explain the first-order loss
and the gated diode array was used to measure the absorptiocomponent of I0. This first-order loss would be largest at long
spectrum in the range 34@80 nm at fixed time intervals before  reaction times where the [product 1)/[IO] ratio is greatest.
and after the photochemical production of I0. The measured Numerical integration of reactions 4 and 18 was used to simulate
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Figure 8. Second-order plots for the decay of 10. Lines a and b display
data from two different initial IO concentrations; line ¢ shows the non-
second-order kinetic behavior observed at low temperatures.

TABLE 2: Rate Constants for the IO Self-Reaction as a
Function of Temperature?

k(10+10)/
no. of conditions/ 10" cm?

system temp/K runs molecules cm?® moleculel s7*
N0/, 373 8 9.5£ 0.3
353 12 9.9+-0.4
323 12 [0Op=(5-30)x 10  11.1+0.5
298 15 [ =(1-5) x 101 10.1+ 0.4
273 17 9.8-04
261 7 9.4+ 04
250 12 9.4+ 0.6
Odl, 298 16  [Op=(2—-15) x 102 7.0+1.0
275 4 [b =(1-7) x 101 7.241.0
257 4 7.7+£1.0

@ The given uncertainties are those due to random errors at te (1
level.
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Figure 9. Rate coefficients for the 10 self-reaction as a function of
temperature. Solid symbols indicate measurements made in this work
(@, the NO/I, system;a, the QJI, system). Open symbols indicate
rate coefficients from other work (note that these rate coefficients have
been normalized to our cross section valueg); l(aszlo et al. (NO/

12); v, Laszlo et al. (@ly); <, Sander (Q@12); A, Stickel et al. (@/12)).

The bold line shows the rate coefficient recommendation from this
work.

production was significantly reduced. The decay of IO produced
by the reaction of O atoms with ivas monitored at 427.2 nm
with the tunable diode laser absorption system at three temper-
atures (298, 275, and 257 K). The second-order plots from these
experiments displayed significant curvature over a time scale
of about 8 ms, resulting from the regeneration of 10 (via reaction
1 at low 10:G; ratios). However, reasonable linearity was
observed over the first 2 ms of the decay, and the slope in this
region was used to determine the rate coefficient. This slope
showed some dependence on the laser fluence used in the
experiments (approximately a 10% increase in the measured
rate coefficient for a doubling of the laser fluence). This effect
was not fully understood and not pursued further. The average
values of the measured rate coefficients from this system are
also given in Table 2.

Even though production of IO via the & CF;l reaction
was the best method for measuring the 10 cross sections, we
did not employ this source for studying the 10 kinetics. The

I0 decays resulting from such a mixed first- and second-order secondary reactions of the g€Fadical produced led to faster
kinetic scheme and the fits to the observed 10 profiles were depletion of 10. However, the enhanced 10 removal in this

improved significantly over the second-order-only mechanism.

system does not affect the accuracy of the measured IO

In order to determine the rate constant for the 10 self-reaction absorption cross sections.

at all temperatures below ambient, FACSIMILE was used to

Reaction Products. The gated diode array spectrometer was

optimize the rate constants for reactions 4 and 18 to best fit the used to ascertain whether any products of the 10 self reaction
observed decays. Careful checks were performed to ensure thatin the L/N.O system) could be observed spectroscopically
the returned values were unique. In these tests, the optimizedbetween 340 and 900 nm and at temperatures between 250 and

value for ks was reduced or increased by 10% and then
FACSIMILE used to resimulate the decay profile with this new
value. The fit to the 10 decay was measurably worse. In

373 K. No absorptions were detected (@X]< 5 x 107°) other
than those arising from the production of 10 and the loss.of |
This is in agreement with the measurements of ttabsorption

addition, rate constants for reactions 4 and 21 were varied toat 500 nm in this system described above. At long reaction

fit up to eight 10 decays simultaneously, and the optimized
values fork, and kig were found to agree with the values
returned from fitting the decays individually.

times, all the § that had been removed in the laser photolysis
returned. The PMT detection system was also used to follow
the generation of,lin the CRI/N,O reaction system in an

The rate coefficients for the 10 self-reaction measured in the attempt to determine the fraction of the 10 self-reaction that

N2O/l, system using both the graphical approa€h=(298 K)
and the FACSIMILE analysisT( < 298 K) are given in Table
2 and are displayed in Figure 9.

Photolysis of Ozone at 248 nm in the Presence of.I A

series of experiments were performed with ozone and iodine

concentrations sufficiently low ([§) = (1-5) x 10 molecules
cm3, [I2] = (1-7) x 10" molecules cmd) that the aerosol

yields b. The low absorption cross sections ferrhade the
sensitivity to b formation low, but the measurements suggest
an upper limit of 30% to the reaction channel 2a givipg |

5. Discussion

IO Spectrum. The cross section for 10 at the peak of the
(4,0) band in its visible absorption spectrum has been determined
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as a function of temperature. The cross sections are independengpectrum. The (0,0) to (7,0) vibrational bands can be observed
of temperature between 373 and 203 K, and we recommendin the spectrum, and the (1,1) (2,1), and (3,1) hot bands can
the values(427.2 nm)= (3.6 &+ 0.5) x 10717 cnm? molecule’® also be seen. The room temperature IO spectrum measured here
where the error indicates the sum of random) @nd systematic is in reasonable agreement with the most recent study of Laszlo
errors. The shape of this absorption band was also investigatedet all! though some subtle differences do present themselves.
under high resolution (100 kHz) and shows no discernible The larger peak-to-trough cross section differences in the Laszlo
rotational fine structure. The 10 spectrum between 340 and et al. spectrum probably result from the higher spectral resolution
480 nm was recorded, and the cross section measured at 427.8sed in their study over that of our diode array system. In
nm was used to place this spectrum on an absolute scale.  addition, while the broad spectral features between 380 and 410
The room temperature 10 cross section at the peak of the "M show qualitative similarity, there are discrepancies in the
(4,0) band measured here lies within the error bars of previous Cross section values of up to 30% in this region. Laszlo et al.
measurements (Figure 6). However, the cross section measurefiad to measure the 10 absorption at each wavelength in separate
here is 5-20% higher than the other values. Cox and Cbker €xperiments to “ build up” their spectrum. This approach would
and Jenkin and Cd%measured the cross sections at 426.9 nm, be sensitive to small Changes in eXperimental conditions with
close to the steep shoulder of the (4,0) band (Figure 3), andtime and could explain some of the discrepancies.
thus it is possible that their lower values result from contribu-  Our measurements of the 10 spectrum as a function of
tions from the valley to shorter wavelengths. The discrepancy temperature, coupled with a knowledge of the temperature
between the other studies and ours could arise from the dependence of the cross section at the peak of the (4,0) band,

consumption of O atoms in the interfering (©10) and (O+ show that the 10 spectrum is relatively insensitive to temper-
O,) reactions. In previous studies it was assumed that O atomsature. Absorption cross sections between 340 and 440 nm,
were quantitatively converted to 10. Sandgt,aszlo et all! averaged over 5 nm intervals, change by less than 10% between

and Stickel et al*? did not take into account the ®© 10 reaction 298 and 203 K.
in the determination of the IO cross sections. In the work of  Reaction Kinetics and Mechanism. Rate coefficients for
Sander and of Stickel et al., the reaction between O and O the self-reaction of 10 radicals were measured here in two
may have depleted O atoms. Both reactions would make [IO] distinct chemical systems. These coefficients are compared with
< [O]o and would lead to an overestimate of the nascent 10 the values from previous studies in Figure 9. In the figure,
concentration and therefore an underestimate of the 10 crossprevious determinations of the rate constants have all been
section. In the present study, the effect of the-@QO reaction normalized to the 10 cross sections measured here (using the
was taken into account, and no, @/as present. Another  k/o values) to ensure that the comparison between the various
difference between this work and that of Laszlo etlds the measurements is not biased by the difference in the cross
spectral resolution. Laszlo et al. used 0.3 nm fwhm compared sections used. In normalizing the data from Sander and Stickel
to our resolution of 0.14 nm. Therefore, their measured cross et al., our cross section was not corrected for the differences in
section at the (4,0) band head should be about 10% lower thaninstrument resolution, because their resolutions were very similar
ours. to or better than ours. To normalize the Laszlo et al. data, our
SandeP published the only previous measurement of the IO cross section was degraded to match their lower spectral
cross sections as a function of temperature, and there is aresolution.
significant difference between his data and ours. Sander The rate coefficient for the sum of all channels of the 10
reported that the 10 cross section increased dramatically as theself-reaction (potentially 4a4d) is obtained in the experiments
temperature decreased: = 2.1 x 1077 cn? molecule’? at where the decay of 10 produced in thgN,O system was
373 K, increasing to 5.% 10717 cn? molecule® at 250 K. No monitored. The conclusion of the present work is that this rate
statistically significant temperature dependence was measurectoefficient shows no statistically significant temperature de-
here in either the (BO/CFsl) or (12/03) 10 production systems.  pendence (256- T > 320 K), and we quote an average value
While no obvious explanation for this discrepancy presents itself, of ky = (9.9 £ 1.5) x 10711 cm® molecule’? s! (where the
the large increase i reported by Sander is not consistent with  error incorporates the random errors in the slopes of the second-
the measurements of the 10 produced from the+CCFsl order plots (&) and the error in the absorption cross section).
reaction combined with the quantum yields for this reaction Our room temperature rate constant is in excellent agreement
measured by Gilles et &t If the cross section measured by with that determined by Laszlo et #i.when their value is
Sander at 250 K were correct, the measured quantum yield fornormalized to the 10 cross section measured here. However,
this reaction would have been approximately 0.35, significantly our kinetic data significantly differs from that of Sandéin
below the lower error limit of @ = 0.86 + 0.06) quoted by Sander’s work, 10 was produced via the photolysis ¢fi®
Gilles et al. In addition, we do not see a significant temperature the presence of,l It seems likely that the rate coefficients
dependence to the cross section using a completely differentmeasured in his system would also represent the sum of all the
10 source (the #O3 system). An increase in the absorption self-reaction channels. However, Sander’s rate coefficient at
cross section at the peak of the (4,0) band might be expectedroom temperature is much lower than ours (by almost a factor
with decreasing temperature, due to the changing populationsof 2), and its temperature dependence is large and negative.
of both the vibrational and rotational states. The change in the This apparent difference arises mainly from the highly temper-
vibrational populations alone would be expected to make only ature-dependent IO cross sections measured and used by Sander.
a small contribution over this temperature range&/%), and If Sander’s values are normalized to our cross section (as in
while the contributions from rotation could be larger, their Figure 9), his room temperature rate coefficient is only 30%
magnitude is uncertain due to the predissociative nature of thelower than that determined here; however, a slight negative
(4,0) band. temperature dependence would still persist.

The overall shape of the 10 absorption spectrum (Figure 2)  The rate coefficients determined in thgQs; system are
has been recorded with the diode array spectrometer as asmaller than those in thg/N,O system. For example, the rate
function of temperature. The spectrum is smooth between aboutcoefficient at room temperature is approximately 30% lower
340 and 370 nm, beyond which some structure is visible in the when ozone is present. Previous studies of the 10 self-reaction
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in ozone have shown that the measured rate coefficient is TABLE 3: Atmospheric Photolysis Rates for 10 as a
reduced because of the regeneration of 10 in reaction 1.Function of Altitude and Solar Zenith Angle (SZA)
However, under the conditions employed here, the ozone photolysis rate (s

SZA

concentrations were too low to allow such IO recycl|ng. Th.us, (deg) 0 km 10 km 20 km 30 km
while these results are 280% lower than those obtained in

the NO/I, system, due to the fluence dependence of the 16 8'3‘11 g'gg 8'33 8'58
measured rate coefficients and a less extensive data set, we do g 0.18 0.27 0.28 0.28
not use these values in our recommendation. 90 0.003 0.01 0.08 0.17

In agreement with the results of Sander and of Laszlo et al.,
the overall IO self-reaction rate coefficieriks was observed modeling study. If the UV—vis absorption spectrum of the
to be pressure independent. However, previous measurementfO dimer (in terms of cross section and wavelength range)
of the decay of 10 (Sander and Jenkin et al.) in excess ozonefollows the trend set by @D, and BrO,, then it is likely that
have shown a significant pressure dependence, and this is thehe 10 dimer will be rapidly photolyzed everywhere in the sunlit
basis for the proposed termolecular channel (4d). Sander alscatmosphere. If we assume the photolysis products lead to 2I
observed an absorber in his work which was tentatively and Q (by analogy with GIO;), then three channels of the IO
identified as the 10 dimer,,0,. No spectroscopic evidence self-reaction (4a, 4b, and 4d) will lead to catalytic destruction
for 1,0, was obtained in our experiments, but it is possible that of ozone in the atmosphere. The rate constants published here
it was removed in our pO/l; experiments by a reaction with  for the self-reaction of 10 radicals will therefore increase the

iodine atoms. predicted iodine-catalyzed ozone depletion in the troposphere,
By monitoring b production in the CE/N;O system, we especially in areas of the atmosphere where the mixing ratio of
place an upper limit of 30% upon channel 4a (giviagahd CHal is elevated. In addition, these results heighten the

0,). Both Sander and Laszlo et al. report that this channel importance of the 1O self-reaction relative to the OHO;
constitutes less than 5% of the total reaction. Therefore, we reaction within the IQ cycle.
adopt their value of 5% for the yield of channel 4a. Recent Atmospheric Photolysis Rate§he absorption cross sections
work by Himmelmann et a* has provided spectroscopic measured here and a solar spectrum from Minschwaneret al.
evidence for OIO following the photolysis of molecular iodine (for a latitude of 40 at the summer solstice and with a total
in the presence of ozone. Although the exact source of the OlO 0zone column of 330 DU) were used to calculate the photolysis
is not known, it is possible that OIO is a product of the IO rates for IO for a variety of altitudes and solar zenith angles. In
self-reaction. However, it was not observed in this study, these calculations, the quantum yield for 10 photodissociation
possibly because the high | atom concentrations destroyed OlO.was assumed to be unity throughout the absorption spectrum.
If OIO is indeed formed and the reaction-d OIO — 210) The smooth nature of the IO spectrum below 400 nm suggests
removes it, then our overall self-reaction rate coefficient would that the electronic transition leads to dissociation. Further, LIF
be a lower limit, as channel 4c would not contribute to the loss studies of the (4,0), (3,0), (2,0), (0,0), and (2,1) bands (see for
of 10. example ref 26) suggest that dissociation from the states
The overall mechanism of the 10 self-reaction is still accessed at these wavelengths is very rapid. Thus, use of unit

somewhat uncertain due to the paucity of kinetic data on the Photodissociation quantum yield for 10 is justified. The
individual reaction channels. The overall rate coefficient for Calculated atmospheric photolysis rates (using 10 nm wide
the self-reactionky) is temperature independent in the range integration bins between 340 and 480 nm) are given in Table
373-250 with a value ofky, = (9.9 & 1.5) x 101! cm? -

molecule® s1. The channel givingsland G constitutes less The values in the table are in excellent agreement with that
than 5% of the total reactidh® (ks < 5 x 10712 cmd reported by Laszlo et al., who gave a value of 0.28fer the

molecule s°%). Rate coefficients measured in excess ozone |0 photolysis rate at a SZA of 40 The calculated-values
are for the channels of the 10 self-reaction that do not give | show that, as long as there is sunlight, IO is rapidly photodis-
atoms. Thuskopdexcess 0zone¥dp{no ozone) can be equated sociated. Photolysis is the most rapid process converting |10
t0 (Ksa + 0.5k + kug)/ks. This ratio was determined to be t0 I, being faster than reaction of 10 with NO for typical NO
approximately 0.83 by Laszlo et al. and 0-3683 (depending concentrations. Further, the rapid photodissociation of 10
on the pressure) by Sander. Thusy(+ 0.5 = (1.7-4.4 coupled with the relatively slow reaction of | withsOneans

+ 1.0) x 107% cm?® molecule s™X. Assuming that no other  that | atoms form a significant proportion (about 30%) of total
reaction channels are operatinglwe can derive maﬂ-(oaqc) atmospheric jodine. ThUS, | atoms may also be important
= (5.0t0 7.7+ 1.0) x 10 cm® molecule sX. Thesevalues initiators in the oxidation of certain atmospheric species.
imply that the formation of the 10 dimer/D,) is the dominant
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