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The room-temperdture rate constart of Br+ HO» 15 22X 1071 cm

than 2 X 10715 (in3 nolecul ™t 7!

3 molecule™ 57! while that of Br + H204 1s fess

Arguing from correlations between activatuon enerwies and enthalpy changes ot similar

reactions we conclude that HBras a necheible reservour tor stratospheric bromine

1 Introduction

Although considerable publicity has been given 10
possible destruction of the stratospheric ozone layer
by chlorine-containing compounds such as the chtoro-
fluoromethanes much less attention has been paid to
the analogous problem resulting from bromine-con-
taining compounds [1—3] Presently, the anthropo-
genic stratospheric bromme burden 1s relatinely small
compured to that of chlormme However important
differences between the stratospheric chlorme and
bromine cycles have been noted which nught make
bromine on 4 per-atom basis considerably more de-
structive 1o ozone than chlorine Since tropospherical-
ly statle bromune compounds are finding increasing
use in agriculture (CH3 Br) and fire control (CF3Br),
1t appears wise to umprove our knowledge of strato-
spheric brorine chemistry before additional industnal,
agricultural and military commitment 1s made to the
use and proauction of these compounds

In modeling stratospheric chemistry rate constants
are required for many elementary reactions Since
expermmental data for reacuions of Cl and ClO (CIOX)
1s more complete than that for Br and BrO (BrOX)
rates of BrOX reactions have often been estimated as
those of the analogous ClOX reactions In certain
cases this procedure is clearly recognized as being in
error For example, since Br + CH, and Br + H, are
both =16 kcal endothermic. they are certainly much
slower than Cl + CHy and Cl + H;, which are essen-
tially thermoneutral However, even for exothermic
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reactions there usually exists a correlation between
activation energy and exothermicity [4.5] Such cor-
relations predict that. even [or exothermic reactions.
reacuions that form a hydrogen halide should be much
slower for Br than for Cl. since they are driven by 16
kcal less enthalpy change This article deals with mea-
surements of the rates of two such reactions, Br +
H,0, and Br + HO, These reactions are of consider-
able importance for stratospheric modeling, since they
have been postulated as the primary means of convert-
ing BrOX to HBr [6], which 1s catalytically inactive
for destroying stratospheric ozone

2. Expermmental procedure and results

Rate constants are measured 1n a 34 mm 1d pyrex
flow reactor. ccated with halocarbon wax [7] which
was fluorinated prior to use. Reactant concentraticns
are measured by a molecular beam analyzer {8,9].
which operates as an ordinary mass spectrometer when
momtoring diamagnetic molecuies such as H,05 When
monitoring paramagnetc species such as Br and HO,,
however, an obstacle blocks the direct path into the
ionizer of the mass spectrometer. and a hexapolar
electromagnet 1s used to “focus’ paramagnetic com-
ponents of the sampled beam into the 1omzer

Bromine atoms are produced by a 2450 MHz dis-
charge in dilute Bro—Ar or Bro—He mixtures In study-
ing the Br + HO, reaction, the bromine atoms are added
through a central 12 mm o d tube with an open end, as
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Mg 1 Clow reactor (\)sampling conc, (B) inncr tube supports
(C) pyrey flow tube, (D) mner tube, (D) H, 05 nlet, (F) bubb-
ler 1nlet, (G) HaO5 reservorr, (H) water batn, (I) mnert gas nlet,
(J) gas mlet (K) quartz discharge tube, (L) alumena discharge
tube, (M) microwave cavities, (N) gas mlet, and (O) to pump

shown 1n fig 1 Although this arrangement s not op-
tmum for rapid mivang of reagents. it does provide
hugher atom concentrations than does a closed tube
with many small openings The central tube 1s coated
internally with phosphoric acid and eaternally with
halocarbon wax The position of the central tube 1n the
flow tube 1s varied by shding 1t through an O-ring
seal The discharge cavity on the central tube 1s fixed
to the same shiding mount that holds the tube, so that
the position of the tube can be varnied without chang-
g the tuning of the cavity and the flow of bromine
atoms delivered at the end of the tube

Bromiine atom concentrations are taken as twice
the decrease of the Br'_';_ 1on signal upon mnating the
discharge In addition, the bromine atom signal 1s
calibrated by partially reacting a measured flow of
Br, with atomic fluorine (generated by a 2450 MHz
discharge on an Ar—F, muixture .n an alumina dis-
charge tube) =5 cm upstream of the sampling orifice
It 15 assumed that each Br, destroyed n the reaction

F+ Bry = BrF + Br 1)

produces a bromine atom at the sampling orifice
Bromine atoms have been found to react only very
slowly with undischarged F, [10] Tlus calibration
method avoids possible reaction of the bromine
atoms with the phosphoric acid coating on the inte-
nor of the central tube. In general, Br concentrauions
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determined from the Br, destroyed and from the cali-
brated atom signal agree to within 10%.

Atomic fluonne 1s mixed with excess H,0, (generat-
ed by flowing Ar through >90% H, O, solution, using
an all glass and teflon inlet line) 40 cm upstream of the
orifice, producing HO, radicals by the reactions

F + H,0, = HF + HO, ()
F + HO, = HF + 0,, (3)
HO, + 05 » H505 + O, )

Since 1t 1s difficult to reliably measure flows of H,0,.
due 10 the ease with which 1t 1s decomposed, the
mnolecular beam analyzer 1s calibrated to measure ab-
solute H,0, and HO, concentrations by a two-step
titration procedure Firsi, fluorine atoms 1n excess

are added to H,0, A calibration factor for F atoms
1s obtained by reacting them with a measured flow

of Br, 1n excess and measuring the dimmnution of the
Br, signal With Fin excess two fluorine atoms react
with each H~O, [independent of the occurrence of
reaction (4)]. directly providing the H,Q, calibration
factor The fluorine atom concentration is then re-
duced, by reducing the flow of F,, until H,04 1s1n
excess. and all of the fluorine atoms are consumed An
HO, signal 1s then observed as magnetic focusing at
mfe = 33. Since consumption of H,0, requires two F
atoms, except when the final product 1s HO,, when
only a single F atom 1s required.

Fconsumcd = 2(I—i?.o_'l)consumed - (HOZ)measurcd (5)

Since the mstrument 1s now calibrated for absolute [F]
and [H,0,], a calibration factor for the HO, s:gnal 1s
obtained. Measurements of absolute HO, concentra-
tions are useful in determining that conditions for
pseudo-first-order kinetics are achieved, with [Br] >
[HO5] Actual determinations of rate constants, how-
ever. are performed using only relative HO, concen-
trorions

The rate constant of the Br + HO, reaction was
measured as [Br] ~1d In (JHO, ] o5/ [HO5] op)/dz, 10 2
series of runs in which [Br]-to-[HO,], ..., ratios
were 5—50 By plotting the ratio of the HO, signal
with the Br, discharge off and on, the self-decay of
HO, radicals 1s accounted for under identical pressure
and flow conditions Typical data are shown in fig 2.
The negative intercept at zero displacement con this

477



Volume 77, number 3

[ -]
25 | /
s
Ef;lzo}-
—él‘ir‘
o2
(=]
- 14
= 05 |-

DISTAMCE (um)

Mg 2 Loganthm ot the rativ of the HC, signal with Bra dis-

charge ott and on versus distance or Br it trom sampling ort-
fice

ploc undoubtedly results fiom poor minmg at the
open-ended bromune nlet and is accentuated n this
run vy the least-squares plot giving equal weight to

the poimnt at 40 cin (where the HO4 signal 15 very weak)
The data pomts m imdividual runs, as well as the rate
constants from different runs showed considerable
scatter. prumartly as a result ot the low signal-to-noise
ratto of the HO4 signals Thz result ot nine measure
ments of the rate constant sA=(22+{ 1) X 16~ 13
cm? moleeute ! s 1 for the reaction

B["LHO?_"‘HBI""OZ (6)

where the error liuits are grven as the standard devia-
tion of the measurements Corrections for radial and
axtal ditfusion are not important at typical conditions
zmployed m these experiments v = 700 ¢m/s and
Pt =~ 05 Torr Within the considerable scatter, no cor-
relation of kg with [Br] could be observed

In studying the Br + H,05 reaction. the open ended
central inlet 1s replaced by an 8 mm o d pyrex tube.
termunating in a flattened bulb with six radially
directed orifices to facihitate misning H, O, 1s added
through this central inlet. and bromine atoms are
generated by a discharge on a pyrex section of the flow
tube Reaction 1s indicated by changes in the concentra-
uon of H,0, (montored at m/e = 34) when the brom-
ine atum discharge 1s initiated With the H,O5 inlet
withdrawn 1is masumum distance from the—sa;nplmg
orifice (40 em) a 2% duminuuon in the H,0, signal
could be observed by turottling the flow to 150 ¢m/s
Rate constantsof @ 7and I 3 10~ % ¢cm? molecule~!
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s~! were measured as (/[Br] )™ In ([H,0,] o/
[H5051,,) Systematic kinetic studies were not pos-
sible, due to the very small percentage reaction observ-
ed In their absence, we can only conclude that double
the average value of these measurements, 2 0 X 10713
cm® molecule ™! s™1_ can be considered an upper hmit
to the rate constant of this reaction,

Bt + H,0, - HBr + HO, Q)

A very sinular upper lumit has recently been placed on
this rate consiant by Leu [11]

3 Discussion

Kinetic data for the reacuions of Cl and Br with
H,0, and HO, are listed in table 1 Assunung that
the difference in the rate constant of the Cl and Br re-
actions 1s entirely due to an activation energy differ-
ence. 1t 1s found that. 1n reaction with HO,, Br has a
3 3 keal/mole higher actwvation energy than Cl, and 1n
reaction with H,05 the difference 1s greater than 3 6
kcal/mole These differences correspond to 0.21 and
>0 22 of the 16 kcal/mole difference in the exo-
thermucities of the Cl and Br reactions in each case
Semenov has shown that data for a wide variety of evo-
thermic radical—molecule abstraction reactions can be
fit by [5]

E, =115 +025AH (kcal/mole) (8)

This relation predicts that differences in £, are —0.25
umes differences in exothermicities A sumilar reaction
between changes of £, and AH approximates the
kmmetic data for exothermtc chlorine and fluonne reac-
tions plotted by Fetuis and Knoa [15] While quantita-
uive predictions of the above formula should be viewed
with considerable caution. it does represent one reason-
able basis for companng the kinetics of clierruically
stmular reactions Viewed 1n this perspective, the fact
that the reactions of HO, and H,0O, with Br are
much slower than their reactions with Cl 1s not sur-
prising

Besides H,05 and HO,, the only stratosphenc
component of appreciable concentration with a suf-
ficiently weak bond to hydrogen to react exothermical-
ly with Br 1s formaldehyde. Although stratospheric
concentrations of CH,( have not yet been measured,
a few tenths of a part per billion do not seem unrea-
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Rates constants (cm? molecule™ s71) for X + HR reactions at 298 = 3 K

HR X=Ci

X=8Br

E,(Br) — £,5(Cl)

H-0, 4 X107'312)

a 56%10713
HO- 3 x107!![13])
4 x107! [14)
68x107 [11]

av 3 6 X 107!

<15x10715 [10]
62x10713 [13] <2

% 10715 2)

x 10-13 &) 334)

2) This work

sonable as an intermediate in the destruction of CH,
[15] The reaction of Cl with CH,O has been found to
be very fast (k=75 X 10~ ¢cm™3 molecute! s_l)
[16] However. 1t seems likely that the analogous
reaction with Br would be considerably slower. as we
have observed for the H,0, and HO, reactions Con-
sidering the rapid rate (& =~ 10 1! ¢m3 molecule ™!
s_l) recently measured [16] for the reaction

OH + HBr -~ H,O0 + Br, (9)

it sezs that HBr provides a negligible reservoir for
stratospheric bromine Since a large fraction of strato-
spheric chlorme 1s 1n the form of cataly tically mactive
HCI, 1n this respect, bromine has the potential of being
much more destructive than chlornme of the stratospheric
ozone layer. A recent computer model of the bromine
chemistry of the lower stratosphere [6] has indicated
that on a per-atom basis bromine 1s many tunes more
destructive of ozone than is chlorine. This model cal-
culates that 10—-30% of non-organic bromine exists

as catalytically inactive HBr in the lower stratosphere
If HBr 1s taken as a neglhigible bromine reservoir, as in-
dicated by our results, ozone destructicn by bromine
would be =20% higher than indicated by these calcula-
tions
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