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The rate coefficient for the I& BrO — products (1) reaction was measured using pulsed laser photolysis
with a discharge flow tube for radical production and pulsed laser-induced fluorescence and UV absorption
for detection of 10 and BrO radicals, respectively. Reaction 1 was studied under pseudo-first-order conditions
in 1O with an excess of BrO between 204 and 388 K at total pressurests &orr. The Arrhenius expression
obtained for non-iodine atom producing channel&$T) = (2.5 + 1.0) x 107 exp[(260+ 100)/T] cm?
molecule! s~ independent of pressure. The rate coefficient for the reactiorHBBDO — products (2) and

the UV absorption cross sections of BrO as a function of temperature were also determined as part of this
study. The implications of these results to the loss rate of stratospheric ozone are discussed.

Introduction BrO Absorption Cross Sections. BrO Absolute Absorption
Cross Sections The absolute absorption cross section of the
(7,0) band in the Allsp — X213, transition of BrO was
determined using transient UV absorption following pulsed
photolysis of NO/O, and NO/Br, mixtures. The apparatus
has been described in previous pagérsThe apparatus consists

of a temperature-controlled absorption cell (87 cm long), a
pulsed photolysis laser (193 nm, ArF excimer laser), and a UV
probe light source (cw 75 W Xe lamp) combined with a 0.25
monochromator/photomultiplier (PMT) detector.

The photolysis laser beam (0.1 Hz) was copropagated through
e absorption cell with the probe beam. The probe beam, upon

In the preceding papérwe described the role of iodine
chemistry in the lower stratosphere and marine boundary layer
and its potential contribution to the observed low-altitude ozone
depletion in the extrapolar regions. Enhanced levels of BrO
and IO have been measured (BrO) or suspected (IO) in the
Arctic winter/spring lower troposphere, where ozone depletion
episodes have been obserdedhe reactions of IOF BrO (1)
and BrO+ BrO (2) play an important role in interpreting this
ozone depletion because both iodine and bromine can be rapidl)/ﬁn
released into the atmosphere from their source gases or sea sa“1

particles. . . .
In this paper we report rate coefficient measurements for the exiting the cell, was dlrec_ted onto the entrance slit of _t_he
reactions monochromator tuned to either the peak of the (7,0) transition

of BrO (~338 nm) or the @absorption (253.7 nm). The output
of the PMT was offset by a DC bias, and the difference was
amplified and fed to a signal averager that was pretriggered to
channels) (1a)  acquire the light intensity prior to the laser pulse. BrO was
(1b) generated following the pulse (see below), and the light intensity
was recorded as a function of time. The monochromator
resolution, 0.5 nm (fwhm), was set by adjusting the slit width
while monitoring the 253.7 nm emission from a mercury pen
. ray lamp.
BrO + BrO— products 2) In a series of back-to-back experiments, while keeping{N
as functions of temperature. Supplementary to these studies2d the Iasgrfluence constant, BrO a”’?"@re produced ”0”.‘
we also report BrO l.ﬁ)v absorptioan:F;oss sectigns over the same©CP) reactions. GP) was produced via 193 nm photolysis
temperature range and model calculations on the atmospheric;Of N20O in Nz (500-550 Torr):
implications of the 10+ BrO and 10+ CIO reactions.

10 + BrO — products (non-iodine atom producing

— | + products

wherek; = kja + ki, and

N,O + hv — N, + O('D) ()

Experimental Section N 3
O(D)+ N,—O(CP)+ N 4
The experiments described in this paper were carried out on (D) 2 P) 2 “)

two different apparatus. The first part of this section details Br, was added to the cell to produce BrO via the reaétion
the measurement of the BrO absorption cross sections and the

BrO self-reaction. The second part pertains to the generation O(3P)+ Br,— BrO + Br (5)
and detection of 10 and BrO for the determinationkef

- BrO formation was essentially instantaneous on the time scale
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was measured. §produced from @photolysis in the cell and 7.0)
in the beam path external to the celH{20% of that produced (a) BrO :
with N2O in the cell) was measured without® in the cell

and subtracted. BrO profiles were analyzed for second-order
loss of BrO, reaction 2, and extrapolated to time zero to obtain
Agro, the absorption due to the initial BrO production.; O
absorbance profiles also showed a rapid rise to an asymptotic
value. Absorbance values measured at long times were averaged;
to obtain A%, the absorption due to Oproduction. The = |

concentration of @and BrO formed are equal to the initial '-10‘5/ \l \MUU\/ Br,x5

/

cm? molecule!

H
<
~
e ———
—
I

concentration of 3P) atoms produced, and the absorption cross CF;l ANy
section of the (7,0) band of Br@%©) is given by oS -

0.0 ' - T - '
Bro 240 260 280 300 320 340 360 380

BroO __ O3 Wavelength, nm
o _Ao30253.7nm V) g

BrO abs = 0.0043

il Mh A
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v

AQ, abs = 0.0095

where 052, ;,miS the absorption cross section of @t 253.7
nm. The analysis of the BrO temporal profiles also yielded
the ratio X/(0®©l), which when combined with the BrO
absorption cross section yields o8© andk, were determined
at nine temperatures between 204 and 388 K.

Reaction of 10 + BrO. The apparatus used to study reaction
1 was described in the previous papeiherefore, only the
modifications for this study are described hekg was measured
under pseudo-first-order conditions with BrO in excess. BrO
was generated in a discharge flow system and passed into the h

g e

£ |

Absorbance, 107

reactor, which doubled as the absorption cell, where [BrO] was
quantified by UV absorption. 10 was produced by pulsed laser 10T 260 280 300 320 340 360 380
photolysis in the reactor, and its temporal profile was monitored Wavelength, nm

by pulsed LIF? Because BrO is more reactive than CIO,

contributions from secondary chemistry are more problematic 19ure 1. (@) UV reference absorption spectra of, @rO, and Bg.
and need to be addressed to deternkine (b) Lower trace is a BrO spectrum measured before subtracting a

) . reference ozone spectrum. The upper trace (offset from zero for clarity)
BrO Source for Reaction.1BrO was produced in a Pyrex s the BrO spectrum with ©subtracted.

flow tube (2.54 cm i.d. and 28 cm long) with a Teflon insert to _ _ _
minimize the loss of free radicals on the wall. A dilute mixture TABLE 1: Absorption Cross Sections Used in These
of Br, in He was passed through a microwave discharge locatedEXPeriments

on a side arm of the flow tube. Ozone was added to the flow species A (nm) o ref
tube via a movable injector (0.6 cm o.d.). The tip of the CFRl 266 6.44 26
movable injector was positioned downstream of the Br atom 193 <0.1 b
port. BrO was produced via the reaction Os 253.7 116 27
193 4.33 27

- Br: 370 1.82 28

Br + Oy~ Bro + 0, (7) NZO 193 0.895 5

This BrO source was preferred, over reaction 5 for example, = Units for o are 10*° cm? molecule™. ® Estimated from ref 26.
because the ©will scavenge any Br atoms produced in reaction o _ _

2. Typically, flow rates of 1734 cn? s~1 (at 6-15 Torr) of on and the light intensityl} was recorded. The absorption

a mixture of N (~10%) and He £90%) were used with linear ~ SPectrum was determined using the relattor In(lo/l) = nol,

gas flow velocities of 508900 cm sL. The residence time of wheren was the concentration,was the differential absorption
the gas in the reactor was 480 ms. The concentration of ~ Cross section, and was the path length. An example of a
BrO was varied from (1 to 25% 10*2 molecule cm3, and the measurement is shown in Figure 1b (lower trace). The negative

concentration of ozone in the reactor was-£9) x 104 ozone absorption is due to the loss of ozone via reaction 7.
molecule cm3. Becausek; decreases with temperatiie(T) Due to recycling of Br atoms produced in the BrO self-reaction,
= 1.7 x 10711 exp[—(800+ 200)/T] cm3 molecule’ s~3}5 the there is not a one-to-one correspondence betweglodand
concentration of @ was increased at lower temperatures to BrO formed. Adding back part of the &bsorption, using a
recycle Br atoms efficiently. reference spectrum, yields the upper trace in Figure 1b (offset

Measurement of [BrO] in Determining k Absorption spectra  from zero for clarity) attributed to only BrO. Although [Br
were recorded over the wavelength range between 220 and 38%hanges slightly, it is not measurable due to the smaltBrss
nm with a diode array spectrometer. This range allowed section in this wavelength region. To minimize effects due to
simultaneous measurement of both@d BrO. As shown in base line shifts, differential cross sections were used to calculate
Figure 1a, Bs and CRl also absorb in this region. Table 1 [BrO]. Reference BrO absorption spectra over the range-240
lists the absorption cross sections used to determine concentra380 nm were measured with the diode array spectrometer with

tions of these species. a 0.5 nm (fwhm) resolution at each temperature. These spectra
The determination of [BrQ] involved two steps: (i) first the were placed on an absolute scale using the absolute cross section
light intensity (o) was measured with ©and Bp flowing measured for the (7,0) band, and the differential absorption cross

through absorption cell, and (ii) the discharge source was turnedsection was calculated.
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The absorption cross section of BrO is temperature dependent,
and an accurate determination of [BrO] requires a constant tem-
perature over the entire absorption path. Therefore, the entire
reactor was cooled, and the temperature gradient along the length
of the reactor was measured. The cell windows were insetinto o - 4 h‘;’\;;‘“\ A.q;vxvﬁé@[w%ﬁ;ﬁﬁw\Aﬁ“".‘;"“*‘;ﬁ‘.’:’-fw S
the reactor at positions where the temperature was constant alonge i oy
the length of the cell. This is the primary difference in the "’"\,.M

40+ : Wf‘
° . ALV
At W

80 — A
-\, BrO,338.6nm

0;,253.6 nm

1

apparatus used here and that used in the CIO expefinvhete

only a portion of the cell was cooled to reduce@ formation.

The temperature at the intersection point of the photolysis and
probe lasers was measured by inserting a calibrated thermo-
couple through a movable injector under flow conditions 2 -
identical to those used in measurikg He (<5% of the total .
flow) was injected in front of the reactor windows through which 1 2 3 4 5
the photolysis beam entered to prevent formation of deposits ° M _____________________________________________________
on the windows. The flush gas slightly changed both the . L L L I
composition at the extreme ends of the absorption cell and the .
path length for measuring absorbance of BrO. To determine Time, ms

the effective path length, GFwas flowed through the celland  Figure 2. Temporal profiles of the BrO absorption measured at the
the absorbance at 253.7 nm was measured with the diode arraypeak of the (7,0) band ands@®53.6 nm) taken at 220 K. These profiles
spectrometer. Using the known cross sections and th¢ CF were used to calculate the BrO apsolute absorption cross section at
concentration (calculated from measured flow rates), the effec- tTer:Z ﬁigiri?;r:éncjr?;é? dSeE:S I}f) tvgg'ﬁ%izeggzl resolution of 0.5 nm.
tive path length was determined to be 36:60.4 cm, <1% P '

8

Absorbance,

=
=
T

>
k-

1/Absorbance
8 8

shorter than the physical length of the cell (37 cm). TABLE 2: BrO Absorption Cross Sections Measured as a
IO Production 10 was produced via the 193 nm photolysis Function of Temperature

of an QJ/CFsl mixture in the reactor. The photolysis laser beam T(K) absoluté differentiaP
passed through the cell counter to the direction of the gas flow. 388 112 0.94
O(*D) produced by photolysis of was quickly quenchédo 369 123 101
OCP) by N;; OCP) reacted with C# to produce IO O; was 329 1.45 1.22
added with the main He/Nflow and CRl {(8—24) x 10* 298 1.63 1.44
molecule cm®} directly to the reactor. The initial concentration 273 1.84 1.66
of 10 was kept below Z 10! molecule cm? by using<(0.1— 252 1.88 1.68
0.75) mJ pulse! cm=2 of 193 nm laser fluence with (320) x %g; ;'gg i'g;
10" molecule cm?® of O3. CRl photolysis was an insignificant 204 215 1.93

source of I0. The 1O decay rates measured in the absence of 2 Absolute absoroti i its of Fan? molecule™

BrO, with varying photolysis laser fluence, showed that IO loss determsir?eudea? tﬁgrgg;rl‘( C(:fofﬁese(f g)nb(;r?éso(f) hy érwzmﬁ e)fzune;zg

was determ'_ned by flow out of the detection zone and not by BrO transition at~338 nm meast’Jred with a resolution of 0.5 nm

its self-reaction. (fwhm). P Differential cross section between the (7,0) band and the
Materials N, (UHP,>99.9999%) and He (UHP, 99.9999%), valley at shorter wavelength. Units are in~30cr? molecule’™.

N-O (electronic grade), and GIH99%) were used as supplied,

and their flow rates were measured using calibrated electronic  BrO + BrO Reaction Rate Coefficients. Temporal profiles

flow meters. The concentrations of @ and CRl were of BrO were measured in (45) Torr of N;O, with ~9 x 104

calculated from flows, and the total pressure was measured bymolecule cm?3 of Br, and~500 Torr of N. The concentration

a 100 Torr capacitance manometer. TheslGfoncentration  of Br, was estimated from the rise time for BrO. It was assumed

was verified by UV/visible absorption. A dilute mixture of Br that the loss of (_'?(3) was due So|e|y to reaction k& = 1.4 x

in He was made by passing He through a trap containing Br 10-11 cm? molecule s~1,° and that NO, N,, and Be do not

(99%), which was used without purification. The concentration react with BrO. The loss rate of BrO due to

of BrO was varied by changing the flow of He and/or the

temperature (208238 K) of the Bp trap. & was produced BrO+BrO—2Br+ 0 (2a)
by passing @ (UHP) through an ozonizer and trapping it on 2
silica gel at 195 K. Ozone was added to the flow tube by —Br,+ 0, (2b)

passing a small flow of He through the silica gel trap, and its
concentration was measured by UV/visible absorption at 253.7

A, is given by
Results d[BrO
, , . ) Brol_ [BrO]? (I
BrO Absorption Cross Sections as a Function of Tem dt 2

perature. BrO and Q temporal profiles obtained using the

monochromator/PMT combination in back-to-back experiments Integration of eq Il yields

are shown in Figure 2. Although there is no obvious change

in the width of the vibronic bands, the BrO absolute absorption 1 1
cross sections increase linearly with decreasing temperature and =

are described well by®O(T) = 3.29-(5.58 x 1073) x (T) in [BrO]; [BrOJ,
units of 10Y7 cn? molecule® where the temperature is in

kelvin. The absolute and differential absorption cross sections which, when expressed in terms of the measured absorbances,
obtained at nine temperatures are given in Table 2. leads to

+ 2kt ()
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1 1 2k2t TABLE 3: Results for k,, Determined in This Experiment

A[BrO - Agro o (V) T (K) ko number of measurements
388 2.77+ 0.16 3
Here A’ is the BrO absorption at time, k, is the rate 368 2.99+0.30 °
coefficient for reaction 2¢®© is the BrO absolute absorption gg’é ggi 8'%2 Z
cross section, anldis the length of the absorption cell (87 cm). 273 391+ 0.13 4
A plot of 1/A’™ vs reaction time was linear with a slope of 252 3.86+ 0.27 2
2k,/(0®©l) and an intercept of B (Figure 2, inset). Using 237 4.04£0.12 4
the cross sections determined abokewas calculated from ggi iggi 8:22 g

the measured slopes. The rate coefficients are given in Table
3 and plotted in the Arrhenius form in Figure 3 (filled circles).
Our results are well represented by the expreskifn = (1.70

+ 0.45) x 10712 exp[(215=+ 50)/T] cm® molecule’ s™L. This

aUnits for the rate coefficient are 1& cm® molecule® s, and

the uncertainty given is®from the fit.

10

expression was obtained from a weightedsfiieast-squares o
fit to a linearized form (Irk, vs 1/T) of the Arrhenius expression. ::
The quoted uncertainty includes Precision from the fit plus Al
20% uncertainty for estimated systematic errors and the "
uncertainty in the BrO absorption cross section (10%). o7
BrO + IO Reaction Rate Coefficients. Reactions influenc- § af .
ing the rise of the IO concentration were g E
Ld 3F
: %
0, +hv— 0, + O('D) (8) o
=
v— 2l
Oo('D) + N,— O(P)+ N, (4) £ $
O(P)+ CF;jl — CF, + 10 (9a)
| 1 | J.
— products other than IO (9b) L—r 3.0 35 4.0 as 50
5 1000/T(K)
O("P)— loss (10) Figure 3. Arrhenius plot ofk; vs 10007 (K) (this work: filled circles),
3 yielding the expressioky(T) = (1.70 £+ 0.45) x 1012 exp[(215+
O(°P)+ Br,— BrO + Br (5) 50)/T] cm?® molecule’ s™%. The results from Mauldiret al® (W) are
scaled to our BrO cross sections, while those of Saeder!* (a)
OCP)+ BrO— Br + 0, (11) and Turnipseeet al'” (), are those quoted by the authors.

Quenching of OD) by N, is rapicP on the time scale of the
subsequent chemistry. Reaction 9 produces 10 with a yield
>80%8 Sufficient CRl {(8—24) x 10 molecule cnm3} was
present for 10 formation to be complete in200 us. OEP)
atoms were lost via reactions 9, 5, and 11. Whenever [BrO]
was varied, the concentration of @kvas adjusted to maintain
approximately the same maximum 10 signal. Since3f0§
< [BrQ]o, any contribution to the BrO concentration from
reaction 5 was insignificant compared to the total [BrO].

The decay of the IO signal was controlled by the reactions

1000 |

10 Signal

100 3

10 + BrO — products (non-iodine atom producing

channels) (1a)
(1b)
(12)

0.000 0.001 0.002 0.003 0.004 0.005 0.006

— | + products

0.007

Time, s
IO — loss _ . .
Figure 4. Plot of 10 signal from laser-induced fluorescence as a

function of BrO concentration (filled circles were measured with [BrO]
=0, filled squares with [BrO} 6.77 x 10> molecule cm?, and filled
diamonds with [BrO]=14.4 x 10'2 molecule cm?3). The solid lines
are fits to eq V.

In the presence of a large concentration @f Datoms are
recycled to 10 by the reaction:

| +0,— 10+ 0, (13)
whereKy3(T) = 2.3 x 1011 exp[—860/T] cm3 moleculels 17 whereky = kifBrO] + ki andka = ko[CFsl] + ku[BrO] +
making these measurements insensitive to channel 1b. TemKs[Bra] + kio. Because the loss of IO was-280 times slower
poral profiles of 10 measured at various BrO concentrations, than its rise, usually only the decay of 10 was measured and fit
in excess @ are shown in Figure 4 and are described by the to the equation
expression:

[10], = [10] £ (V1)

_ kedOJICF4] ! 0
ke — Ka

[10], e —e™ %)

to obtainky. Values ofk;, determined using eqs V and VI were
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25 3.0 35 4.0 45 5.0
100071 ()
[BrO], 10" molecule cm™ Figure 6. Plot of ki, (Iog scale) vs 10007 showing the temperature
Figure 5. Pseudo-first-order rate coefficiend, as a function of BrO dependence of the total rate coefficient for reaction 1a measured in an

: ; " ; f @ A fit to all of the data give an Arrhenius expression for
concentration at 298 K. The slope yielded the first-order reaction rate excess o -
coefficient of (6.07+ 0.34) x 10-11 ¢ molecule s %, The cluster  iT) = (2.5+ 1.0) x 10" exp[(260+ 100)/T] cm* molecule™* s .
of points at [BrO]= 6.5 x 102 molecule cm? were measured while The quoted uncertainty iso2and includes 16% uncertainty in [BrO].

; Data taken at 67 Torr with flow velocities of 500 cm§ (@) and
varying [Q] from (3.8 to 16.5)x 10** molecule cm? 900 cm s (m) and at 15.3 Torr with a flow velocity of 9<()O)chJs
TABLE 4: Experimental Parameters and Values ofki, (2) are shown.

TK) ke [BrO]® [Og]>  pressure velocity are 2r and include estimated systematic errors. The Arrhenius
388 3.67+0.60 4.48-239 5.6 6.8 900 plot is slightly curved and may indicate changes in the product
369 4.34+030 162169 7.0 7.0 500 branching ratios with temperature. The measured rate coef-
368 4185022 344211 56 70 900 ficients were independent of pressure, albeit over a small range.
329 546+0.26 0.73-11.4 6.6 7.0 500 In the ab f | indicati fach ] hani
208 633£034 215159 3381 6.6 500 n the absence of any clear indications of a change in mechanism
208 6.07+0.34 1.93-16.1 3.8L165 7.4 500 and because the measurements covered limited ranges of
298 559+ 0.40 3.0:15.7 220 6.6 900 pressure and temperature, we have adopted the simple Arrhenius
298 6.22+0.82 2.26-141 4.0 153 900 form. This should be sufficient for atmospheric applications
g%ﬁ 6711:% é-ﬁ ?Igz—l%'zgs 2-;’_5 3 76-48 5?(?8 because the temperature range of the measurements covers that
252 8.15£0.28 1.15864 12.6-16.5 6.9 500 found in the lower atmosphere. ) .

238 7.52+0.82 2.06-10.6 20.6-22.6 6.9 500 Tests were performed to ensure that IO reactions with the
222 8.64+0.56 1.64-10.0 17.6 7.1 500 BrO precursors did not interfere with our determinatiorkgf

223 6.80+1.26 1.18-9.12 16.5 6.7 900 Reactions considered were

222 7.21+£0.42 2.86-11.2 9.0 6.6 900

204 702:041 185138 96 67 900 10+ Br, ~ IBr + BrO as

204 8.82+£0.50 259119 8.0 6.7 900

IO+ 0;,— 1+ 20, (15)
a Differential cross section for 291 K was obtained by interpolating
the data between 252 and 298 'KBrO concentrations are in units of
10'2 molecule cm?, O; concentrations are in ¥®molecule cm?, ki,
is in units of 101! cm® molecule® s, velocity is in cm s?, and
pressure is in TorC The uncertainty given for is@from the fit and IO+ Br—Bro+ | (16)
does not include the estimated uncertainty in [BrO] of 16%.

and

By varying [Bry] {(4—8) x 10 molecule cm3} in the presence
of 10, a limit for ky4(298 K) of <7 x 10724 cm® molecule!

always within 3% of one another. Figure 5 shows a plokof 51 \ya5 obtained. Therefore, reaction 14 does not influence

versus [BrO] which yield$q, (298 K) = (6.05+ 0.57)x 1071 the 10 temporal profile under our experimental conditidas.
cm? molecule™ s™. The quoted uncertainty is twice the \yas not determined in the present study, but limits<afo-7
standard deviation of the slope obtained from a weighted (1/ -y molecule s~1 for the CIO+ 0; and BrO+ O3 reaction8

0?) linear least-squares fit. The IO loss rate measured in the suggest that reaction 15 is slow. Recent experiments have
absence of BrO depended on the flow velocity and temperatureshown that Br reacts rapidly with 169 11and its presence would
and ranged from 170 to 350°s Varying the photolysis laser |imit our ability to measurdq. To minimize reaction 16k,
fluence{(0.1-0.75) mJ cm? or [CRl] {(1.8-24) x 10" was measured in excesg O>3 x 10" molecule cm3). Br
molecule cm3} did not change the measured second-order rate 4toms formed in the BrO self-reactidneacted with ozongks-
coefficient. Varying the pressure between 6 and 15 Torr (298 K)= 1.2 x 10-12 c® molecule’ s~%} to reform BrO in
produced no significant change in the measured reaction rateqr experiments. As shown in the Discussion, [Br] was small
coefficient. k;z measured with flow velocities of 500 and 900 enough not to influence the measured valuduaf

cm s}, at 6.6 Torr, were not significantly different. The cluster  The |0 self-reaction

of points at [BrO]= 6.5 x 10'2 molecule cnm? were taken

while varying [Qj] from (3.8 to 16.5)x 10" molecule cm?. IO + 10 — products (17)
Measured rate coefficients for reaction 1a are summarized in

Table 4. A fit of all the data to an Arrhenius expression yields is rapid, k17 ~ 1 x 1071° cm® molecule® s71), with a small |
kidT) = (2.5 &£ 1.0) x 107 exp[(260 + 100)T] cmd atom yield*? In the absence of BrO, varying [I@by a factor
molecule'! s~ and is shown in Figure 6, where the uncertainties of 7 did not influence the measured loss rate of 10 or change
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TABLE 5: Recent Determinations of the BrO Self-Reaction Rate Coefficient

ko (298 K} scaledk? Koakz Kot® E/R (K) A2 ref

3.4+ 0.5 2154+ 50 1.70+ 0.45 this work

2.98+ 0.42 3.27 0.84 4.69 0.68 Rowleyet al1®

2.78+0.25 3.06 0.85 3.41.6 Mauldinet al3

3.1+ 04 3.4 Bridier et al*®

2.17+0.68 0.84 225+ 195 0.96 Sandest al1*

3.2+ 05 0.85 4715 Lanaret al.*®

3.2+0.7 Clyne and Watsoid

2.49+ 0.26 0.88 25H 56 1.06+ 0.20 Turnipseeet alt’
3.254+0.42 230+ 100 1.504 0.46 average

aUnits are 1012 cm® molecule! s™1. P These values have been scaled to cross sections measured in this expétiuméstare 10 cm?
molecule? s71. 9 For this average the UV measurements were scaled to the cross section determined here.

the shape of the 10 temporal profile. Therefore, we determined ozone?1%16 Br,0, if formed in our system, would quickly react
that this reaction did not contribute to our observed 10 loss. with Br atoms to regenerate BrO. We cannot exclude the
Even in the presence of excess, @Ghe BrO self-reaction possibility of BrO, formation at low temperatures in our
(channel 2b) creates a concentration gradient along the lengthexperiments, except to note that our second-order plots were
of the absorption cell. UV absorption measures a BrO column linear at all temperatures.
abundance which, when divided by the length of the cell, gives  In the experiments where BrO was detected by UV absorp-
the average concentration of BrO. For the determinatidapf  tion, it is necessary to account for differences in BrO absorption
we needed to know [BrQ] at the position where the |0 temporal cross sections used in the data analysis. Rovéeyal. 16
profile was probed. The column abundance is related to the Mauldin et al.? and Bridier et al'5 detected BrO by UV
[BrQO] at the position where the 10 temporal profile was absorption and used the cross sections of Waahail® When
monitored as shown in Appendix A. These calculations along their measured values &6 are scaled to our cross sections
with numerical simulations showed that when the |0 temporal (Table 5), good agreement is obtained. To compare with the
profile was monitored at the center of the absorption cell, the results of Sandeet al14 we need to comparky/o, and these
average [BrO] calculated from the column abundance was within values from the two studies agree within 12%. K98 K)
3% of that where the 10 concentration is probed. In the worst measured in this experiment is in excellent agreement with that
case scenario, at 204 K under slow flow conditions (500 cm obtained by Lanar et al'8 and Clyne and Watsc¥. However,
s1) with a initial BrO concentration ([BrOl= 1.4 x 104 itis ~30% larger than the value obtained by Turnipseeal.1”
molecule cr3), this difference was stilk5%. The factorsthat  who also used mass spectrometric detection. The reason for
contribute to the uncertainty in [BrO] are path length 2%, this discrepancy is unknown.
temperature gradient1%, and absorption cross sectis10% The temperature dependence of the BrO self-reaction mea-
and yield a total uncertainty in [BrO] of16% at the 95%  suyred in this laboratory, along with those of Turnipseesl. 1
confidence level. This uncertainty has been included in the Sanderet al, and Mauldinet al.. are shown in Figure 3. We

quoted uncertainty ofa have excluded one data point of Turnipsestcall? and have
) ) scaled the data of Mauldiat al3 to our cross sections. The
Discussion two previously reported values fd@/R, (225 + 195) K4 and

BrO Absorption Cross Sections. There is one previous (251 =+ 56) K" are in excellent agreement with the value of
study, from this laboratory, with which we can compare our (2154 50) K obtained here. An averag#R of (230 + 100)
results. Wahneet al3 measured the absolute cross section K appears to be suitable for atmospheric modeling. Our
with spectral resolutions from 0.06 to 1.25 nm. Our 298 K recommended value for atmospheric modelinky(3) = (1.50
value of 1.63x 10717 cn? molecule’? for the (7,0) band is ~ + 0.46)x 107*2exp[(230+ 100)T] cm® molecule*st. The
~10% larger than that measured by Waheerl. '3 1.48 x preexponential factor given is a weighted average of the data
10717 cn? moleculel, at the same resolution (0.5 nm). from all studies.

Although our absorption cross section at 298 K is larger than 10 + BrO Reaction Rate Coefficients. There are numerous
that of Wahneet al, 13 the temperature dependence is the same. potential sources of error in measuring the rate coefficient for
Sander and Watséhreport a BrO absorption cross section of reaction 1. Reaction 1 involves two reactive species, and,
1.14 x 1077 cn? molecule? at a higher resolution, 0.09 nm.  despite great care, other reactive species are present in our
However, their measurements were shifted off of the peak of system and could influence either the temporal profile of 10 or
the (7,0) band, making a comparison between their measurementhe concentration of BrO. The BrO self-reaction, which

and ours difficult produced a concentration gradient along the length of the reactor,
BrO + BrO Reaction Rate Coefficients. The BrO self- was explicitly taken into account; this loss resulted in an

reaction has been studied by several groups. These studies canncertainty in the measured valuekaf by at most 10%. Other

be broken down into those which used UV absorptidnté or sources of error are (1) the 10 self-reaction (discussed in the

mass spectrometty 19 for detecting BrO and are summarized Results), (2) production of Br atoms and their subsequent
in Table 5. The branching rati@;/k,, is well established with reactions with 10, and (3) wall loss of BrO.

a value of~0.85. However, the total rate coefficient is not as We did not directly detect Br atoms in this system. To assess
accurately known. It is important to note that depending upon their impact on measured values kf, we estimated their
the BrO source, some experiments measured only a branchingconcentrations and their influence on 10 temporal profiles via
ratio® or determined onlk,,*® while others directly measured  numerical simulation®® Temporal profiles of BrO and Br in
both the total rate coefficient and a branching r&#t16-18 Qur the cell were simulated using the reactions listed in Table 6.
experiments, carried out in the absence @f @easured the  The concentrations of Br at various positions along the reactor
total rate coefficientk,. Problems with formation of BO have were calculated for different [BrOJ(1—14) x 102 molecule
been reported in studies carried out in the presence ofcm™3} and [Qj] {(10'3—10'5) molecule cm?3} at several
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TABLE 6: Reaction Mechanism Used To Estimate [BrO] and [Br] along the Reaction Cell

reaction k(T) notes
BrO + BrO— Br, + O, 4.1 x 10 *exp[660M]2 [BrO], fixed® (1—14) x 102
BrO + BrO—2Br+ O, 4.0 x 1072 exp[-190/T]2 [BrO]o fixed® (1—14) x 10%
Br+ O3 —BrOo+ 0O, 1.7 x 10 exp[-800/T]2 b
BrO — loss <6st c
Br— loss <6st d

2 Units for k(T) are cn? molecule’* s™%; values fork(T) are from ref 5 At each BrO concentration in this range a simulation -ab3lifferent
[Oz] was done to determine [BrO]/[Br]. BrO concentrations are in units of molecuig.crAn upper limit determined from the wall loss experiments
described in the text Assumed to be the same as the BrO wall loss.

temperatures. From these we estimated that in order to maintain
[BrOJ/[Br] > 10, [Gs] > 3 x 10 molecule cm® was required

at 298 K; at lower temperatures, still higherJ@>7 x 10"
molecule cn3) was necessary. The concentrations of BrO and
Br at various positions in the reactor were calculated for each
set of experimental conditions in Table 4. At the ozone
concentrations used in these experiments, the [BrO]/[Br] ratio
was always>10, and for most experiments, it wa20. In
addition, any iodine atoms produced in the reaction of 10 with
Br would be recycled by ©back to 10.

First-order wall loss of BrO radicals is expected to be sHall
and therefore should not influence our measurements. The BrO
wall loss was tested by varying the flow velocity through the
reactor from 500 to 900 cm~%. As shown in Table 4, the
measured values df, were insensitive to this change. Ac-
cording to the numerical simulations, a BrO wall loss coefficient
of <6 st would alter the measured rate coefficient §§0%.

Products of the 10 + BrO Reaction. Since our experiments ~ Figure 7. 10 temporal profiles measured with [BrG} 8.7 x 10%
were insensitive to channels producing atomic iodine, we have Molecule cm?and [Q] = 5 x 10 molecule cm* (@), [Og] = 7.3 x

- . - 10 molecule cm? (O), [O3] = 12 x 10" molecule cm?® (v), and
broken down product channels into those which do not directly [04] = 16.5 x 104 n1(o|)ec[u|e3]cm3 (A; The solid line is the (nu)merical

1000

100

10 LIF signal

10 T T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Time, s

produce iodine atoms simulation of the data obtained with §o= 5 x 10 molecule cm?
(®) andky, = 0. The dashed line is a simulation wikh, = 3.2 x
BrO+10—IBr + O, (1a) 107t cn® molecule s™2, or an iodine atom yield of 35%.
—Br+ 0OIO (1a) TABLE 7: Reaction Mechanism Used To Estimate | Atom
Channel for Reaction 1 at 298 K
— Br + 100 (183) reaction k& notes
BrO+BrO—Br,+0; 3.8x 1013 [BrO]qP fixed at 8.7x 1012
. BrO+BrO—2Br+ 0, 21x 1012
IBro, (1a) Br+0;—BrO+0,  12x 1012 [Br] calculated
BrO— loss 4-6s1 c
and those which do Br— loss 4651 c
BrO+10—1+Br+ 0, (0—-3.2)x 100! varied
_ BrO + 10 — products 6.0x 10711 measured
BrO+10—1+Br+0, (1b) I+ 0s—10+ 0O, 13% 1012
10 — loss 1855t measuredl
—1+Broo (1) aRate coefficients are in units of émmolecule® s, unless

otherwise noted. Rate coefficients are all from DeMetal.® unless
— 1+ OBrO (1by) otherwise noted? Concentrations are in molecule cfn® Calculated
as described in text.Measured in the absence of BrO.
Since the thermochemistry for many of the products is
unknown, it cannot be used to constrain the possible pathways
The branching ratio for channels producing atomic iodine (1b)
was estimated at 298 K by measuring the temporal profiles of
IO in an excess of BrO while varyin from (3.8 to 16.5 . .
x 10 molecule cm? (Figure 7).ryA(‘t:] E)given(initial [BrO]), measuredlqa_lf a lower limit for k,(298) of 6.0x 10°* C”i
increasing the 0zone concentration increases the rate of regenMolecule™ s~ Since this work was initiated, Laszk al
eration of 10 and BrO via reactions 7 and 13. Formation of have measured, from the photolysis of B¥l2/N2O or IBr/
atomic iodine as a reaction product would be evident in the N2O mixtures. By simultaneously measuring the transient
changes in the 10 temporal profile with increasing[OThe absorption of BrO and |0 and fitting the observed decays with
temporal profiles of 10 were then modeled using Facsitfile @ reaction mechanism, they obtained a valuéu@98 K) =
with the reactions given in Table 7. Numerical simulations of (6.9+ 2.7) x 10~* cm® molecule* s™*. Their 298 K value is
the 10 temporal profiles, Figures 6 and 8, showed that | atom in agreement with our results: however, their measurements
production was<35%. were limited to 298 K, and a comparison of the temperature
We have measured the rate coefficient for reaction 1a, the dependence is not possible. The branching ratios for various
sum of non-iodine atom producing channels. On the basis of channels are still unclear and need to be explored.

‘the upper limit of 35% for the | atom producing channels, we
can place an upper limit fdk;(298), the total rate coefficient
(k1a + ki), of 1.0 x 10710 cm?® molecule! s71. Further, the
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R B S I A A B A abundance of 10 of (0:20.3) pptv from (12 to 20) km. This
b i s is close to the upper limits reported by Wennbetgal.?* and
ie . Pundtet al2®
i . d The results of the model calculations are shown in Figure 8.
i Figure 8 shows the odd oxygen loss rates due to chlorine,
e - bromine, and iodine chemistry calculated in the model for 1990
e spring conditions. Much of the total calculated lower strato-
2.7 . spheric iodine loss rate is due to the reaction of 10 with,HO
e i The 10+ CIO reaction makes only a small contribution to the
a 2k(I0)(CI0)+2K(I0)(BrO) S
b Total (iodine) total loss rate because the rate coefficient is a factor of 5 slower
¢ Total (bromine) 7 than that used in the earlier model calculat#n-However, the
ol it i d Total(chlorine) IO + BrO reaction makes a significant contribution with the
107 107 105 10 10° 102 caveat that the products of this reaction lead to ozone loss. Our
present understanding suggests that 10 chemistry contributes
to the observed midlatitude ozone trends below 20 km unless
T T e mmas its abundance is considerably less than 0.1 pptv.
- a Total (iodine)/Total (chlorine) N The importance of local chemistry compared to transport from
20> . other regions (such as the Arctic) is a key and presently uncertain
20 N L b(I0+CIO and I0+BrO)Total (chlorine) | factor determining the role of iodine relative to other halogens
in ozone depletion at midlatitudes. While the primary source
— of iodine is believed to be natural (from biological processes
in the ocean), the possibility of trends cannot be ruled out
(related for example, to changing sea surface temperatures). A
— trend is an interesting and important factor in the ozone budget
both for the stratosphere and upper troposphere. If we were to
assume a trend of 0.5 pptv over the past decade, our model
001 PR . Z o predict§ that it would direptly 'increase the calculated ozone
) " losses in the lowermost midlatitude stratosphere by 50%.
Ratio of Ox Loss Rates In conclusion, the observed ozone depletion at midlatitudes
Figure 8. (Top) Calculated rate of odd oxygen destruction for in the lowermost stratosphere remains considerably greater than
;nrldilggfgge;il)zr?prlrr;%gr%rfngaérloutsvha(lg??ﬁg fgér}taagticg:ddlﬂzntsoutﬂgg that calculated with our model. Therefore, the modeling of
interhalogen regctions [S2 CIOpgnd 10+ BrO, (b) the contribution ozone deplef[ion ?t midla_titudes remains incompl_ete even when
from all iodine reactions; (c) the values due to bromine chemistry; (d) 10dine chemistry is considered. The rate coefficients reported
the calculated rate due to chlorine chemistry. The contributions from here could be used to model the episodic Arctic 0zone depletion
the CIO-BrO catalytic cycle are included in both (c) and (d). (Bottom) if the concentrations of BrO and 10 are measured.
(a) the relative contributions of all iodine reactions; (b) the interhalogen
iodine reactions, relative to the chlorine-related in-situ chemical loss. Acknowledgment. This work was funded in part by NASA’s
. o Mission to Planet Earth Program through the Upper Atmospheric
Atmospheric Implications Research Program.

In this section, we will illustrate that even rather small ]
stratospheric iodine abundances could contribute to the observedPPendix A

midlatitude lowermost stratospheric ozone depletion. A cOM-  The BrO column abundanc€go (molecule cm?), is given

plete review of midlatitude ozone loss is beyond the scope of 1,y ihe integral of the concentration of BrO along the column
this paper. Therefore, we will limit our discussion to the impact length ¢)

of iodine chemistry through the use of the model described in
detail by Solomonet al?? and references therein, with the ,
inclusion of the rate coefficients reported here. Volcanic Ceo= L[Bfolt dz
aerosols were held constant in these calculations, and we
examine the ozone tl’endS and budgetS f0r thIS eVaantiOn. Wherez: tU, v |S the average ﬂOW Velocity, ands the reaction
The possible influence of iodine chemistry on ozone trends time with zero being the entrance of the absorption cell. The
depends upon several factors: (i) the rate coefficients for the concentration of BrO as a function of time ([BiDiE given by
reactions of 10 with CIO, BrO, and HQthe rate-limiting steps  eq IIl (wherek, has been replaced Iy, since these experiments
in catalytic cycles leading to ozone destruction, (i) the branching were done in excess ozone)
ratios for the reaction channels that lead to ozone destruction,
(iii) the partitioning of 10 in the atmosphere, and (iv) the [BroO],
abundance and any trends in atmospheric 10. [BrO], = 17 2<1BOL
The abundance and trends of stratospheric iodine are poorly 2A[BrOlo
known. Observations of methyl iodide in the tropical upper )
troposphere by Davist al23 suggest an input of methyl iodide ~ Which leads to
alone to the tropical stratosphere of the order{@%6) pptv.
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However, visible spectroscopic studies by Wennbetrgl.24 . [BrO],
and Pundet al2> suggest upper limits to twilight 10 abundance Cgo= 0 dz
of at most about half of these values. We adopt a total iodine 1+ 2k, Zv[BrO],

mixing ratio in the tropical stratosphere of 0.5 pptv, as suggested
by Daviset al?® This leads to a calculated noon midlatitude The solution to this expression is
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2k
5"’2 [BrO] 0)

Coro= i In(l +
a

[BrOJo can be calculated from the measuf@slo by knowing

the average flow velocity and the length of the absorption cell.

Further, from [BrO} and the time to reach the probe position,

Gilles et al.

(9) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F.; Kerr, J.

A.; Troe, J.J. Phys. Chem. Ref. Datt992 21, 1125.

(10) Gilles, M. K.; Turnipseed, A. A.; Burkholder, J. B.; Ravishankara,
A. R. Chem. Phys. Lettin press.

(11) Bedjanian, Y.; LeBras, G.; Poulet, Ghem. Phys. Letl.997 266
233.

(12) Harwood, M. H.; Burkholder, J. B.; Hunter, M.; Fox, R. W.;
Ravishankara, A. RJ. Phys. Chem. A997, 101, 853.

(13) Wahner, A.; Ravishankara, A. R.; Sander, S. P.; Friedl, RHem.

[BrQJ; at the probe position can be calculated from eq Ill. Since Phys. Lett1988 152 507.

we measured; in an excess of ozone, Br atoms produced by
reaction 2b were recycled and reaction 2a is the major loss
process for BrO (in the absence of 10). The average concentra-

tion BrO]dis given by Cgo/z and was within 3% of the
calculated value of [BrQ]
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