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Laser Flash Photolysis Studies of RadicatRadical Reaction Kinetics:
The HO; + 10 Reaction

Introduction

Reactive iodine as a potential tropospherig §ink has
received considerable attention recedtly.Because organic
iodine compounds photolyze readily in the troposphere, known
source gases such as gldan easily be converted to reactive
10 radicals, e.g.,
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Laser flash photolysis of @ICH;OH/O,/I,/NO./SF/N, mixtures at 308 nm has been coupled with simultaneous
time-resolved detection of HQby infrared tunable diode laser absorption spectroscopy) and 10 (by visible
absorption spectroscopy) to investigate the kinetics of the atmospherically important reaction 80—~
products over the temperature range-2343 K in N, buffer gas at pressures of 12 and 25 Torr. All experiments
were performed under near pseudo-first-order conditions with iH@xcess over 10. At 298 K, the rate
coefficient was determined to be (9£72.9) x 107 cm?® molecule s, with the primary source of uncertainty
being knowledge of the infrared line strength(s) required to convert measureadt40rbances to absolute
concentrations. The temperature dependence of the-H@ rate coefficient was found to be adequately
described by the Arrhenius expressior 9.3 x 10712 exp(680T) cn?® molecule* s™%. The results reported

in this study are compared with other recent studies ob HOO kinetics, and the potential roles of this
reaction in atmospheric chemistry are discussed.

concentrations that imply total iodine abundances sufficient to
significantly impact total column ozone, as well as #0H
concentration ratio%.

It has recently been suggested that iodine may also play a
significant role in stratospheric ozone depletfoAlthough
iodine source compounds analogous to the chloro- and bro-
mocarbons have short tropospheric lifetimes toward photolysis,

CH,l + hv — CH, + | (1) strongly convective storm systems in the tropics may be capable
of rapidly transporting such species to the upper troposphere
I+ 0;—10+0, 2 and lower stratosphefe® As mentioned above, iodine reservoir

species are less photolytically stable than their bromine or

Moreover, the photolytic instability of potential iodine reservoirs chlorine analogues, rendering iodine correspondingly more
(i.e., HOI, IONG, HlI, etc.) in the troposphere allows iodine to  efficient as an ozone removal catalyst. Reaction 3 acting as part
preferentially reside in its catalytically reactive forms, i.e., | and of the above catalytic cycle could contribute significantly to
0. Tropospheric iodine can participate in catalytic ozone lower stratospheric ozone loss given sufficient stratospheric
destruction cycles analogous to those involving chlorine and iodine levelst Solomon et af. estimated that the ozone loss
bromine in the stratosphere. One important example is frequency via the 10+ HO;, cycle at an altitude of 14 km is

Sources of atmospheric organic iodine includesCéaihd other
iodocarbons (e.g., CHCI, CHal,, CHsl) released from the

equal to 60% of that due to chlorine, assuming a rate coefficient
IO + HO, —~ HOI + O, 3 of ks = 6.4 x 101t cm® molecule! s17 and a lower
. stratospheric iodine abundance of 1 pptv.
HO! +hv = OH + | ) Two reports of the 10+ HO, rate coefficient measured at
I+0;—~10+0, (2 room temperature have appeared in the literature; Jenkirf et al.
used the molecular modulation technique to oblgir 6.4 x
OH+0;—~HO, + O, ®) 10~ cm® molecule! s7, and Maguin et af.employed a low-
net: 2Q — 30, pressure discharge-flow/mass spectrometry technique and ob-
tainedks = 1.04 x 10~1°cm?® molecule’! s1. No temperature-
dependent studies of 1& HO, kinetics have been published
to date.

oceans and from biomass burnitgRecent field experiments [N this paper, we report a study of the temperature-dependent
have detected C#fin the middle and upper troposphere at kinetics of the HQ + 10 reaction. Whereas a majority of direct

studies of radicatradical reaction kinetics employ discharge
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T School of Physics; present address: Physical and Chemical Propertiesodology. Comparison of kinetic data obtained using very
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Figure 1. Schematic diagram of the experimental apparatus. Centontroller; IRD= infrared detector; PMT photomultiplier tube; PSB=
phase-sensitive detector; Ref.reference; RXG= reaction cell.

current understanding of atmospheric iodine chemistry and few microseconds after the laser flash; 10 formation was
previously reported room-temperature results. essentially complete within 50s.

A schematic of the experimental apparatus is shown in Figure
1. A sealed glass-jacketed reaction cell with inlet and outlet

The kinetics of the H@+ 10 reaction were investigated by  ports allowed temperature control via circulation of thermostated
308 nm pulsed laser photolysis 0/),/CH3;OH/ClL,/NO,/SFs/ fluid through the jacket. A 3.5 cnx 1.0 cm mask on the
I, mixtures, using an approach that is very similar to one we entrance and exit windows defined the region over which the
have employed previously to study H& BrO kinetics at 298 photolysis beam and the visible and IR detection beams
K.% The experiments were conducted at 12 Torr and room overlapped. The reagent gas mixture was flowed through the
temperature and 25 Torr at four different temperatures. In all reaction cell at a linear flow velocity of 48 cm s with a
experiments, H@was maintained in excess (typically a factor |aser flash repetition rate of 0.128.25 Hz; this allowed for
of 10) over 10. Absolute IO and HfOconcentrations were  replenishment of the reagents between laser flashes, thus
simultaneously monitored in situ in a time-resolved fashion. IO preventing accumulation of the reaction and photolysis products
was monitored using longpath visible absorption spectroscopy;in the reactor. The photolysis laser beam measured ap-
HO, was monitored using infrared tunable diode laser absorption proximately 4 cmx 1.5 cm in cross section at its entrance to

Experimental Technique

spectroscopy (TDLAS). _ _ the reaction cell and typically delivered an energy density of
HO; radicals were generated via the reaction scheme 40-50 mJ per criper pulse over this area in pulses20 ns
) duration. It entered and exited the reaction cell nearly collinearly
Cl, + hw(308 nm)— 2 CI("P,) (6) with the visible and IR detection beams and was then deflected
2 . after exiting the cell to an absorbing medium to prevent
CI(°*Py + CH,OH — CH,OH + HCI ) unintended reflections and scatter. The laser pulse energy was
CH,0OH + O, — HO, + CH,0 (8) monitored continuously using the internal energy meter of the
laser (Lambda Physik Lextra 200); an absolute calibration was
which produced peak HOconcentrations of (1973) x 1012 obtained using a thermopile calorimeter energy meter (Scientech

molecules cm? under the conditions employed. 10 radicals at Model 38-0105) at least once per day. The energy thus measured
peak concentrations in the range (4%4) x 1012 molecules ~ Was corrected for window losses (measured to<i©%) and

cm3 were simultaneously generated via reflections within the cell to derive an estimate of the laser pulse
energy in the reaction zone. Shot-to-shot laser pulse energy
NO, + hv(308 nm)— o(3p ) + NO (9) variations were less than 2% on average, and the cross-sectional

spatial intensity variations in the photolysis beam were measured

I,+OCP) — 10 +I(*P) (10) to be less than 10% for the portion of the beam which irradiated

the detection volume. Because (1) the reaction cell length along
HO, and 10 were generated on a time scale much shorter thanthe photolysis axis was only 30 cm and (2) the beam traveled
the time scale for their removal under the experimental several meters before entering the reaction cell, beam divergence
conditions employed. HOgeneration was complete within a  through the photolysis region was expected to be minimal. This
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Figure 2. Observed absorbance temporal profile at 427.2 nm under (particularly) HGQ be well defined, and that the concentrations
the conditions of experiment 6 (Table 3). Number of laser shots be reasonably uniform over the absorption path lengths dictated
averaged= 125. that the path length be relatively short, i.e., 60 cm. The 10
detection sensitivity in a typical experiment was 230 per
cm?® (defined as the concentration where a signal-to-noise ratio
of unity could be obtained by averaging 100 laser shots).

was confirmed by measurements of laser fluence as a function
of position with the cell removed from the beam path.

10 radicals were detected using time-resolved visible absorp-
tion spectroscopy at 427.2 nm, the peak of the strong 4-0 band Initial experiments to examine 1O production and decay in a
of the AMI5,—X213;, transition of 10, for which the peak NO./Io/N, mixture showed that the appearance rate of 10
absorption cross section has been measured by HarwooéPet al. detected using 427.2 nm absorption was significantly slower
to be (3.6+ 0.5) x 10" cn? molecule?, independent of  than expected based on the rate coefficient for reaction 10
temperature in the 203373 K range. Because of the difference recommended by DeMore et at,i.e., 1.4 x 107 cm?
in resolution employed between the cross section measurementsnolecule? s~1. To explain this observation, it was hypothesized

of Harwood et al. and the absorption measurements describeoqhat IO was being produced in vibrationally excited states from
here, f_or the purpose of th_e present measurements a 10%eaction 10 and subsequently deactivated at a rate comparable
correction was applied to their reported cross section based %Mo or slower than the rate for reaction 10 under the conditions

their high-resolution data for the (4,0) band shape (i.e., convolu- . "
. . . . - employed. Because the detection method used was only sensitive
tion of a triangular slit function with the band shape at the L oo . .

to 10 in its lowest vibrational level, this could potentially

monitored wavelength). The output from a 150 W high-pressure : . .
xenon arc lamp was employed as the light source for 10 account for the observed behavior. To test this hypothesis, SF

detection. After optical collimation, the beam was passed twice Was added to deactivate vibrationally excited 10, i.e.,
through the photolysis region of the reaction cell nearly

collinearly with the 308 nm photolysis beam and then passed SK,+ 10(v = 1) — SK, + I0(v = 0) (112)
through a 0.22 m monochromator tuned to 427.2 nm (resolution
0.30 nm) to isolate the desired wavelength. A photomultiplier

tube (PMT) monitored the light level. The time-dependent fell int d t with that predicted b tion 10 al
current output of the PMT was sent through a fixed resistor, el into good agreement wi at predicted by réaction LU alone

and the resulting voltage was monitored and stored by a digital (S8€ Figure 3). SFwas added to the gas mixture to deactivate

signal averager with 8-bit voltage resolution. A 25RCtime V|brat!0nally excited 10 in all of the H@+ |0 rate coefficient

constant for the resistor/PMT circuit was chosen to give adequate€Xperiments.

temporal resolution for the observed time scale of the 10 decays. HO, radicals were detected via time-resolved IR tunable diode
Data acquisition was pretriggered relative to the laser flash |aser (TDL) absorption at 1371.927 cinthe center of a nearly

to obtainlo, the 427.2 nm light level prior to IO production.  coincident pair of strong HExovibrational absorption lines with
The |0 absorption cross section at 427.2 nm was used to converty compined integrated line strength of (12.3) x 10-20 cn?

measured |O absorbances to absolute concentrations using the, Jiacule cm2 at 296 K12 The output from a Pb salt IR TDL
Beer-Lambert law, (Laser Photonics L5600) was optically collimated and passed

Upon addition of 1 Torr S§ the observed 10 production rate

In(iy1) twice through the photolysis region of the reaction cell nearly
[1Io] = ¢ 0) collinearly with the 308 nm photolysis beam, giving an
o | absorption path length of 61.6 cm. The IR beam was then passed

through a 0.5 m monochromator (to isolate the desired TDL
mode) to a HgCdTe detector cooled to 77 K, which converted
the instantaneous detected IR power level to a voltage. The

wherel; is the 427.2 nm light level at a timeafter the laser
flash, o010 is the 10 absorption cross section, ahds the
absprp.tlon path ]ength. A typical 427.2 nm absorbance ten.moraldetector output was monitored by an 8-bit digital signal averager
profile is shown in Figure 2. The somewhat lower than deswablef diqitizati ; d furth Ivsi

signal-to-noise ratio for 10 detection results from the facts that or digitization, storage, and further analysis.

(a) chemistry considerations dictated that the 10 concentration The TDL was frequency modulated at 4 kHz over a narrow
be kept reasonably low and (b) the requirements that three lasespectral region surrounding 1371.927 ©mA portion of the
beams overlap, that the absorption path lengths for 10 and output beam was picked off and passed through a reference cell
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Figure 4. Plot of TDL signal minus baseline as a function of time for
experiment 6 (Table 3). 1
containing CHCI (which has an IR absorption line nearly
coincident with the H@line being used) and then to a second

IR detector. The output from this detector was used to generate

a phase-dependent feedback signal to keep the modulation region

centered around the GBI absorption line (and hence, the HO

line as well). Absolute H® concentrations were determined o X ; :

from the integrated line strength at 1371.927-&meported by gener_ated from nu_merlcal integration of the rate equations using the
h 5 . : - g chemical mechanism given in Table 1. Conditions are those of

Zahniser et at? A plot of a typical TDL data set is shown in  experiment 6 (Table 3). Points are measured data. Solickire10.3

Figure 4. Integrated absorption was determined by numerical x 1071 cm® molecule’ s (best fit); dotted line, simulation withg

integration of the area under the H@eaks in the digitized = 20 x 10~ cm® molecule® s7%; dashed line, simulation witks =
temporal profile using 5.0 x 107** cn® molecule® s72.

Time after laser flash (ms)

Figure 5. Measured and simulated H@nd IO temporal profiles

1 o 1 lo accounts for only £2% of the total rate coefficient in the 2
S=1; f In—dv =2 f In———dv (D)) 25 Torr pressure range). This procedure results in, HO
n 1(v) n lo = y(v) concentrations that are a factor of 1.650.10 (2, precision
whereSis the integrated line strength, is the HG number only) times larger than concentrations deduced from the 1372

) . . cm! absorption line strength calibrations.
density, | is the absorption path lengthy and I(v) are the
absolute detected IR signal levels before and after, HO Another check on absolute [HPwas based on CI atom

. . . . - titration. [H roduced in the absence of/NO, is nearl
production, respectively, andv) is thg detected signal deviation identical t[o %]I] Ero duced from lehotolysisoji e Zthe chlori)rlle
from the zero-absorbance baseline. The results were then toms are completely titrated to H@ia reactic;n.s;andB Gl
calibrated to peak absorption at each pressure employed, so that e chlorine atom concentration initially produced by the laser
peak absorbance could be used as a proxy for total absorbanceﬂash was determined from
The absolute baseline IR intensity at the detectgr,was ’
determined either by mechanically chopping the beam at 1 kHz [Cl], = 2[CL]E(cA/hc) (V)
or by inference from the measured integrated absorbance of a 0
known concentration of SOat 1371.934 cm' ([SO] was where [C}] is the molecular chlorine concentration prior to the
measured in situ using UV photometry at 253.7 nmy); the tWO |aser flash £ is the laser pulse energy per unit aredis the
methods agreed to within 5%. A typical measured 2HO 308 nm absorption cross section for,Cl is the laser
concentration temporal profile is shown in Figure 5. wavelengthh is Planck’s constant, anglis the speed of light.

Two secondary checks of the absolute Hé@ncentration  This [HO,] determination method gave results in excellent
were also available in this experiment. One was to observe theagreement with the two aforementioned methods within the
temporal profile of HQ in the absence obINO; to determine  ogimated uncertainty, which is primarily due to spatial variations
the HG loss rate. Under these conditions, pss is in the photolysis beam intensity and uncertainty in the Cl
determined solely (aside from very slow background l0sses) by concentration. Both secondary checks on H©ncentrations
the reaction were carried out for each value of [Hdnvestigated.

Temperature corrections for the HQine strength were
HO, + HO,— H,O, + O 12
2 2 Fme 2 (12) calculated on the basis of data compiled in the HITRAN 1996
The HO concentration is then related to the rate coefficient databas€ and using software provided with the database for
for reaction 12 via calcula_tlng the partition function and resultm_g temperature
corrections for the H®line strengths. The resulting combined
1/[HO,], = U[HO,], + 2k 4t (1 strengths of the nearly coincident line pair at 1371.927 tm
were: 1.21x 10729¢cm? at 274 K, 9.74x 1021 cm? at 333 K,
where [HQ)]o is the peak H@concentration, [HG]; is the HGQ and 8.49x 1072 cn® at 373 K. The results of the integrated

concentration at a timé past the peak, an#l, is the rate line strength measurements (see equation IlI) were calibrated to
coefficient for reaction 12. The [H£) absorbance data were peak absorption at each pressure and temperature employed,
calibrated so that a linear least-squares fit of the flHOvs.t so that peak absorbance could be used as a proxy for total
data gave the literature value fok;2 (2.4 x 10712 cm?® absorbance.

molecule® s71 at 296 K}! as the slope at each of the two I, concentrations were monitored in the reaction cell via

pressures employed (the pressure-dependent componknt of absorption spectroscopy near 500 nm. For these absorption
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measurements, the arc lamp was used as the source of 500 nABLE 1: Reaction Mechanism for Modeling HO, + 10
radiation. After passing through the reaction cell but before Temporal Profiles

entering the 0.22 m monochromator, the arc lamp beam was  reactants products k (cm®*molecule s7%)2
split and a small porti(_)n was directed_into_ a 0.25 m monochro- — 57 HO, allb variable

mator (1.0 nm resolution; not shown in Figure 1) tuned to 500 |0 + |0 allb 8.0x 10-1

nm. A photomultiplier tube at the monochromator output 10+ NO; IONO, 49x 1013
coupled to a picoammeter monitored the relative light level in 10 +NO I+ NO; 20x 107

the presence/absence of The concentrations of all other HO, + HO, H20; + O, 1.7x 1012
reagent gases were determined from their relative mass flow Egii mgz HgfioéH é’ii igﬂ
rates into the system, source concentrations, and the total system o background loss 25&¢
pressure. Temperature measurements in the gas flow through HO, background loss 25&¢

the reaction cell were performed using a 0.2 cm d|ameter a All rate coefficients are 298 K values and are obtained from ref
copper-constantan thermocouple. The thermocouple was in- 11 njess otherwise indicated; rate coefficients for association reactions
serted into the cell through a vacuum-tight joint fitted to a Teflon are 25 Torr values Because none of the products make important
disk, which was affixed to the cell in place of one of the contributions to secondary production and/or loss of 10 or,HO
magnesium fluoride windows. This allowed the position of the individual reaction channels were not specified in the mechanism.
thermocouple to be varied along the length of the reaction cell. © Estimated (see text).

Qono!itions during the temperature measurements were Setrap| 2. Rate Coefficients for Modeling HO + 10

identical to those of the rate coefficient experiments. Temper- Temporal Profiles at Temperatures Other than 298 K

ature variations as a function of position in the gas flow through
the cell were found to be less than 0G.

k (cm®molecule! s71)2

The gases used in this study had the following stated _'eactants  products 274K 333K 374K
minimum purities: He 99.9999%,09.999%, @ 99.99%, C} 10+10 allP 9.0 x 1012 6.7 x 101; 5.7 x 1012
99.99%, SE99.99%, b 99.99%, SG99.98%, CHOH 99.9%, IO +NO,  IONO, 6.6x 10" 2.7x 107 1.8x 10

10 + NO [+NO, 22x10%1 19x101 1.7x101

NO 99.0%; in the cases of £ISO,, and Sk, the stated purity HO, + HO, HyOo+ 0, 2.0x 102 1.4x 102 1.1x 102
refers to the ||qU|d phase in the high-pressure gas cylindey. SF HO,+ NO, HO,NO, 16x 102 88x 104 6.2x 1014

N2, NO, and Q were used as supplied. £CH3;OH, and SQ HO,+NO NO,+OH 8.7x10% 74x10%2 68x 1012
v;/]ere deglgassed_ repeatedly at 77 ’; anizthff::)d"l-ltegzllrt?m’\lo aTemperature-dependent rate coefficients taken from ref 11; ter-
the resulting mixtures were stored in Yréx buins.2 molecular values shown for 25 Torr total presstirBecause none of

was prepared by storing NO in a 12 L Pyrex bulb with a large the products make important contributions to secondary production and/
excess of @ allowing the mixture to react, was introduced or loss of 10 or HQ, individual reaction channels were not specified

into the gas flow via a continuous regulated flow of Which in the mechanism.
was maintained over crystalling to generate a dilute,IN»
mixture. background loss rate was assumed to be the same as that found

for 10. The overall error irks introduced by uncertainties in
the background radical loss rates is very small becaude (&)
sensitive to the absolute instantaneous value of JH®hich

A chemical model was developed to describe the system was measured directly) but not its time derivative, and (2) the
behavior and analyze the observed concentration temporallO background loss rate was much smaller than the loss rates
profiles. To most efficiently describe the system chemistry, the due to reaction 3, which always exceeded 1500 s
model was divided into two temporal regions=< 55 us andt Most of the reactions given in Table 1 have temperature-
> 55 us. Initially, the laser flash produces a large number of dependent rate coefficients. For analyzing the temperature-
radical species, and the resulting chemistry is very complex. dependence data, the rate coefficients in the model were adjusted
However, most of the radicals are converted toldOIO within on the basis of values reported in the literature. A summary of
50us of the laser flash, greatly simplifying the system chemistry. the adjusted values is given in Table 2; all values are for 25
It was found that a simplified chemical model could be used Torr total pressure.
for the analysis aftet = 55 us without loss of integrity, as Simulations demonstrate that once 10 andHfoduction
shown by direct comparison with the results of the complete are complete, H@loss is due primarily to its self-reaction and
model starting front = 0. This simplified chemical model is  reaction with NQ. IO loss is dominated by reaction with HO
given in Table 1. All rate coefficients in Table 1 are taken from with contributions from reactions of 10 with NONO, and 10
the literature except the background loss rates fop Ei@l 10, accounting for 16-35% of IO loss rates, depending on
which represent the effects of net diffusion of radicals out of experimental conditions. Under these conditions, the rate
the detection region and reactions with minor impurities in the coefficient for 10 + HO,, ks, and the HQ@ concentration
gas mixture. The background loss rate for IO was estimated by temporal profile are the strongest determinants of the shape of
observing 10 loss in the absence of KH@r various 10 the 10 temporal profile. To find the experimental value kay
concentrations, with special weight given to lower concentrations the differential equations describing the time rates of change
(which minimize the contribution from the 1& 10 reaction). of the chemical species in the simplified model (Table 1) were
Comparison between the observed concentration profiles andintegrated numerically using exact experimental conditions while
simulations showed the contribution from background losses iteratively varyingks to achieve a best fit to the measured HO
was small, and although no precise value could be derived, theand 10 concentration temporal profiles; in this fitting procedure,
value shown represents an estimate close to the observed uppédg was theonly variable parameter.
limit. Because detection was not as sensitive for,HO for As a result of differences in the H@Gnd IO measurement
10, HO;, loss could not be studied at low enough concentrations and data collection techniques, data collection could not be
(and hence, slow enough HQ@elf-reaction loss rates) for the  synchronized for both species at every point in time. For the
above procedure to give definitive results. Therefore, the HO inputs to the numerical integration routine, however, synchro-

Data Analysis
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nous HQ and 10 data were required. Therefore, Hncen- TABLE 3: Summary of the Experimental Results at T =
trations at times intermediate to the measured values were298 K
inferred by interpolation along a smooth analytical function fit concentratior10'3 cm~3) ks (10-11 ¢

to the HQ data via nonlinear least-squares analysis. The expt P (Torr) Cl, NO, I, CHsOH HOzmax [Omax Moleculels?)
function used was of the form exp(tac- 25t) * + y1), which 25 234 534 36.8 1080 279 029 1051
is an approximation of the functional form of the decay temporal 25 282 57.6 38.8 1060 351 0.37 9.61
profile assuming the HO+ HO, and HGQ + NO, reactions 25 304 54.2 39.0 1080 3.59 0.22 10.69
dominate. This approach was compared with other interpolation 25 205 53.6 383 1070 258 0.29 9.55

OCO~NOOUOITAWNE
N
)]

methods (data smoothing, polynomial spline) and judged 152 52.1 439 1030 ~ 1.91  0.30 10.52
: ) : , 25 202 53.3 43.9 1050 249 0.30 10.33
superior. Residuals obtained from fits of the H@ata to the 25 350 650 43.9 1050 401 033 9.84
above functional form were always randomly distributed about 25 392 64.6 44.8 1080 450 0.34 8.63
zero over the entire time interval of interest for determination 25 441 64.7 448 1060 4.87 0.36 9.21
of ks 10 25 506 64.4 448 1090 5.49 0.37 9.33
' - . 11 25 580 64.6 448 1090 6.44 0.34 8.50
The analyses for derivings were performed using FAC- 12 25 288 532 51.5 1010 3.55 0.29 9.59
SIMILE (release 3.05, United Kingdom Atomic Energy Author- 13 25 468 54.4 51.5 1030 4.98 0.30 9.81
ity), a software package that performed the iterative fits to the 14 25 371 525 51.5 1020 431 0.30 10.10
data. Figure 5 shows the simulated decay temporal profiles of 1> 25 410 52.0 40.2° 1310  4.62 0.29 10.08
HO, and 10, respectively, resulting from the analysis of a typical 1625 355513 402 1330 396 0.30 S.r
2l , resp ely, ¢} ) y p 17 25 309 51.6 40.2 1330 3.43 031 9.71
experiment, along with the measured profiles for comparison. 18 25 500 52.1 416 750 5.34 0.29 9.42
To demonstrate the sensitivity of the data kg simulated 19 25 290 52.7 416 790 3.16 0.30 9.67
temporal profiles that employdd values somewhat higher and g? ig 3% gi-i fé-g 13)??) ‘é-‘éé 8'33 18-;‘3
somewhat lower than the best fit value are also shown. Under 5 12 157 518 438 1020 194 031 977
the experimental conditions employed (i.e., #S- [10]), the 23 12 268 512 438 972 343 0.30 9.51
IO temporal profile provides a sensitive indicatokgfwhereas 24 12 318 52.0 438 987 421 031 9.38

the HQ, temporal profile is relatively insensitive ta. aThe concentration of ©was 1.0x 10 molecules cm?, and the

To determine the sensitivity of the results to variations in concentration of SFwas 3x 10 molecules cm? in all experiments.
the input parameters, several analyses were performed in which
the reactant concentrations and assumed rate coefficients wergower than would otherwise be generated. The products of
independently and systematically varied. The final valuésof  reaction 13 are of insignificant consequence in subsequent
was found to vary in approximately inverse proportion to the chemistry.
peak HQ concentration, as would be expected under truly  Ajthough reaction 10 is the dominant O atom reaction

pseudo-first-order conditions. Variations in [I0] that reflected pathway, approximately 3% of O atoms react with H©
a+25% uncertainty in the 427.2 nm absorption cross section, produce OH via

on the other hand, produced a change of less than 1% in the
resulting mearks derived from the analysis. The rate coefficients 3
for the rgeactions IOk 10, NO, + 10, a)r/1d NO+ 10 were also O(Py +HO,—~ OH+ O, (14)
simultaneously varied within the limits of their estimated
uncertainties £50%, £30%, and-:20%, respectivelytl) to The OH thus produced reacts with to produce HOI and |
determine the potential contribution to the uncertainty in the atoms and to a much lesser extent with OHl to generate
value ofks (NO is formed along with G5 via NO, photolysis, ~ Wwater and CHOH, the latter of which generates HQs
i.e., reaction 9). In a typical room-temperature experiment at described above.
peak [IO], the contributions to the IO loss rate from each of
the above reactions is I1& 10, 240 s'1; NO, + 10, 215 s'1; Results and Discussion
NO + 10, 20 s'1. These reactions were found in combination
to result in variations in the value &¢ of between+8% and
+15%, depending on experimental conditions (primarily.HO
concentration, and to a lesser extent temperature). Finally,
variations by factors of five (up or down) in the initial estimated
value ofks input to the model had no effect on the valuekgf
to which the simulations ultimately converged.

Reactions 610 comprise the primary radical reactions
involved in the generation of HCand 10 during the first 5&s
after the photolysis laser flash. Side reactions which generated
other radical species also occurred on this short time scale,
however. Most are of little consequence in determining the
chemical evolution of the system; however, a few warrant
detailed consideration for understanding the system chemistry
on short time scales. One such side reaction is the Cl atom
removal process

The exact conditions used in all experimental runs used to
obtain the value foks are given in Tables 3 and 4, along with
the resulting rate coefficient derived from each. An unweighted
average of the values obtained from individual experiments at
298 K givesks = (9.7 1.0) x 10 cm® molecule! st where
the uncertainty is@and represents precision only. An additional
large source of error is due to the uncertainty in the room-
temperature line strength for H@t 1372 cm®. When this is
combined with estimates of other potential sources of systematic
error (discussed above), one obtakg98 K) = (9.7 + 2.9)

x 10711 cm?® molecule’! s™1. The temperature dependence of

the reaction is described by the Arrhenius expreskion (9.3

+ 3.3) x 10712 exp(680+ 110/T), where the quoted uncertain-

ties are the standard deviations in the slope and intercept of a

In k vs T fit of the data (see Figure 6). The average values

determined at each temperature are summarized in Table 5.

) 5 The uncertainties given in the above Arrhenius expression
CI(P) + I, =~ ICI + I(°Py (13) do not provide a very good indication of how the uncertainty

in ks varies as a function of temperature; a reasonable approach
which accounts for up to 17% of Cl atom loss. The fact that Cl for specifying this uncertainty parameter is to employ the
atoms are titrated to generate pHi@sults in peak [Hg} slightly following relationship!
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TABLE 4: Summary of Experimental Results at
Temperatures Other Than 298 K

concentratiorfs(10t cm3)
expt T(K)b Cl, NO,

ks (10~ crrd
CH3zOH HO; max 10max moleculels™1)

I2

25 274 387 63.9 28.2 1240 5.09 0.16 12.49
26 274 230 575 28.2 1220 3.15 0.22 9.82
27 274 308 58.9 28.2 1160 416 0.21 9.57
28 274 482 65.7 28.2 1220 6.21 0.18 11.48
29 274 193 58.2 28.2 1230 262 021 10.56
30 274 595 66.2 28.2 1220 6.83 0.18 10.89
31 274 684 643 28.2 1220 7.29 0.19 11.79
32 274 349 654 282 1230 464 0.20 9.68
33 333 323 815 40.6 1160 3.29 0.38 5.31
34 333 245 82.0 40.6 1160 2.66 0.46 6.08
35 333 489 81.0 40.6 1140 533 034 6.34
36 333 416 81.1 40.6 1140 454 0.50 6.85
37 333 365 82.2 40.6 1150 3.84 0.54 6.99
38 333 548 83.1 40.6 1140 539 049 7.97
39 333 281 81.4 40.6 1150 296 051 6.82
40 333 317 82.3 40.6 1140 3.34 0.50 6.79
41 373 323 109 41.2 1070 3.14 044 6.48
42 373 493 109 41.2 1060 456 0.37 5.60
43 373 372 106 41.2 1190 335 0.35 5.80
44 373 615 105 41.2 1170 549 0.33 5.97
45 373 426 105 41.2 1160 3.73 043 6.43
46 373 695 106 41.2 1150 6.02 0.39 4.97
47 373 559 105 41.2 1140 518 0.44 6.57
48 373 772 97.7 351 1090 7.01 0.32 5.44

aThe concentration of ©was 1.0x 107 molecules cm?, and the
concentration of SFwas 3x 10 molecules cm? in all experiments.
b The pressure was 25 Torr in all experiments.

1_-1

k, (10" cm’molecule’’s™)
=

L

3.0

e
1000/T (K)
Figure 6. Arrhenius plot for the H@+ 10 reaction. The solid line is

2.6 3.8

obtained from a least-squares analysis of our data (open circles) and

represents the Arrhenius expression %3107%2 exp(6801) cm?®
molecule? s™. The dashed line is obtained from the unpublished data
of Knight and Crowley (ref 14). The solid circle is the 298 K rate
coefficient reported by Jenkin et al. (ref 7), and the solid square is the
298 K rate coefficient reproted by Maguin et al. (ref 8).

TABLE 5: Summary of HO ; + IO Rate Coefficients as a
Function of Temperature

avk (10 % cm?

T (K) no. of exps molecule s73)2
274 8 10.8£ 1.0
298 24 9.+ 1.0
333 8 6.6t1.4
373 8 59+ 1.0

aUncertainties are 2 and represent precision only.

f(T) = 1(298) ex;HA—RE (% i Zigg)’ V)

In equation V f(T) andf(298) are uncertainty factors in the rate
coefficient at temperatures T and 298 K, respectively, aB(R
is an estimated uncertainty iB/R (E, = the experimental

Cronkhite et al.

activation energy). As discussed abof(898)~ 1.3. Choosing
AE/R = 150 K gives the reasonable uncertainty fact$254)

~ 1.36 and(374)~ 1.44 at the high- and low-temperature limits
of our study.

There are two previously reported measurementis(@98
K) in the literature. The present result at room temperature is
in excellent agreement with a study by Maguin ef ghat
experimentally determined the rate coefficient to be (1403
0.13) x 10719cm?® molecule s~t using a discharge-flow/mass
spectrometry technique but 50% faster than that reported by
Jenkin et al’, who measured a value of (64 0.7) x 101!
cm® molecule’? s~ using molecular modulation to produce
radicals in a CHOH/I,/O3/O4/Ar mixture (760 Torr) and UV/
visible absorption spectroscopy to monitor the time-dependent
behavior of the radicals. There are no literature reportg at
temperatures other than 298 K. Both previous studies were
performed with HQ in approximately 10-fold or greater excess
over 10, although Jenkin et al. employed a more limited range
of conditions than either Maguin et al. or this study. Maguin et
al. suggested that if reaction 3b (see below) is a significant
channel, | and OH would be instantly converted back to 10
and HQ in the reaction mixture employed by Jenkin et al. (via
reaction with Q), possibly explaining the slower rate coefficient
reported by Jenkin et al. (reaction 3b would not affect thee HO
or 10 temporal profiles in this study). Vibrationally excited states
of 10 were found to be a potential problem using 427.2 nm
detection in this study and were therefore deactivated rapidly
by the addition of SE; their fate in Ar is not well-known.
Detection of HQ by UV absorption is subject to interferences
from other absorbers produced in side reactiongOg- for
instance).

An unpublished temperature-dependence study of reaction 3
has recently been performed by workers at the Max Planck
Institute in Mainz, Germany using a discharge-flow reactor with
mass spectrometric detection of ¥Opreliminary results appear
to be in good agreement with the present study over the
temperature range of overlap between the two.

Reaction 3 has four potentially energetically accessible
reaction channels:

HO, + 10 — HOI + O, (3a)
—OH+I1(*P)+ 0O

)+ O, (3b)

—HI + 0, (3c)

— HO,10 (3d)

Although significant uncertainties exist in the heats of formation
of HOI and 10, channels 3b and 3c are probably endothétrific
and therefore would not be expected to be important at the
temperatures investigated in this study. Maguin étd#tected
HOI as a primary reaction product, and although they could
not determine a branching ratio, failure to detect @gues
against the importance of channel 3c. Further studies are needed
to determine the branching ratios for reaction 3.

Because HOI is likely to be a major product of the 1O
HO; reaction, one potential kinetic complication which needs
to be considered is 10 regeneration via the secondary reaction

HO, + HOl — H,0, + 10 (15)

Although there are no kinetic data available in the literature for
reaction 15, it seems safe to assume that this reaction is
unimportant, i.e., thak;s < ks, because the best available
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thermochemistid#16 suggests that reaction 15 is endothermic HO, + NO— OH + NO, (16)
by 31+ 14 kJ mot™%.

Maguin et aP speculate that the reaction mechanism for the in atmospheric environments where reactive iodine is likely to
HOI formation channel involves H atom transfer-(---H— be significant. Measurements in the tropical and midlatitude
0O—0), citing the high rate coefficient as rationale. The finding Western Pacific during the Septemb&ctober 1991 Western
of a negative activation energy in this study, however, argues Pacific Exploratory Mission A (PEM-West Af*allow such a
in favor of a long-range attractive interaction between 10 and comparison for various altitudes in atmospheric environments
HOO-, which suggests that reaction occurs via initial 10 attack influenced largely by marine sources. In the tropical Western
on the radical site in HOO The HGQ + XO (X = Cl, Br, 1) Pacific, CHl measurements show mean mixing ratios of 0.6
reactions all appear to have negative activation energies, withpptv from near the surface to the top of the boundary layer,
the 298 K rate coefficients increasing as X is substituted in the dropping gradually to 0.1 pptv near the tropopause, leading to
order Cl < Br < 1.11 This pattern could be attributable to estimated total reactive ioding(lx = | + 10 + HI + HOI +
increasing tendency of the larger XO species to access the2l202 + INOy) mixing ratios of 0.3-0.5 pptv, respectively;lx
available triplet surfaces through spin-orbit coupffighe HG, concentrations would be higher in the presence of multiple
+ BrO reaction probably proceeds via formation of HOOBrO Source gases, a more likely scenario. Davis étpabposed |
and subsequent formation of a cyclic intermediate that decom- Values in the range 157 pptv as reasonable possibilities. PEM-
poses to HOBF- 018 this is also the likely mechanism for ~West A measurements of NO show mixing ratios in the tropics
the HQ, + CIO reaction8 Ab initio calculations by Francisco ~ Of 0—10 pptv (mean=2 pptv) in the boundary layer, rising
and co-worker®20show that the HCI@isomers have the same ~ 9gradually to 16-50 pptv (mear=~ 20 pptv) in the upper free
energy ordering as those for HBsOThese patterns suggest the tropo_sphere. At a temperature of 300 K the ratio of the rate
same mechanism for HOF 10. The HBrQ; isomer HOOOBrF coefficientsks/kis is 12 (using our results for HO+ 10 a'nd
is thought to be quite stablé suggesting that the analogous the DeMore et al. recommendatiérior HO, + NO), leading

species HOOOI may also be relatively strongly bound. The to ratios of the total IO/NO con\_/ersic_)n rates of 92 over the
species HOOOI could dissociate to Hf O via a cyclic range of estimated,Iconcentrations in the boundary layer at

intermediate but, as discussed above, this pathway does nofhe measured mean NO concentration (2 pptv). At a temperature

apppear to be energetically favorable. Hence, HOOOI warran'[sOf _230 K, kolksg rises to 17, leading to I0/NO conversion rate
consideration as a potential reaction product, particularly at ratios .Of -6 for mean .NO above 10 km (20 ppt). In t_h(_a
upper tropospheric and lower stratospheric temperatures. Abmlc.jlatltude.Western Pacific, NO measurements showed mixing
o : - ratios ranging from 0 to 10 pptv in the boundary layer (mean
initio calculations of the structures and energetics of the HIO
. . . . o = 2 pptv) to 40-200 pptv at 11 km (mear 100 pptv). CHI
isomers would be helpful in assessing this possibility, as well .
as the stabilities of all potential products of channel 3d. measurements a\(eraged :.I"O pptv in the boundary layer, drqpped
} ) S i to near 0.1 pptv in the middle troposphere, and rose again to
Because reaction 3 is the rate-determining step in the 0zonepgarly 0.5 pptv at an altitude of 11 km. Using the same tqtal |
destruction cycle involving reactions-3, it is of importance  estimates as for the PEM-West A tropics, the I0/NO conversion
in determining the potential role of iodine in ozone chemistry rate ratio in the midlatitude measurement region is in the same
in the atmospheric regions where J@nd HQ levels are  range in the boundary layer as for the tropics but drops to
reasonably high. These include the marine boundary layer, wherep 25-1 at 11 km. On the basis of the above discussion, it seems
concentrations of the source gas {LHave been measured at |ikely that the HQ + 10 reaction exerts an important influence
between 1 and 50 pp#%?2 the middle and upper tropical  on the OH/HQ concentration ratio in the troposphere.
tropospheré,and possibly the lower stratosphéravis et aP
used recently available data to calculate the effects of the iodine  Acknowledgment. This research has been supported through
cycles involving reaction 3 and the 1&® 10 reaction as the Grant NAG5-3634 from the National Aeronautics and Space
rate-limiting steps for various G3Hmixing ratios. These workers ~ Administration—Upper Atmosphere Research Program. We
found that inclusion of iodine chemistry (assuming 7 pptv total thank John Crowley and Gary Knight for communicating their
reactive iodine) could increase total tropospheric column ozone results to us prior to publication.
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