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Abstract

‘1’hc reaction BrO + ]IOZ + products is the rate-]inliting step in a key catalytic ozone destruction

cycle in the lower stratosphere. ITI this study a discharge flow reactor coupled with molecular

IKMIII n Lass spcctromctry  has been used to study the BrO + 1101 reaction over the temperature

I angc 233-348  K. Rate co~lstants  were measured under pseudo-first order conditions in separate

cxpcrinlcnts  with first 1102 and then IlrO in excess in an effort to identify possible complications

in ttlc rwaction  conditions. At 298 K, the rate constant was determined to be (1 .73~0.61 ) x 10-”

cJn~ molecule-’ s-’ with 110Z in excess and (2.05 t0.64) x 10-” CIIIJ molecule-’ s-’ wit}~  BrO in

CMXSS. ‘1’hc combined results of the temperature-dcpcndcnt experiments gave the following fit to

the Arr}~cnius  expression: k == (3. 13+0,33) x 10“’2 exp(536i206/’l’)  where the quoted uncertainties

represent two standard deviations. ‘]’hc reaction mechanism is discussed in light of recent ah

itlitio results on the tl~cr[~~ocllcll~istry  of isomers of possible reactio[l  intermediates.
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Ilitroduction

l~romine  chemistry plays a key role in the catalytic obstruction of stratospheric ozone.

‘1’he most important bromine-containing source gas, methyl bromide, has an ozone depletion

potential which exceeds the limits set by international treaties, and will be phased out in

developed countries by the year 2010 1. however, because methyl bromide has both biogenic

and anthropogcnic  source fluxes which arc highly uncertain, the budgets and atmospheric

Ii fctinlc of methyl bromide have not been accurately determined. Most other bromine source

gases of importance, including the halons,  arc entirely anthropogcnic  in origin and their

production has ceased in developed countries. IIcspitc the regulatory controls in place however,

there arc many issues relating to both the gas-phase and hcterogcncous  chemistry of bromine

compounds that require further investigation,

‘1’hc catalytic cycles that contribute to the destruction of ozone by bromine were first

dcscribcd  by Wofsy ct al. 2and Yung et al. 3. r]y analogy  t{, the well-known  ~ + ~lo CYCle,

Wofsy et al. proposed the cycle

l~r + OS –> BrO +- 02

BrO + O -+ Br + Oz
(1)
(2)

Net o + 03 -+ 202

~“his cycle has its greatest effect on ozone destruction in the middle and upper stratosphere. Yung

et al. pointed out several additional cycles that arc particularly important in the lower

stratosphere that couple bromine radicals with the odd hydrogen and odd chlorine radical

Ilr + Oj ---) BrO +- 02

l]rO + 1102 -+ I IOBr + 02

IIOl)r -{ hv -+ 011 + Dr

(3)

fimilies:
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and

Net

011-103 -) 1102 + 02

2 03-->30 2

IIr + 03-> I)rO + 02
cl-t 03->  C10+ 02

Bro+ C10–>Dr+ Cl+ 02 (4)
Net 203 -+ 302

]11 these C)’C]CS, reactions 3 and 4 arc the r:itc-limiting steps. Reaction 4 has been studied

cxtcnsivc]y  over the tcmpcraturc  and pressure range relevant to the stratosphere and is reasonably

well understood 4> 5. In contrast, significant kinetic and mechanistic uncertainties remain in the

understanding of reaction 3.

‘J’hc first study of reaction 3 was carried out by Cox and Sheppard who reported a rate

cocfiicicllt  of 0.5~~~ x 10-1’ cnl~ molcculc-’ s“] at 303 K and 7150 ‘1’orr total pressure using

]ll(Jlcclll:ir-I~  lodlllatio~]  coupled with ultravio]ct  absorption ~. I’hrcc recent studies, however, have

including two discharge flowhnass spcctrometry  studies from the CNRS group and a flash

photolysis/ultraviolet absorption study from the group at I]ordeaux  7-9. These measurements

have a major effect on atmospheric model predictions of bromine partitioning in the lower

stratosphere, the relative magnitudes of the odd oxygen destruction cycles involving bromine and

the ozone depletion potential of methyl bromide I J 7. More recently however, a discharge

flow/nlass  spcctrometry  study by IHrod ct al. 10 reported a significantly smaller value of k298,

(1.4 t 0.3)x 10-’1 cm’ molecule-’ s-’.

‘1 ‘he large discrepancies between the prcviousl  y reported results and the importance of

tl~is  reaction in stratospheric bromine chemistry motivated the study reported here. in this work,

the 1310 + 1102 reaction was investigated over the tcmpcraturc  range 233-348 K using the
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discharge flow/n]ass  spcctromctry  technique. In an effort to identify possible complications in

the reaction conditions, rate coefficients were measured using several different BrO and I ]Q

sources and separately with BrO and 1101 as the cxccss reagent.

Experimental

“l’he experimental apparatus used in these studies has been described previously. 11, 12.

I)ctails of the flow reactor and sliding injector arc shown in }:igure 1. I’he reactor consisted of a

80 cm-long, 4.86 cm-id. Pyrex tube which was covered on the inside with a layer of 0.05 cm

thick ‘l’l:l; Teflon sheet to reduce BrO and 1102 wall loss. “l’he reactor tcrnpcraturc  was varied

bctwccn  233 and 348 K by circulating cooled  methanol or heated cthylcnc  glycol  through an

outer Pyrex jacket. “l’he tcmpcratllrcs  of the circulating fluids were measured with a

thcrmocc)uple  located in the outer jacket of the reactor and controlled to within f2 K using a

thcrmostatted  heat exchanger. A

maintained in the flow tube with a

as the main buffer gas and was adn

stc:idy state gas flo~v (total pressure of 1-3 Torr) was

00 cfm mechanical pump (Welch 1396), I leliurn was used

it(cd through sidearm located upstream of the reactor. l’he

mean gas velocity in the flow tube ranged between 800 and 2000 cm s-1; resulting in residence

times between 30-75 m in the 60 cm reaction mnc. In order to carry out kinetics measurements

at low temperatures, a heated double sliding injector was employed. It consisted of two

concentric tubes having i.d.’s of 8 and 10.2 mm, respectively. “1’he  movable injector was heated

by passing current through heating wire wrapped around the outer injector tube. This tube was

thermally isolated from the flow tube with a vacuum jacket. ‘l’he injector temperature was

controlled by varying the voltage applied to the heating wire and measured with a thermocouple

contacting the outer sut face of the injector. Measurements showed that for a reactor wall
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temperature of 233 K, a constant temperature of 298 K could be maintained inside the injector.

LJnder these conditions the temperature of the outer surface of the injector vacuum jacket was

280 K. As discussed below, wc found that heating the injector was very in~pollant in minimizing

complications associated with the production of llrO and I IOz at low temperatures.

Mass spectrometric  detection of reactants and products was carried out by continuous

sampling at the downstream end of the flow tube through a three-stage differentially-pumped

beam inlet system. ‘J’hc mass spectrometer (I~xtrcl  Model ~50) consisted of an electron-impact

ionizer, a quadruple mass filter, and a channeltron  detector. Deam modulation was

accomplished with a 2001 b tuning fork type clloppcr placed inside the second stage of the mass

spectrometer. Ion signals from the channcltron  were sent to a lock-in amplifier that was

referenced to the chopper frequency. ‘1’hc alt~p]ified analog signals were digitized (Analog

l)cviccs RTI/8 15) and recorded by a microcomputer.

Radical Production

In order to minimize systematic crlors caused by unknown secondary reactions in the

radical sources, the main flow tube and the reactor wal Is, we used several different reactions to

produce BrO and H02 and the kinetic runs were carried out with both DrO and 11[)2 as the excess

reagent. The radical source conditions arc summarimd in Table 1 and described in detail below.

‘1’wo methods were used to produce MO: (a) reaction of Br2 with atomic oxygen

generated by microwave discharge of 02/1 Ie,

O -t Brl + IlrO -1- Br (5)

k5 (298 K) ‘- 1.4x1 0-11 C1113  lllOICCU]C- 1 S-1 (4J



at~d(b)  rcactiorl  ofozo~lc  \vitllbrot~lillc  ato]]lsgc1lcr:itcd  i[~a~~]icro\\a\  ~cdiscllargco  fIlr2/lle,

Ilr +- OS –+ BrO 4 Oz (1)

k] (298 K)= 1.2x10-12 C1113  nlO]CCU]C-l  S-l (4)

}~or  either of these source reactions, BrO radicals undergo rapid self-reaction, producing Dr with

about 850/0 efficiency at room temperature:

13r0 + BrO + 213r + Oz (6)

k~ (298 K)= 2. 1X1 0-12 C1113 lIIOICCUIC-l  S-l (4)

Iihc hi@lest conccntratiom of BrO were obtained using the Ilr + OJ source in the presence of

cxccss  O1. In this case, Br formed in reaction 6 was rapidly recycled back to BrO. F’or the Br +

03 Sollrcc, -4 x 1013 molecule Cnl-s  of llr~ was flowed through a 1.27-cn~-o.d.  quartz discharge

tube with 350 seem helium carrier gas. After passing through the 30 cm-long central injector

tube, --(1 - 10) x 1014 molecule cnl-~ of OS was introduced through the sidearm of the injector with

sO sccIn of carrier helium gas, producing ( 1 -5) x 1012 molecule cnl-~ 13r0 radicals in the reactor.

‘1’hc (j +- Br2 source was unable to producx l]rO at these concentratiol~s  due to the lower

microwave discharge efficiency of oxygen and BrO recombination, but this source was

satisfactory for use in experiments where 1 IOz was the excess reagent.

For the generation of 1102,  two separate methods were used: (a) reaction of hydrogen

peroxide with atomic fluorine generated from microwave discharge of F’z,

F+ 11202+1102+  IIF (7)

k, (298 K)= 4.98x10-’1 CI113  lldCCU]C-l  S-l (13)

and (b) reaction of atomic chlorine from microwave discharge of (212 with methanol followed by

further reaction with oxygen,
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(8)c1 + c1r3011 -> (:112011  + lICI

kg (298 K)= 5.4x1 O-i 1 Clll~ nlo]ccuk’  S-’ ‘4)

cIl@lI+ Q-->11Q+ CXIZO (9)

kg (298 K)= 9.1X10-12 CIT13  lllOkCUiC”’  S“’ ‘4)

As in our previous studies of 1102 kinetics using  this apparatus 14, we found that method (a) was

suitable for producing large concentrations of 1102 at room temperature. Using the same sidearm

art angcmcnt  as used for l~r + OS with the quartz  discharge tube replaced by an alumina tube, a

small flow (5-20 seem) from a premixed So/O 1;2/1 Ic cylinder was mixed with a larger (400 seem)

helium flow which passed through the discharge. Ilissociation of 1:2 was typically greater than

90% 11202 was added through the sidearm of the movable injector with 650 seem of carrier

hcliull]  gas bubbling through the 90% 11202 solution. “1’hc  reaction of F with 11202 was completed

within 1 ms and the initial 1: atom concentration, and thus the 1102 concentration, was adjusted

by wi[ying the P’z flow. About 1014 molecule Cnl-l  of 11,02 was brought into the injector, and the

producticm of H02 in the reactor was initially in the range (1 -8) x 1012 molecule cm-q. This

method was restricted to tcmpcraturcs  above 253 K due to condensation of 1-1202 and H20 on the

flow tube walls which resulted in very high wall loss rates for 1102.

LJsing  method (b), chlorine atoms were formed by discharging a flow of 5-10 seem of l%

~12 in helium to which wm added an additional helium flow c)f 250-500 seem. chlorine  atoms

reacted in the sidearm with ~HjOI 1 obtained from a 5-10 seem helium flow through a methanol

saturator held at a pressure of 400 ‘1’orr and a temperature of 25 ~. An oxygen flow of 20-40

seem was added along with the methanol. LJsing  this method the highest 110~ concentration that

could bc produced was -’1 .5x1012 molecule Cn]-l. ‘l’he major difficulty with this method was that

flowill~~  a large quantity of ]ncthano]  into the reactor created a large nde = 33 background signal
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whicl] interfered with the I IOz radical clctection. “[’his intcrfcrcnce  decreased substantially with

decreasing methanol concentration. “1’hus fbr kinetics stuciics of reaction 3 with IlrO in excess,

method (b) was used to produce 1101 as the minor reagent.

Both BrO and 1 ]01 radicals were detected using electron impact ionization mass

spectroscopy at the parent peaks, nde =’ 95 (DrO+ ) and nde = 33 (1102+). When H202 was used as

the I ]02 precursor, there was an m/c =- 33 colltribution  arising from the fragmentation of 1120Z

and from the Witlg  of the much larger nl/c 34 peak. “1’his interference was minimized by

optimizing the quadrupolc  resolution and the ionizer electron energy. ‘l’able 2 shows the m/c =

33 signal intensity as function of electron energy for the 1: + 1 IzOl system. It can be seen that the

ratio of 1102 signal to background nde = 33 contribution was maximized at an electron energy of

19 cV, which was subsequently used in all kinetics studies.

Absolute concentrations of both IlrO and 1 IOZ were calibrated by chemical conversion to

N(J7 with excess  NO, i.e.

IlrO -t NO --+ III -J N02 (10)

1102 -t NO -+ 011 +- N02 (11)

‘1 ‘his was accomplished by introducing the IlrO or 1102 radicals from the movable injector and

NO froJn the sidearm of the reactor, with the injector placed in a downstream position such that

the reaction time between NO and the calibrated radical was <3 ms. The concentration of added

NO was in the range (1-5) x 1014 Jno]cculc  cnl-3. “[’he conversion factors were determined from

the ratio of the change in NOZ ion signal at n~/c 46, S~b, to the change in the radical signal, Sg~ or

S],. (AS46/AS95  == 0.40f0.08  a n d  AS,JAS33 ~= 1.8+0.4). ‘Ihc radical calibrations were then
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obtained from absolute calibrations of the mass spectrometer at n~/e 46 using known

concentrations of N02.

Special care was taken for the J IOz c;ilibration since 1 IOz could be regenerated by the

reactions,

011 + 11202 --> 1120+- 1102 (11)

kl ~ (298 K)= 1.7x10-]2 C1113 lllOkCUk-l  S-l (4)

or

011 -t (;1 l@ll -+ 1120 -I ~1 1101 I

~}IZO11 -t 01 --+ ~1 120+- I IOj

One way to prevent this 1102 regeneration ili the titration was adding a large excess (-1 O1s

molecule cm-~) of ~.zl:~~l  which reacts rapidly with 01 I to form a stable adduct  15J 16. However,

it wm fbund that this concentration of ~zl~~~l  reduced the rcsponsivity  of the mass spectrometer

by --6°/0  due to a rcductif)li in the efficiency of tlIc ionizer. An alternative 011 scavenger which

had a negligible effect on the mass spectrometer was molecular bromine, Brl. The reaction of

13rz with 01 I is very fast,

B r2 + 011 .-+ I IOBr -t Br (12)

k12 (298 K) == 4.2x10 -] ] cn~3 lnolccule-l  s-] (4)

thus when 5x 10’~ molecule cn~-3 of Dr2 was introduced into the reactor, the 01 I radical was

scavenged in less than 0.5 m. The product of the 0]] + Br2 reaction, I{ OIlr, had no effect on the

calibration. The detection limits for the radicals were 2 x 109 molecule cm-q for 13r0 and 8 x 10g

molecule CnI-3 for llCJl (S/N = 2 for a 10 s integration time.)
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l~irst-order  wall loss coefficients were measured for both 110~ and IlrO and found to be

lcssthan5  S-l at lowradical  concentrations (<5 x 1011 moleculecm-~).  Forthc runs with exccss

}lOz,th ceffcctivewall loss itlcreased attllclligllest  lIOzcorlcentratio~~  s,prestln~ably  due to the

1102 self-reaction. As a first order approximation, the 1101 concentration fbr the kinetic run was

derived by averaging the concentrations at the upstream and downstream ends of the reaction

zone. Simulations showed that the error arising from this approximation was <5°/0. In the case

of excess BrO, the same procedure was employed  although the wall loss was always less than 4

s“’.

“1’hc gases used in this work had the following  stated purities: 1 Ie, 99.999Yo; NO, 99Yo;

NO~, 99.5% and ~lz, ( 10% in 1 It). 1:2 (5?40 in Ile) and 01 (99.999%). Brz (99.8?40) was obtained

was purified by vacuqnt  distillation at 195 K. 11202 was obtained commercially at a

concentration of 70 wt ‘/o and purified to > 94 wt O!O prior to use by vacuum distillation at room

ten~pcraturc.  Ozone was produced by passing O, thtoL@~  an ozonizer  and storing the product on

silica gel at 195 K. I)uring the experiments, [Js was maintained at 195 K and cwrporated into the

reactor with a known flow of 1 le. In order to avoid the potential explosion hazard associated with

the condensation of ozone in the liquid nitrogen trap of the mechanical pump, effbrts were made

to decompose the ozone  downstream of the 11OW tube. “1’his was accomplished efficiently by

heating the effluent fiotn the flow tube to a~)proxinlatcly  300 ~ in a 50-cnl-long  quartz tube

containing copper scouring pads.

Results
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Measurements of k~ were carried out by monitoring the decay of either IlrO or 1102 as a

function of reaction time. flimolecular r:ite  constants were obtained using the well-known steady

state flow tube nlethod,12 in which the first-order decay rate constant, k;, was determined from

the slope of a plot of the logarithm of either llrO or I 102 signal vs. reaction time. In all

experiments the minor reactant was introduced into the flow tube through a fixed sidearm and the

excess reagent was added through the sliding injector. In experiments in which 1+02 was the

minor species, the signal was corrected by subtracting the nde = 33 signal contribution from the

1102 precursors as discussed above. In these experiments, the 11202 concentration did not change

appreciably with injector position as determined from measurements of the m/e 34 peak. The

observed decays were then corrected for axial diftilsion  and for loss of llro or 1102 on the

injector according to cq (I), ] 2

()k;,,.,,,,  = k; 1 -t ‘: + kp\, (1)

where 11 is the diffusion coefficient, v is the mean bulk flow velocity, and kp is the first order

loss of 13ro or 1102 on the outside surface of the sliding injector (injector loss), Diffusion

coefficient estimates were based on the data of Marrcro and Mason. 17 The estimated D values

for 13r0 varied from 0.43 attn cn~2 s-] at 233 K to 0.84 atm cn12 s-1 at 348 K and for IIOZ varied

from 0.49 to 0.97 atm cn12 s-i

diffusion were always less than

over the same temperature range. l’hc corrections for axial

O/O.

Kinetics of h-() and l/OZ  decay al 298 K. A typical BrO decay as function of the injector

position at 298 K is shown in I:igurc 2. “1 Ilc I \rO decay appeared to bc 1 i near within the time

domain studied, and the llrO was completely titratcci to our detection limit at high 1102

concentrations ([1 102] 25 x 1012 molecule cn]”~). Wilh initial BrO concentrations of” (2-5) x 101 i
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molecule CnI-3  and 1102 concentrations of (1-8) x 1012 molcculc  cm-~, the dependence of k;on

[1102] is shown in I;igurc 3. kj varied from 20 to 160 s-] in the 1102 concentration range of

interest. Figure 3 also shows the results of rneasurcmcnts  of k: taken over a range of flow

velocities and total pressures to check forthc presence of systematic errors such as bimolecular

wall reactions. l:or flow velocities of 750-1800 cm s“’ and total reactor pressures of 1-3 Torr the

first-order decay of llrO due. to reaction with 1101 was independent of these parameters. I;rom

the slope of linear least squares fit through all the data at 298 K, kl \\’as determined to be

(1 .73to.61 ) x 10-” cn13 nlolecLdc”’ s“, where (and hereafter) the quoted uncertainty is at the 95%

confidence level and includes both random and systematic errors.

I’he behavior of 1102 in the prcscncc  of cxccss 13r0 was also investigated. F’igurc 4 shows

a typical 1102 decay as function of injector positio]~  over the DrO concentration range (1 .3-4.5) x

1012 molecule cnl-~ at 298 K. ‘1’wcnty  four runs were performed at 298 K and the bimolecular rate

cocfticicnt for reaction 3 in excess  llrO was derived as (2.05 i0.64) x 10-11 cmq molecule-’ S-l

fronl a linear least-squaws fit to the data in Figure 5.

Tcnpvwtwe dependence qflhc P(I[C  cmf~cientf[w  rcactim  3. Rate constants for reaction 3 were

measured over the temperature range 233-348 K using both cxccss DrO and excess H02 with the

source reactions and inlet conditions shown in ‘l’able 1. Both secondary reactions and wall

reactions limited the tcmpcraturc  range of the study. ~’hcsc complications will be discussed in

detail below.

At temperatures between 298 K and 348 K, both the llrO (excess reagent, Br + OS source)

and 1102 (minor reagent, ~.1 -1 [;1 11011 source) ion signals were well-hchaved with no significant

complications. Above 348 K, there was significant r(:gcncration  of 1102 as indicated by the m/c =
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33 ion signal reaching a steady-state a( long reaction times (t>65 nls). A possibIc  explanation for

this behavior is secondary production of 1101 arising initiated by the thcr-lnal  decomposition of

f 10111:

1102 + RrO --> lIOllr + 02

110Ilr + M -> 0} 1 + Hr -t M

011 + IlrO - + 1102 + IIr

‘1’his effect limited to 348 K the maximum temperature for which reliable kinetics results could

bc obtained.

both

that

At temperatures below 298 K, a number of processes interfered with the production of

lrO and 1 IOZ. For 110Z produced using the F + 11202 source, the maximum concentration

ould be achieved decreased significantly below about 270 K. “1’he  dependence of the

observed nde = 33 signal on temperature is shown in I:igure 6. I:or these experiments, 1102 was

produced in an unheated injector and the temperature was measured in the flow tube jacket which

wds not in thermal equilibrium with the injector due to the time lag in cooling and heating. l’he

observed signal decrease in the cooling cycle and increase in the heating cycle are attributed to

adsorption and resorption of 1 IZO at~d 11202 on the flow tube and injector walls. The decrease in

the I IOz concentration is due to both an increase in the 1102 wall loss rate on the coated surfaces

and the removal of 11202 from the gas phase. “l’he use of the heated injector eliminated these

problems in the injector itself, but deposition of 1120 and 11202 on the flow tube walls remained a

ploblen~  at temperatures below 253 K. As in the experiments of I,arichcv  et al. , wc observed that

the cl + ~1 lJOI 1 + 02 source efficiency decreased rapidly at temperatures below about 250 K in

the unheated injector. l.arichcv et al. dealt  with this problem by moving their 1 IOz source reactor

to a sidearm in the uncooled  region of the flow tube, but since 110j was the excess reagent in

13



their experiments, this introduced the first-order llrO wall loss into their observed decay rates. In

our experiments at low temperatures, 1102 was the minor reagent and the ~1 + C;] IjOl I -t 02

source could be used in the sidearm at room temperature without requiring a separate

mca.surement  of the wall loss.

“1’he  temperature dcj>cndcnce  of the llrO’ ion signal using the O + Br~ source in the

sidearm is shown in Figure  7. As in the case of 1102, the BrO concentration in the flow tube

displays a hysteresis in the coolinglwarming  cycle indicating the presence of complex wall

reactions. Observation of the flow tube surface at low temperature revealed a solid layer on the

injector surface with a white-yellow color. ‘1’his layer was observed using both the O + Ilrz and

Br -t (){ sources. We further studied this solid layer using the heated  injector. l’his was carried

out by cooling the injector fcx one hour with the llrO source on, then switching off the source

and warming the injector while scanning the Inass spectrometer for dcsorption  products. ‘1’hrcc

major sl)ccies were sin~ultanmusly  cictectcd  a[ m/c = 95/97 (Jlr[)’ ), nl/e = ~ 11 1/1 13, (013rO+ or

I~rOO+),  and m/e = 174 (13r20’), which peaked at injector tcmpc[atures  of -260 K, 270 K, and

280 K, respectively. Parent mass peaks corresponding to other higher oxides such as Rr@j,

Br20d  or 13rzOT  could not be detected but if these species were formed, they would likely have

fragniented  and contributed to the daughter fragments indicated above.

1 Iigher bromine oxides  have been observed several tinles previously in discharge-

flow/n~ass spectroscopy studies of oxygen-bromine systems 83  18. l’he detailed formation

mechanisms arc not known but wall reactions play a kcy role in the formation and

intercxmvcrsion  of the bromine oxides, and the primary products may be both OIlrO and BrzO

19. lI,C sL1rface reactions  appear to require the presence of ()(]1’) and/or mctastablc  OXYgCI)
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(),(iA, lX) from the microlvavc discharge. 1 n order to characterize the products of the wall

reactions occurring in the flow reactor, separate cxpcrimcnts  were carried out using similar

discharge-flow systems coupled to UV-visible and submillimctcr  absorption spcctromctcrs  20, In

both systems, the product of an 02 discharge reacted with a flow of Brz at low temperature (-20

0~) to form the same yellow-white solid obser vcd in the lll:/MS apparatus. ‘1’he vapor from the

solid was recorded by the spcctronlctcrs  after the deposition of the solid was discontinued. In the

UV/visible  apparatus, atl intense progression of vibrational bands was observed in the 380-620

t ml spectral region which was marl y identical to the spectrum observed by Rattigan  et al. in the

steady-state photolysis  of llr2-Qj mixtures and assigned to OIlrO 21. In the submillimeter

spcctrorneter,  a large number of rotational lines were observed 22. Analysis of the spectra

identified the source of the lines as isotopomcrs  of both OBrO and llrlO.

Adding NO to the desorbing  spccics resulted in the formation of NO, most likely from

the NC) + O1lrO reaction:

013r0 + NO + llrO -I N 02

Under conditions where the bromine oxides were formed (low temperature, O +- Br2 source,

unheated injector) this reaction interfered with the mass spectronletric  calibration of BrO.

When the resistively heated injector was used, most of the problems associated with the

Iow-tcnlperaturc  production of IlrO and 1102 were eliminated, and this system was used fbr all of

the low temperature studies. ‘1’hc wall loss of radicals at low temperatures was examined with the

heated injector. ‘1’bc first-order flrO wall loss was Ilegiigib]c down to 210 K but the 1102 wall

loss increased significantly with decreasing temperature. As shown in

loss was -47 s-’ at 298 K, increasing to 64 s-’ at 213 K. ‘1’hc Iargc wall

l:igure  8, the 1102 wall

loss rate of 110, at low
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temperature restricted the range of reliable kinetics nmasurcmcnt  for reaction 3 to 233 K and

above.

Kinetics data were obtained over the tcmpcraturc  ranges 233-348 K with BrO in excess

and 253-298 K with 1102 in excess. ‘1’hc rate constant data arc summarized in ‘l’able 3 and an

Arrhcnius plot is shown in l;igurc  9. F’rom these data it is apparent that the rate coefficient has a

negative temperature dependence.

excess [~02 data are available, the

l~m the three temperatures at which both excess DrO and

rate constants using excess 13r0 arc systematically 20-25°/0

larger, but the data overlap within the f 20 error limits. Although the data show a small non-

linear Arrhenius temperature dependence, the curvature lies well within the uncertainty of the

n~easurcments.  A linear least-squares fit gives the following Arrhcnius  expression:

k,= (3. 13*0.33) X 10-’2 cxp(536t206/’l’).

“l’he reaction products for IlrO + 1102 \vcrc briefly studied with } IOZ in excess. I IOBr was

fou[ld tc) be the predominant reaction product based on approximate absolute mass spectrometric

calibrations of llODr. Small 1 JIJr mass peaks were also (ictectcd at 298 K, but it was not

possible to ascribe them to the 1 IBr formation channel of reaction 3 since other processes such as

Br -i }+02 and 13r + 11202 and wall reactions could also contribute to IIBr formation..

I)iscussion

I<ffect.v of Secondary Reactions. ‘]’hc agreement (within 20%) between rate coefficients obtained

under excess  1102 and excess BrO conditions shows that, in general, there are no significant

complications from secondary reactions. ‘1’here arc a few processes that need to be considered

explicitly, however. ‘l’he reaction

16



011 + IlrO –> 1102 + IJr kzgs= 7.5X 10-’1 CIIIJ 1110h2CLl]C-1  S-]

has been studied recently  by Dogan et al. 23 atld found to be significantly faster than previously

cstitnatcd  4. In the kinetic runs w}lich Llscd cxccss 1102,  simulations  show that an 011 impurity

equal to about 0.2[ }Q ],, could cffcctivcl y double the observed first-order disappearance rate of

IlrO under conditions where there arc no other removal paths for 011. In our system, OH is

formed in the 1102 source as a result of the reaction of fluorine atoms with water vapor which is

present as an unavoidable impurity in 11202. conditions in the source are adjusted in the 11202

source to allow the fast reaction

0}1+ 1102+  1120+ 02 k2gg = 1.lxlO”10 cml nmlecule”l  S-l

[o scavenge most of the 011 on the time scale of the soLlrcc chemistry. ‘1’he 1102 source should

therefore be a negligible source of 01 I (less that] 1x1010 cm~ molecule-’ s“’ in the flow tube). In

addition, Ilr2 is present at concentration around 10IJ molcculc  cnl-~ from the BrO source. “J’his

concentration of 13r2 is sufficient to scavenge 0} I rapidly from the reaction

011 + Ilr2 + }101]1 + IIr

as discussed above. ‘1’he absence of significant impurity concentrations of 01 I from the 1 IOz

source was verified in separate experiments which set a conservative upper limit of 10’0 molecule

cnl-~ for I IOBr when the H02 source was on and the BrO discharge was off.

l’he reaction

Ilr + 1102 + IIIlr + 01 k2gg  = 2.OX 1 O-lz cnl~ molecule-’ s“’

is a potential secondary removal pathway for 1 IOZ in the excess BrO experiments because the

flro + IlrO reaction is a source of llr in the flow tube. Simulations show that most of the IIr



c ‘,

reacts with Oj, which regenerates BrO and sLlpprcsscs  the concentration of Ilr to the point where

removal of I I{)z by Ilr can neglcctcd.

(httrjmi.wn of k!awlis  with Prcviolis St lidics. ‘]’hc results of previous kinetics studies of the

1 IOZ + IJrO reaction are summarized in ‘l’able 4 and in F’igure  9. The nlcasLlred  values of k2g8 fall

into three groups: the early mcasurcmcnt  of ~.ox and Sheppard at 5x10-12 cm~ molecule-’ s-’ 6, the

considerably higher values around 3.3x 10“’ 1 from Poulet et al. 7, I.arichev  ct al. 8 and Bridier  et

al. 9, and the intermediate values in the range ( 1.4-2.O)X10“11 cnl~ molecule-’ s“’ from lllrod et al.

10 and this work. ‘j’he significant difference between the results from this work and the two

studies of the Orleans group is puu.ling because both groups used discharge-flow/mass

spectroscopy systems at low pressure with similar radical sources. ‘1’here  are, however, some

differences in methodology which may account fcw the disagreement. Both studies used the Cl +

CIl IjOl 1 reaction to produce 1102. l’his source is strongly affected by wall reactions below about

7.50K as observed in both studies. I za-ichcv  et al. dealt with this problem by producing H02 in a

sidearm at room tcnqmatLlre  in the flow tube. “1’his approach eliminates problems associated with

tlw reduced efficiency of the source at low temperature, but since the excess reagent (1 IOz) is not

injected from the moveablc  inlet, the first-order wall loss of H02 contributes to the measured

first-order rate constant. complications associated with the Cl +- cl 11011 source at low

temperatures were circumvented in the present study by always keeping the sliding injector

source at room temperature using the integral heating coil. l’his approach maintains the

advantage of introducing the excess reagent through the s] iding injector.

The values of kzg8 obtained in the three temperature depcndcncc  studies range over a

factor of about 2.4 but the measured valLlcs of Ii/I{ are remarkably similar as seen in “1’able  4. All

three studies report a moderately negative temperature dependence with the values ranging from

IS
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-520 to -580 K“’. ]n the study of 1,arichcv ct al., the mcasurcmcnt  of kf at 233 K was not

considered in the determination of Ii/R because it fell considerably off the Arrhcnius  line

described by their 243-344 K data. in the present work the Arrhenius  plot was linear over the

233-348 K temperature range, and in the study Of Ilirod et al. the plot was linear over the range

210-298 K.

Reaction  Mechanism: The mechanism

or llr, has not been established with

for the formation

ccrtai nt y but ah

of 1 IOX from liC)2 -t XO, where X=~l

inifio caIcLllations  are available which

provide estimates of the stabilities of the possible reaction intermediates. In the system involving

C;], Francisco and Sander calculated cnthalpics  of formation for several 1 ICIOj isomers using

both isodesrnic  reactions at the Q~ISIl(’1’)16-311 G(2df,2p)  level  and (i I /G2 theory 24. Values of

All~,O (in kcal mole-’) were determined to be 110~lOz  (4.2), 11000C1 (9.1), 1100~10  (25) and

I l~loj  (46. 1). For 1 IOOC1O and 11000CI  these results arc significant y different from the

values obtained from the bond additivity  calculations of Stimpflc  et al. 25. The most stable

isomer, 110C102  is unlikely to form from 1107 + C1O because of the extensive rearrangement

required. The next most stable intermediate, J 1000CI,  is the likely intermediate in the reaction

pathway leading to IICI through formation of a five-membered transition state followed by I ICl

elimination, however, the small branching ratio measured for this pathway implies the existence

of a significant exit channel barrier 26-28. “1’hc likely intcrmcdiatc  ill the formation of I IOCI is

1100~10  as suggested by Stimpfle  et al. 25 because the observed negative temperature

dependence is more consistent with a mechanism involving a strongly bound intermediate

(] 100C1O) than the weakly bound intermediate involved in hydrogen abstraction (C1OHOO).

19



“I*IIc  tl]crl~]ocllc]l]islry  of the 1 IOZ -t IIro system is qualitatively similar to its chlorine

coti~ltcr~):irt.3’11cI  lrC)+ l102rcactiorl  llassc\'crzll  cxc)tllcrtllic  rcactioIl  patl~ways:

BrO+ 1102+ 110Br+  02 (3a)

+ IIllr-t Oj AfI; ,,,8 = -7. 1+2 kcal n~ole-l (3b)

[hi]

+ 1102.11r0 (3C)

where i !OzoBrO denotes a collisionally  stabilized adduct.  Several previous studies including the

present work found that reaction 3a was an important, if not the prcdominallt,  reaction channel

but were not able to establish that the branching ratio for reaction 3a was unity8~  ] 0. On the other

hand, t}icre  is positive evidence that the branching ratio for reaction 3b is quite small. I.arichev et

al. were unable to detect O? in their study of reaction 3 and set an upper lil~]it  of 0.015 for .!SI
k,

over the temperature range 233-298 K. Mcllouki  et al. inferred an upper limit of-- 1x10-4 for !lE
k,

at 300 K based on studies of the reverse reaction,

IIDr -t OS + 1102-1 I)ro (-3b)

using laser magnetic resonance detection of 110?  29. There have been no ittdications  from any

previous study that reaction 3 results in the formation of a stable adduct  as indicated in reaction

3c. Ab ini[io  calculations by Guha and l:rancisco  so at the 1131.YP/6-311 f t G(3df,3pd)  level

show that the er~thalpies  of formation of I I llrOj i somers  increase in the order

110Br02:l  1000Dr:l  100 BrO:l lIlrOOO. “l’his is the same ordering as the analogous system

involving chlorine. While absolute energies for 1 lIlrOJ isomers are not yet available, it is clear

from the observed negative temperature dependence of the f 10Br channel that potential energy

su[faces  ate qualitatively similar to the chlorine system. “1’hc 298 K rate constants fbr the 1102 +

20
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XO reactions increase significantly as X is substitLllcd  in the order [~l:Ilr:I. Began et al. have

attributed this to the increasing tendency of the larger XO species to access the available triplet

surfaces through spin-orbit coupling 23. Other factors that may contribute to the observed rate

constant enhancement arc stronger long-range interactions between 1102 and XO, and

progressive loosening of the I IOOXO transition state.

Atrwsphwic  !mplica( ims:

l’he combined rcsLllts  of this study and the work of Elrod et al. strengthen the case for a

smaller rate coefficient for reaction 3 than the value that appears in the 1994 NASA Data

llvaiuation.  This will have the effect of slightly lowering the overall catalytic destruction rate of

ozone by bromine, and consequently the oz.onc  depletion potential of cl I~Br.  ‘I$hc reduction in kt

will have the effect of repartitioning bromine from 110llr  into lJrO, which will increase the rate

of the IlrO + ~10 cycle, partially offsetting the effect on the I IO; -+ 13r0 cycle.

Summary

We have studied the kinetics of the reaction of BrO with 1102 over the temperature range

233-348 K using the technique of discharge flow/n~ass spcctrometry. Variations in experimental

conditions such as flow velocity, reactor total pressure, and the excess reactant (1102 or M-O) had

no effect on the measured rate coefficients within the 20 error limits. At 298 K, the rate

coefficient was determined to be (1 .73i0.61 ) x 10-11 cn13 molecule-l s“’ with 1)02 in excess and

(2.t)5~().64)  x 10-]’ cn13  molccuc-  1 s-’ with IIro  in excess, respectively. ~’he combined data from

the excess IJrO and excess 1 IOZ experiments were fit to an Arrhcnius  expression which gave k~ ==

21
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(3. 3:* 0.33) x 10“12 exp(5363.206/’  ). ‘1’hcsc rcsLllts obtained here, along with the nlcasLlren~ents  of

ent stLdics giving 298 K rate ccmstants that arc about a factor1 ;Irod cl al. contrast with three rc(

oft wo larger. The reasons for the discrepancy arc not well understood.
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“1’able 1. Summary of Radical Source Reactions and Reactor Conditions for the BrO + 1102
Reaction.

———... .—. —— __ ——_— — _r ~~Reagent S o u r c e  - S o u r c e
.—— __

l“jOW “1’ubc Concentration
Radical Stoichiomctry Reaction(s) I ,ocation ‘1’cn~pcraturc (10’2 molecule cnl-’)

—— — . — . — .

1102 excess F -+ 11202 injector 253-298 1-8
1102 minor c1 -+ c1 1301 I sidearm 233-348 0.1-1.5

13r0 excess Br + 0~ inj cctor 233-348 1-5
IlrO minor O + Br2 sidearm 253-298 0.1-0.5

——— -. —.- . . . -— —.— .

Table 2. Signal (rev) at nl/c =- 33 as a Function or lonizcr  Electron llncrgy  for the F + I llOz
system.’

. .—. .—-— ——- — -.. -.—

-—-————— -———  ..- —-—
Signal Source

‘ - k--
25— .

(a) Signal I-rem 1;+ 11202 643

(b) Signal from H201 230
alone

(a) -- (h)——- ..—
(b) 1.8

—— .——-— ——~
1 Emission current was 1.0 ma.

24

510
170

2.0

——

23
]onizcr l;]cctron l{ncrgy (cv)——-.

20

473

115

3.1

.

-2 2

365
79

3.6

..—

2 1

300
48

5.3

220
29

6.6

,
19

155
15

9.3

.— _-

1 8-

85
8.6

8.9

.-—

——.. .
17

35
4.0

7.8

——— .—
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l’ablc3.  Summary of llxpcrimcntal  Conditions and Measured Rate Constants for the Reaction
1102+ llrO-+ Products.

Pressure

(l”orr)
———..—. .—. .-—.

1

1

1

1-3

1

1

1

1

1__— .—. ..— .—

‘1’cmpcrat  urc

(K)

348
323
298
298
273
273
253
253
233

k, X  101]
(cm’ ni’olccule” s“’)

1 .35io.44
1.76f0.52
2.05t0.64
1.73 f0.61
2.62t0.87
2.06t0.62
2.80tl.11
2.32*0.65
3.06tl.15

‘“” TIkccss  Reagent

13r0
BrO
BrO
1102

13r0
I 102

BrO
110,
BrO—-—.‘--”---:’-:

Table  4. Comparison of Rate Constant Measurements for the Reaction 1102 + l\rO + Products

_-— —— . . .. ——— - .-—
lkfcrence

_—— —— —. _-—

Cox and Sheppard 6

Poulet  et al. 7

Bridier  et al. 9

I,arichcv et al. 8
I;lrod et al. 10
l’his Work.— . ..——— ---

‘1’cclmique

..—. —

M~l~V

I)F/Ms
FP/uv
I)F/Ms
I)F/Ms
I)FIMS.-_. ——

.——. ———
Pressure

(1’err)
———— -

760

1
760

1
100

1—.. -

‘temperature
(K)

303

298
298

233-344
210-298
233-348. . .. —.-

.- . .

“-:
k3 x 10”

(cn$ molecule”’ s-’)——. — . . . ..—..  —

O.f ,0.5
0 3

3.3fo.5
3.4 f.l.o

(0.484-0.03)cxp[(580*  100)/T]
(0.25 f0.08)exp[(520f80)/T]

(0.3 1 fO.03)cxp[(:40f2  10/1’)]— .. —. .-—
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Figure Captions:

Figurcl.  }lxperilllcIltal aplJaratlls arrallgclllcllt  fc)rkiIlctics  stlldyof  llrO+ll ()2.

Figure 2. BrO decay in the prcscncc  of CXCCSS  1 IOZ at 298 K. 1102 was produced using the F +

J 1202 source. 1102 concentrations arc in units of 1012 molccLdc  ctn-~.

R’igurc  3. I:irst-order decay rate of BrO, k;, as a function of [1 102] at 298 K. (0) 1’,,,,,, = 1 Torr

and v = 750 cm s“’, (0) 1’,(,(<,, = I ‘1’orr and v = 1600 cm s-’, (A) 1’,,,,,, = 3 Torr and v =- 1800 cm S-l,

(- ) best fit.

Figure 4. HOZ decay in the presence of excess llrO at 298 K. llrO was produced using the Br +

Oj source. BrO concentrations arc in units of10’2 molecule cm-~.

Figure S. I:irst-order decay rates, kj, of 1102 as a fLlnction  of [IlrO] at 298 K (A), 253 K (0), and

348 K (0).

Figure  6. 1102 signal inknsity as a function of flow tube tclnperature  using the II’ -t 11202 source,

(0) cool-down, (0) warm-up.

Figure 7. BrO signal intensity as a function of flow tube temperature using the O + Br2 source,

(0) cool-down, (0) warlll up.

Figure 8. l~ffectivc wall loss rate constant for 1102 as a function of reactor temperature (0) 298

K, (D) 2.73 K, (A) 253 K, (V)233 K, (0) 213 K.

Figure  9. TenlpcratLuc  dependence of the rate constant for the llrO + llOz reaction: (0) this

work, excess H02; (Cl) this work, excess llrO; ( ) I’oulct cl al. 7, (V) I.arichcv  ct al. &.; (0) Ilridicr

C( al. ~; (Cl) Elrod et al, ‘O; ( ) best fit to data from this work.
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EXPERIMENTAL APPARATUS FOR KINETICS STUDY OF BrO + HO ~
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