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1 Introdwtioe 

Al!ciKxJ~l corlsldrrab!~ pllbllclt~ IILlS Ixcn gILen 10 

possible dcstrwtroll oi the strJtospherlc ozone layer 
bl chlorlne_corltalnIng comp~u~~ds sucl~ 3s the chloro- 
tluoromethanes mucl~ less atrentlon has been paid to 
die analogous problznl resultq i‘rwn bronluw-con- 

rains% compounds [l-3] Presently, the niitliropo- 
genlc stratospheric. brolnmc burden IS r:ldtl\cly smd!l 

compared to tllat of chlorlnc However important 
differences bcrwzcn the stratospheric chlcrlne end 
bromme cl clcs have been noted \\ hlch m&t make 
bromine on J per-atom basis Lonslderably more de- 
structwe to ozone than chlorine Since tropospllerlcal- 
Iy stat!e bromme compounds are findmg mcreaslng 
use In agriculture (CH3Br) and t‘lre control (CF3Br), 
it .ippears wise to improve our knowledge of strato- 
spheric bror-lme chemistry before addltlonal Industnal 
agruxltural and mktary commitment IS made to the 
use and proauction of these compounds 

In mode!mg stratospheric chemistry rate const.mts 
are required for many elementary rextions Since 
e\perunental data for reactions of Cl and Cl0 (CIOX) 
1s more complete dlan that for Br and BrO (BrOX) 
rates of BrOX reactions have often been estunatcd as 
those of the anJogous CIOX reactions in certam 
cases this procedure 1s clearly recognized as being m 
error For ekdmple, since Br + CH, md Br f H, are 
both =16 kcal endothermlL_ they are certdmly much 
slower than Cl + CH, and Cl + HZ, which are essen- 
tlally thermoneutral However, even for exothermlc 
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rextlons there usually ewsts a correlation between 
actlvatwn eners and e~.otllermiclty [4.5] Such cor- 
relations predict that. even for e\othermlc reactlons. 
reactions that form a hydrogen halide should be much 
slower for Br than for Cl. since they are driven by 16 
kcai less enthdpy change Thus article deals wtll rncd- 
wrements of the rates of two such reactions, Br f 
H,O, and Br + HO, These reactions are of conslder- 
able lmportancc forstratospherlc modeling, since they 
have been postulated as the primary means of convert- 
~“g BiOX to HBr [6], which 1s catalytIcally mactlve 
for destroying stratospherrc ozone 

2. E\perlmentd procedure and resuits 

Rate constants are measured In a 34 mm I d Pyrex 
tlow reactor. ccated wvlrll halocarbon wax [7] which 
was fluorinated prior to use. Reactant concentrations 
are measured by a molecular beam analyzer [8,9]. 
wh~cl~ operates as an ordmary mass spectrometer when 
momtormg diamagnetic molecu!es such as Hz02 When 
nxonltorlng pnramagnetw species such as Br and HO?, 
however, ar: obstacle blocks the direct path mto the 

lonlzer of the mass spectrometer. and a hevdpolar 
electromagnet IS used to “focus” paramagnetlc com- 
ponents of the sampled beam into the Ionizer 

Bromme atoms are produced by a 2450 MHz dls- 

charge m ddute Br,--Ar or BrZ-He mLxtures In study- 
mg the Br + HO? reaction, the bromme atoms are added 
through a central 12 mm o d tube with an open end, as 
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i-1: 1 l-low reactor ( \) wmphng cone, (B) lnncr tube supports 

(C) p) rc\ I-lo\\ lube. (D) mner tube, (D) H202 Inlet, (F) bubb- 
ler Inlet, (G) Hz02 rcservotr, (H) water batn, (I) mcrt ~,as mlct, 
(J) gas mlct (K) quartz dtschzrgr tube, (L) alumma discharge 
tube, (Xl) mlcro\vrlve C~VIIICS, (N) eas mist, and (0) to pump 

shown m fig 1 Although this arrangement IS not op- 
timum for rapid mlkmg of reagents. it does provide 
higher atom cortcentratlons than does a closed tube 
with many small openings The central rube IS coated 
internally \vlth phosphoric acid and externally lvlth 
halocarbon wax The posltlon of the central tube m the 
flow tube 1s varied by slldmg It through an O-ring 
seal The discharge cavity on the central tube IS fixed 
to the same slldrng mount that holds the ?ube, so that 
the posItIon of the tube can be varied without chang- 
mg the tunmg of the cavity and t!le flow of bromme 
atoms dellvered at the end of the tube 

Bromine atom concentrations are taken as twice 
the decrease of the Br; Ion sIgnal upon uutlatmg the 
&schnrge In addition, the bromme atom signal 1s 
calibrated by partmlly reacting a measured flow of 
Br2 with atomic fluorme (generated by a 2450 MHz 
discharge on an Ar-F, mature .n an alumma dls- 
charge tube) 6 cm upstream of the samplmg orlike 
It IS assumed that each BrZ destroyed m the reactIon 

F + Br, + BrF + Br (I) 

produces a bromme atom at the sampling orlfice 
Bromine atoms have been found to react only very 
slowly with undischarged F, [lo] Tlus callbratlon 
method avolds possible reaction of the bromine 

atoms with the phosphoric acid coating on the mte- 
nor of the central tube. In general, Br concentrations 

determmed from the Br, destroyed md from the cali- 
brated atom slgnal agree to wltlun 10% 

Atomic fluonne IS mixed 1~1th excess H,O, (generat- 
ed by flowing Ar through >90% H202 solution, usmg 
an all glass and teflon mlet Ime) 40 cm upstream of the 
onfice, producmg HO, radicals by the reoctlons 

F+H202+HF+H02 (2) 

F+HO,+HF+O?, (3) 

HO, -I- 130~ -+ H?O, + 0, _ - <-Zj 

Since It IS difficult to reliably measure flows of H,O,. 
due to the ease ~vlrh which it IS decomposed, the 
molecular beam analyzer IS calibrated to measure ab- 
solute H,O, and HO, concentratlops by a two-step 
tltratlon procedure F~rsr, fluorme atoms m excess 
are added to H,O? A callbratlon factor for F atoms _ - 
IS obtdned by reactmg them with a measured flow 

of Br, In excess and rneasurmg the dmmutlorl of the 
Brl signal Wth F m excess two fluorine atoms react 
\mth each H-O, [mdependent of the occurrence of 
reaction (4)]. directly provldmg the Hz02 cahbratlon 
factor The fluonne atom concentration IS then re- 
duced, by reducing the flow of F2, until HZ02 IS m 
excess. and all of the fluorme atoms are consumed An 
HO, signal IS then observed as magnetic focusing at 
r~~/e = 33. Smce consumption of H202 requires two F 
atoms, except when the final product IS HO,, when 
only a smgle F atom IS required. 

F consumed = 2(fi203jconsumed - (Ho2)mexured (5) 

Stnce the mstrument 1s now calibrated fol absolute [F] 
and [H702], a cahbratlon factor for the HO, s!gnal IS 
obtruned. Measurements of absolute HO, concentra- 
tions are useful m determmmg that cond;tions for 
pseudo-first-order kmetlcs are achieved, wth iBr] S 
[HO.,] Actual detemnmatlons of rate constants, how- 

ever. are performed usmg only relative HO2 concen- 
trarlons 

The rate constant of the Br + HO, rextlon was 

measured as [Br] -‘d In ([HO?] otT/ [HO,] ..)/dr, m a 
series of runs In which [Br]-to-[HOZ],,nal ratios 
were S-50 By plotting the ratlo of the HO, signal 
with the Br2 discharge off and on, the self-decay of 
HO, radicals 1s accounted for under ldentlcal pressure 
and flow condltlons Typical data are shown in fig 2. 
The negative Intercept at zero displacement cn this 
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plol undoubtedI> results f~orn poor INI\IIKJ at the 
open-ended bromme Inlet and IS xcen[uated ‘n rhrs 

run try tile least-squares plot giving equal weighr to 
UK point dt 40 tin (where the HO, s1sr-1~11 ?b vrq ~.cnL,) 

The data pomts III lndlvldurll runs, as well as tile rate 
constants froin different runs showed considerable 
sc3tter. prlmarll! as a result of tlie low signd-to-noise 
ratlo of the HO-, signals Thz result ot IIIP~: measure 
ments of the rati constant IS I, = (2 7 -t I 1 ) X IO- ” 
ini inolcculc-l s-’ for tllr reaction 

Br’HO,-HBr+O? (6) 

wlterc the error lunits arc :~WII 3s the stdndxd dev~a- 
tion of the me.lsurements CorrectIons for rad[J and 
akid d1tfusiorl are not important at typical condtttons 

xnploycd tn these e\per!ments u = 700 cm,‘s and 

p-r - 0 5 Torr Wlchln the considerable scatter, no cor- 
relation ofk, with [Br] could be observed 

In studying the Br + ti-,O, reactlon. tlie open ended 
central Inlet IS replaced b> an 8 mm o d pyres tube. 

terinmdtmg In a flattened bulb with SIX radially 
directed orltkes to fxi:irnte mi\mg H?O-, IS arided 
throuJ1 thts central Inlet. and bromme~t&s are 
generated by a discharge on a Pyrex sectior, of the flow 
tube Reactlon IS mdxated by changes In the concentra- 
il?n of H,O, (momtored at M/C = 34) when the brom- 
ine att,~i discharge IS mltlated With the H,O, mlct 
Lvlthdrawn 1:s maximum distance from thesampllng 
or?fice (30 cm) a 3% dunmullon III the H107_ signal 
could be observed by tlnra-,ttlmg the flow to 150 cm/s 
Rate constants of0 7 and I 5 ,V lo-” cm3 molecule-’ 

3-l were measured as (t[Br] )-’ In ([Hz0210n/ 
[Hz02],,) Systematic kinetic studies were not pos- 
sible. due to the very small percentage reactlon observ- 
ed In their absence, we can only conclude that double 
the dverage value of these measurements, 2 0 X lO_” 
cm 3 molecule- ’ s- ‘. cm be considered an upper llmlt 
to the rate constant of this renctlon, 

BI t H20, + HBr + HO, (7) 

4 very similar uSper Innit has recently been placed on 
tllis rate consLant by Leu [I I ] 

3 DiscussIon 

Kinetic data for the reactIons of Cl and Br imth 

klz03 and HO, zre hsted n-i table 1 Assummg that 
rile differrcnce m the rate constant of the Cl and Br re- 
nctloqs IS entirely due to an actlvatlon energ differ- 
ence. it IS folmd that. m reactlon \wth HO?, Br has a 
3 3 Lcal/molc h@er actmmon energy than Cl, and m 
reaction with H,O, rhe dliference 1s greater than 3 6 
kcal/mole Tllese differences correspond to 0.2 I and 
X 31 of the 16 kcd/mole difference m the 2x0- 
t_hermIcltles of the Cl and Br reactions III each case 
Serneno~ has shown thaw data for a wide variety of elo- 
tilermlc radical-molecule abstractlon reactlons can be 

fit b> [5] 

E,= I I5 +015&V (I\cal/mole) (8) 

Thus relation predicts that differences m Ea are -0.25 

times differences in ekothcrnxltles A snnllar renctlon 
between changes of E‘, and 41? approvmates the 
hmettc data for exothermlc chlonne and fluorme reac- 

tions plotted by Fettls and Knox [ 151 Whde quantlta- 
We predictions of the above formula should be vrewed 
with conslderable caution. it does represent one reason- 
able basis for cornpanrlg the kmetics of chenucak’y 

smdar reactions Vlewed m thus perspective, the fact 
that the reactlonsof HO, and H,O, with Br are 
much slower than their reactlons with Cl IS not sur- 
prosing 

Besides H30, and H02, the only stratospheric 
component of aipreclable concentration wth a suf- 
ficlently weak bond to hydrogen to react euotherrmcal- 
ly imth Br IS formaldehyde. Although stratospheric 

concentrations of CH,O have not yet been measured, 
a few tenths of a part per billion do not seem unrea- 
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Table 1 

Rates constants (cm3 molecule-’ s -‘) for X + HR ~COCIIO~S ;I[ 1-98 +- 3 K 
- 

HR X = Cl x= Br E$Br) - EaW 

Wal) - I _I-__- ___--_ -__ ___ _._-__. 

H202 4 x lo-‘3 112) <I 5 x 10-‘5 [IO] >3 6 
6 2 x lo-l3 [I;] <7- x 10-1s 3) 

.I\ 5 6 x lo-l3 

HO2 3 u, lo-” [IS] 2 x 10-13 %I) 3 3 J) 
4 x 10-t’ 1141 
6 8x lo-” 1111 

a) Thx \\orh 

3” .I 6 x lo-” 
-- -- 

sonable as an IntermedIate In the destructlor! of CH, 
[ 151 The reactlon of Cl wth CH,O has been found to 
be very fast (k = 7 5 X lo-” cmz3 m~lecule-~ s-l) 
[ 161 However. it seems likely that the analogous 
reaction iwth Br would be conslderably slower. as we 
have observed for the H,O, and HO, reacttons Con- 
sderlng the rapld rate (k =z 10 -I1 cm3 moleculePi 
s-l) recently me;lsured [ 161 for the rexLIon 

OH + HBr - H?O + Br, (9) 

It SZI~S that HBr provides a neghgible reservoir for 

stratospheric bromme Smce a large fraction of strato- 
spheric chiorme Is in the form of catalq tIcally inactlve 
HCI, In this respect, hromlne Ilz the pottntlzl of beIn 

much more destructive than chlorrne of the stratospheric 
ozone layer. A recent computer model of the bromme 
chemistry of the lower stratosphere [6] hds mdlcated 
that on a per-atom bzsls bromme IS many tmes more 
destructive of ozone than IS chlorine. Tlus model cal- 
culates that IO-30% of non-orgamc bromme e\Ists 
as catalytically mxtlve HBr m the lower stratosphere 
If HBr IS t&en as a neghglble bromme reservoir, as m- 
dlcated by our results, ozone destructlen by bromme 
would be =:20% hgher than mdlcnted by these CalLula- 
tlons 
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