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The paramagnelic Br02 molecule with lifetime 5 > IO s has been found among the producw of the 0 + Br, rcvclion in 3 
discharge flow systrm. Identification was made by the rrchnique of molsculnr beam focusing in an inhomo_rsncxa~ msgwic 
firld with mass-sprcrrometric drtection. 11s symmrt~ appeared 10 bs C:,. like Ihr swble OClO molecules 3s ~3s dclermined by 
focusing in an inhomogeneous electric field. Approsimsre rare constants for rhe reactions O+ BrO, (.k, = (2.5-6)x lo-” 
c&/s) and Brk BrO?(k, = 5 x IO- " cm3/s) were obtained 

1. Introduction 

The BrO_, cycle is currently involved in specula- 
tions concerning processes which account for the 
destruction of the ozone layer in the earth‘s strato- 
sphere in which Br and BrO are believed to be the 
active species of the cycle. This has given rise to 
marked interest in the chemical activity of BrO., 
species. 

The most suitable source of these particles in 
laboratory studies is the reaction 

O+Br?+BrO+Br (I) 

followed. in excess atomic oxygen. by the reaction 

0+ BrO-+Br+O,. (2) 

There have been several investigations of this 
system. In ref. [l]. a discharge flow reactor has 
been used to determine the rate constant of reac- 

tion (1) and to estimate the rate constant of rcx- 
tion (2) at 298 K. In a more recent investigation 
[2]. Dodonov et al. made a comprehensive study of 
the mechanism of the reactions in the system 
containing 0 and Br atoms by mass-spectrometric 
probing of a diffusion cloud in a flow. Two kinds 
of BrO particles differing in their kinetic be- 
haviour were recognized in that study and rate 
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constants of reactions (1) and (2) for both of them 
have been obtained. Moin et al. [3] have measured 
a relative value of k, using ESR techniques. 

In this work we have studied the secondary 
reactions and intermediate products in the 0 + Br, 
system by modulated-beam mass spectrometry as- 
sisted by beam analysis in inhomogeneous ma%- 
nctic and electric fields. In particular_ the presence 
of electronically exited states of the BrO radical 
has been tested by focusing in an electric lens. A 
new paramagnetic molecule BrO. with a lifetime 
greater than 10 s has been found and some of its 
molecular properties have been ssamined. XI- 
though \ve have failed to establish the origin of 
BrO,. the approsimate rate constants of its reac- 
tions lvith 0 and Br atoms have been determined. 

2. Experimental 

The molecular beam mass spectrometer for 
studying atomic and radical reactions has been 
described in detail eIse\vhere [4]_ The experimental 
arrangement is shown in fig. 1. Pure 0, (or Br,). 
added to the carrier gas Ar or He and dissociating 
in a hf discharge (position 1) was used as a source 
of atomic oxygen (or bromine when needed). The 
Br,(2.5%)-inert-gas mixture was admitted into a 
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2.6 cm diameter reactor (posilion 2) through a 
glass capillary with a 0.28 mm inner and 0.78 
outer diameter set at the reactor axis. providing a 
diffusive mixing of reactants. The Br, conccntra- 
Con in the diffusion cloud was = 10” cm-‘. The 
absolute O-atom concentration in Ihc reactor 
riltlgd CrOlll 10” t0 5 X lOlJ cm -.l so that a 

pseudo-first-order dependence of the reaction on 
O-atom concentraCon was maintained in most ex- 

periments. The O-atom concemralion was mea- 
surrd by chemiluminescent titration with NO, (51. 
The reaction was studied ac room temperature and 
at a total pressure of 4 Torr. 

The molecular beam of the reaction mixture 
was formed in a nozzle-skimmer system with 0.4 
mm diameter orifices separated by 4 mm, mod- 
ulated at 33 Hz (position 4) and detected by a 
magncCc mass spectrometer (positions 5. 6). The 
sampling system provided a supersonic flow with 
Mach number M = 6, accompanied by transla- 

tional and rotarional cooling down to = 30 K. 
The distances between the capillary tip and the 

sampling orifice could be varied from 4 to 13 mm. 
The flow velocity at the reactor axis was lo-16 
m/s resulting in a typical contact time 7 = 10eJ s. 

To increase the relative sensitivity lo atoms and 
free radicals, the molecular beam of reaction prod- 
ucts was passed through a 15 cm Long region of an 
inhomogeneous magnetic field of a hexapole focus- 
ing lens (position 3) before entering the ion source 
with 100 eV electron impact ionization (position 
5). In the case of polar particles, the magnetic lens 
was substituted for an electrostatic hexapole one 
with 30 cm long poles. The technique of magnetic 

and electric beam focusing has been applied in a 
number of kinetic studies [6-81. 

3. Results and discussion 

Mass-spectral lines a1 m/e 79. 81. 95. 97. 111. 
113. 158, 160, 162. 16 and 32 were present in mass 
spectra of the reaction mixture. The bulk of the 
lines at m/e 16 and 32 corresponded to atomic 
and molecular oxygen: lines III/E 158. 160 and 162 
represent different isotopes of molecular bromine. 
The lines at #n/e 111 and 113 (BrO,+) could be- 
long lo either molecular lines of BrO, or fragment- 
ion lines from heavier Br- and O-containing parent 
molecules. The same situation applied in the case 
of the lines at #PI/C 95 and 97 (BrO’). For the 
identification of precursors of the lines at III/~ 95 
and 111, molecular-beam analysis in an inhomoge- 
neous magnetic field was performed. 

3.1. Attrr&sis of reucriotl products by tnugtwrir 
focirsittg 

The increase in intensity of the signal being 
monitored at pertinent mass-spectral lines after 
switching on the magnetic field demonstrates the 
presence of paramagnetic atoms and free radicals 
in the beam. Furthermore, the position of the 
maximum of the focusing curve allows the mass of 
Ihe focusing particle fo be determined. The mag- 
netic focusing curve (MFC) shows rhe dependence 
of the relative change in intensity of a given line 
AI/J,, where AI = I - Jo. 1 and I, are the peak 
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heights with the magnetic field on and off rcspec- 
timely. on the magnetic field strength I-I,,. The 
MFCs ;It m/e 79 (Br ‘). 95 and 11 1 m-r shown in 
fig. 2 (all the CIJWCS were reproducible itt their 
isotopic lines m/e 81. 97 and 113). Arrows indi- 
cate the calculated positions of the rt~itximit of the 

MFCs of Br and BrO,. It was also verified that the 
MFC of bromine atoms produced in the reaction 
coincided with the control MFC of Br atoms pro- 
duced by dissociation of Br, in a discharge under 
the sxne sampling conditions. In the c:tlculntion 
of the BrO, maximum position. the mass value 1 1 I 
and spin v~~lue l/2 were used. It was concluded 
from the experimental MFCs that tbr magnetic 

effect ttt m/e 79 may be attributed to Br ittonls 
and that at m/e 111 to BrO, radicals. 

The MFCs at m/e 95 were obtained itt different 
valurs of jI = [Br,]/[Br,lo. where [Br,] and [B-r;],, 
are the Br, concentrations near the sampling orkr 
with and without reaction respectively. Under 
pseudo-first-order conditions with [0] =+ [Br,] this 
value is related to the variable p:trnmeters by 
p = exp( -k, [0]7) and serves as a mensurr of the 
degree of Br, consumption in the reaction. In all 
experiments /3 was measured by the rclativc dc- 
crease of the intensity of the m/e 160 line after 

switching 011 the discharge gnerating 0 atotns. 
Closed circles correspond to B = 0.12 and opc~l 

OIWS to j3 = O.SS. The solid line reprcscnts 111~ 
calculated MFC for BrO in the gound ‘11 1 z 
S13lC. 

11 should hc nowd liial tinlikc BrO, and other 
poly:ttomic r:tdic:tls having ;I free spin. ;I strong 
spin-orbit coupling according to Hund’s case “a” 
takes place in diatontic BrO [9]. yielding ;t ncgligi- 
hlc tot:11 IllilgllCtiC 11101115I11 in the cscitcd ‘11, z 
staw (which is = 0.1 c\’ aho\-c the ground ‘11 A J 

state). so that only the ground state is para- 
magnetic. In the latter case the effectivL’ mignr‘lic 

iiionlt’nt dtzpends on the mtntinn;ll st:ltC of 1hC 

rtldical. 
11 may hc saxi from a comparison of the calcu- 

lated MFC and that nxtsurecl ;tt /3 = O.SS that ;tt 
this p \aluc the focusing rffcc: is almost cntircl? 
due to BrO radicnis. With incnxsinp /3 the focus- 
ing effect increnses \vith ;i pronounced gro\vth at 
the mtsin~urn of the BrO, XlFC. Hence. it NXS 
concluded that the LIFC ;tt III/~’ 95 is COlllp~~Sd of 

IlldecuIiIr DrO itnd fragment BrO, signals. From 
the ~IIO\V~I MFC of BrO, atId (Itut ;Jf BrO ;tt Smitli 
p- ‘. wlwn BrO, focusing m:Iy hr neglected. it NTIS 
possible to estimate the BrOZ contribution to the 
Signill iI m/e 95. \\hich appeared to be t 9% ilt 
j3 = 0.50 and = 20% itt /3 = 0.12. In addition. the 

:tpprosinl:tte ratio 1 : I \V:IS obtained for the inten- 
sity of the m/e 95 and 11 1 lines in the nl;Iss 

spectrum of BrO,. 
Thus. BrO, and BrO ’ TI, z radicals have been 

identified ~IIWXJ~ the rruction products in nXIg_ 
netic focusing esperiinrnts. 

Focusing of BrO, in an electric field \v;1s .itudicd 
in order to dstsnnine its geometric structure. The 
electric focusing curve (EFC). ix. the dependence 
of Al/I, 011 the lms rode \oltagr. at m/e 1 1 1 is 
shown in fig. 3. 

It is well knonm that in general. the shape of 
the EFC is determined by the constant v:~luc of 
the dipolr moment p,, of a n~olecule. its symnietr\ 
and its rotational disLribution which depends on 

rotational con%tnIs itnd Icrnpcritture. In fig. 3 the 
EFC of BrO, is compared with that of the stable 
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Fig. 3. Electric focusing curve for BrO, (aj complirrd with that 
for CH,CI, (0). 

CH,Cl, molecule. which is a slightly asymmetric 
top with /.Q, = 1.6 D [lo] and mass 84. Though a 
direct comparison of the EFCs for these particles 
is not straightforward. since the molecular char- 
acteristics of BrO, are unknown and may differ 
from that of CH,Cl,, the major factor determin- 
ing the order of the Stark effect exhibited by the 
molecule is its symmetry. Fig. 4 shows two possi- 
ble structures of BrO, - BrOO (C, symmetry) and 
OBrO (CzV symmetry). The bond length and bond 
angles proposed by Clyne and Cruse [ 1 I] for the 
four-cmrre intermediate complex Br-0-0-Br 

0 

‘=tio +i 
Fig. 4. Molecular geometry of IWO possible BrO, structures: 
BrOO. rBr_O = 2 A. r 0_o = 1.5 A, 6,,_,_, = 120’ (at the left) 
and OBrO. r o o= 2.9 A. Bo_Rr_o= 118“ (at the right). The _ 

“h” axis is shown in rhe molecular c.m. coordinate system. 

were taken for the C, structure and analogy to the 
OClO molecule was adopted for C,,, structure_ The 
calculated rotational constants are equal to A = 
1X6. B = 0.113. C= 0.107 cm-’ for C, and A = 
1.02. B = 0.25. C= 0.20 cm-’ for C,,. showing 
that both .structures are slightly asymmetric tops. 
In the case of C,, symmetry, the dipole moment is 
directed along the “b” axis (molecular axis of the 
intermediate moment of inertia) and interacts with 
the electric field according to the second-order 
Stark effect as in the case of CH,Cl,. It is unlikely 
in the case of BrOO (which has no symmetry 
elements)_ that the dipole moment has no compo- 
nents along molecular axes other than “b”. which 
would ensure stronger focusing at low voltage 
owing to the first-order Stark effect. As the EFCs 
of Br02 and CH$l, are very similar (with rather 
close rotational constants), we concluded that BrO, 
has the symmetric OBrO structure similar to that 
of the OClO molecule, and its dipole moment is 
approximately equal to that of CHzC12_ 

It has been deduced from kinetic measurements 
[2] that in reactions (1) and (2) BrO was produced 
and consumed as if it were present in two different 
states. denoted as BrO’ and BrO”. Two sets of rate 
constants (k,, kz) for each state have been de- 
termined and the suggestion has been made that 
these states are the 2113,2 and ‘TI,,, electronic 
states. Using the data on electric focusing of BrO, 
and its contribution to the nr/e 95 line, we were 
able to obtain the EFCs of BrO at different fi in 
order to determine whether the excited BrO “TI,,? 
radical was present in the reaction_ 

Unlike the magnetic case, where only the ground 
‘n 3,2 state may be focused, both states are focu- 
sable in electric field. The ‘lT3,r state is focused 
according to the first-order Stark effect due to the 
degeneration of levels with opposite directions of 
orbital momentum projection on the molecular 

axis. The ‘II ,,, state is generally focused in accor- 
dance with the intermediate Stark effect. The solid 
curves in fig. 5 represent the calculated EFCS for 

%,2 and ‘IT ,,? states performed for Hund’s case 
“a” taking into account the rotational dependence 
of the effective dipole moment. A rotational con- 
stant B = 0.43 cm-’ and dipole moment /.Q, = 1.55 
D from the ESR measurements 19,131 were used in 
the calculation. The intermediate Stark effect in 
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Fig. 5. Electric focusing cumes for BrO at [Br,]/[Br2J0 = O.SL 
(0) and 0.19 (0). Solid lines represrnr the calculated curves for 

Lhr ‘n 3,z and ‘n ,,> smcs of BrO. 

‘IT,,2 state was regarded as a first-order effect if 
the A-doubling constant, A. for a given rotational 
state was less than the interaction energy with the 
electric field, and as a second-order effect other- 
wise. A was obtained by the formula A = 4AB/A E. 
where A is the fine structure constant. AE the 
energy difference between the ground II and the 
first S state. for which the dissociation energy was 
taken [lo]. 

The open circles in fig. 5 represent the EFC 
obtained at fl= 0.82. when the BrO, contribution 
is negligible: closed circles correspond to p = 0.19. 
and a correction for a BrO, contribution of 20% 
as determined in the magnetic experiments above. 
was made when plotting this curve. Next fig. 6 
shows the kinetic profiles of BrO’ and BrO” 
calculated according to the reaction mechanism 
proposed in ref. 121. giving approximate BrO’ to 
BrO” concentration ratios of 7 : 1 at fl= OS2 and 
2 : 1 at j3 = 0.19. The difference in calculated EFCs 
for a mixture of ‘flJ,2 and ‘II,,? states in these 
proportions amounts to = 25% at high voltaSc_ 
The experimental error is = 3% for the EFC at 
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Fig. h. Calcularcd kinsk curvss for BrO’ and BrO’. txiszd on 
the reaction scheme of ref. [Z]: O- Br, - BrO’l Br. k; = 1.9 x 

- = 0 - - 

_ _ 

p = OS2 and 5 10% for that at j3 = 0.19. The 
curves coincide ivithin these error limits indicating 
that only one state has been detected. AS the 
degree of observed focusing is more characteristic 
of a first-order Stark effect it may be concluded 
that this state is ‘II ‘r .2_ the deviations het\vecn the 
experimental and &lculatsd ‘IIl.,., curves bring 
obviously due to the approsimarions made in 
calculations. Since in our experiments no electron- 
ically excited states of the BrO radical were ap- 
parent either in magnetic or in electric measure- 
ments. we suggest that BrO’ and BrO” are not 
different electronic states hut one of them is a 
vibrationally excited state of the BrO ‘Ti,,., grc>und 

stllte. 

BrO and BrO, kinetic profiles are shown in fig. 
7. The radical concentrations \vere measured as a 
function of ln([Br,],/[Br,]). xvhich under the con- 
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Fig. 7. (a) Concentrations of Br (0) and BrO (0) versus 
In([Brz],~Brz]). I is a point of absolute Br concentration 
measurement. The dshed line represents the czdculated kinetic 
curve for BrO based on the reaction scheme (I) and (2). (b) 
BrO, concentration versus In([Br, J,/[Br,]) measured by varia- 
tion of s(v) and [0] (A). Solid lines represent the calculated 
kinetic curves based on the reaction scheme (1). (2). (4) and (5). 

ditions used is a linear measure of the product 
[O]T. The kinetic curves were obtained either by 

variation of [O]. or by variation of 7 through the 
displacement of the capillary. In the latter case the 
linearity of Br, intensity with the inverse distance 
s was tested in each run and the measured signal 
was normaIized according to the change in [Brz]. 

The height of the m/e 95 peak in the presence 
of an electric focusing field was taken as a measu. e 
of the BrO concentration at an intermediate volt- 
age 6 kV at which the contribution of BrO, to the 
focused signal is smah. 

Br and BrOz concentrations were assumed to be 
proportional to the paramagnetic signal A I at m/e 
79 and m/e 111 respectively, measured at mag- 
netic field strengths 2 and 4 kOe where maxima of 
their MFCs occur. The kinetic profiles of Br02 
were determined by variation of both x and [O]. 

The kinetic curve for BrO obtained at s = const 
confirms rapid consumption in (2). 
Comparison with the calculated kinetic tak- 
ing account only (1) and (2) with 
k, = 1.4 x IO-” cm’/s and kz = 3 X IO-” cn$/s 

[l] (dashed line in fig. 7a) shows that the experi- 
mental fall of the BrO concentration is somewhat 
slower than that predicted by this calculation. 

The kinetic curve for BrO, shows that it is 
formed and. in turn. consumed in secondary reac- 
tions. The only important secondary reactions were 
those of intermediate products with 0 and 0,. 
since the quasistationary concentrations of inter- 
mediates were too small. 

One of the possible channels of BrO, formation 

Br+O,+M-+BrO,+M (3) 

was tested in a direct manner. For this purpose a 
known flow (= 7 X 10” s-‘) of molecular oxygen 
was admitted through the capillary tvhile a Br, 

(1 I!%)-Ar mixture was passed through the dis- 
charge tube. providing a Br concentration of = lOI 
cm m-3 in the reactor. The paramagnetic signal at 
lpr/e 79 was monitored under these flow condi- 
tions. No change in the Br concentration was 
observed within the error limits of 10%. According 
to ref. [4] this means that the bimolecular rate 
constant k, of reaction (3) is less than 1 x lo-” 

cm3/s (k,rimO ,ccu,n r -z 5 X lo-” cm6/s) and. 
hence. reaction (3) is not important_ 

Another possible channel 

O+BrO+M-+BrOZ+M (4) 

was tested by computer modelling of the reaction 
scheme (l), (2), (4) with the reaction 

O+BrOz+BrO+02 (5) 

taken as the most likely decay path for Br02. The 
calculated kinetic profiles are shown in fig. 7 by 
solid lines and corresponds to k, = 5 X lo-” 
cm3/s and k, = 2.5 X lo-” cm3/s obtained by 
least-squares fitting. Experimental intensities were 
normalized to calculated concentrations by the 
least-squares procedure after each iteration. These 
k, and k, values are the best to satisfy the Br, BrO 
and BrO1 kinetic profiIes simultaneously. As may 
be seen from fig. 7b this model yields rather poor 



agreement with experiment. 
We performed a direct test of this channel in 

the absence of Br2. For this purpose BrCl was 
synthesized by mixing Cl, and Br, as in ref. Ill_ In 
that work the reaction 0 + BrCl was found to 
produce BrO: 

0 + BrC! --, BrO + Cl. (6) 

with rate constant k, = 2.2 x IO-” cn$/s which is 
rather close to X-,. Typical BrCl concentrations 
used in our experiments were of the order 2 X 10” 
cni-3_ the O-atom concentration was 10’” cm-‘. 
so that the amount of BrO produced was the same 
as in the 0 + Brz system. Under these conditions 
no BrO, was found. 

3-4. InJhdence of surface processes 

Thus, the kinetic behaviour of BrO, cannot be 
described on the basis of being formed purely by 
gas-phase processes_ At the same time. the depen- 
dence of [BrOz]/[Brz] on both [0] and s. lvhich 
passes through a maximum (fig. 8). shows that a 
simple model of heterogeneous formation of Br02 
on the surface of the sampling cone is unaccepta- 
ble. If we assume that the wall process depends 
linearly on the Br, concentration and obeys a 
square law on the concentration of 0 atoms. a 
square [BrOJ/[Brz] dependence should be ob- 

served. Another possible wall process BrO + 0 + 
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Fig. 8. BrOZ to BrZ concmtra!ion ratio versus In([Br,J,/[Br,]) 
nleasured by variation of s (0. 0) and [O] (0 ). 

BrO, is described by the product [BrO] IO] which 
is an increasing function of the 0 concentration 
without falling parts as may be seen from the 
kinetic dependence of BrO in fig. 7a. where the 
abscissa is linearly related to [O]. 

Another possibility is Br02 formation on the 
outer surface of the capillary. In this case the 
capillary surface may be considered as a BrO, 
source of constant strength. Then. according to the 
diffusion cloud formalism discussed in ref. [4]. the 
[BrO,]/[Br,],, ratio would remain constant when .s 
changes if BrO, does not react with 0 atoms and 
would exponentially decrease when s increases if 
this reaction occurs. In any case there is no agree- 
ment with rsperimcntal data. It should be em- 
phasized that the method of a diffusion cloud in a 
flow is applicable if the diffusion takes place from 
a point source. which is regarded to be the capillary 
tip_ In the present situation molecular bromine 
may spread over a great part of the capillary 
surface_ creating an extended source which com- 
plicates the interpretation of the data. 

To test the influence of the surface. the sam- 
pling cone made of stainless steel was covered \vith 
a Teflon suspension and sintered at 370°C for 15 
min with further bake-out at 14O’C for 30 min. 
The outer surface of the capillary and the inner 
surface of the reactor tube were subjected to the 
same treatment. After the surface treatment_ BrO, 
was found onlv in 0 + Br, reaction as before. Th; 
BrO, formation is likely to require the presence of 
active centres occupied by Br,. 

Some experiments concerning BrO, were per- 
formed with Br, sampling at the bottom of the 
reactor tube (“Ic” in fig. 1) as in conventional 
flow reactors. The mean reaction contact time in 
these experiments was = 10-r s. There was no 
paramagnetic signal at Jn/e 111 in the course of 
the reaction when Xr was used as a carrier gas. but 
as soon as the reaction had been stopped by 
switching off the discharge (i.e. removing 0 atoms) 
a signal was obsemed over an extended time inter- 
val. A typical time profile is shown in fig. 9 where 
the arrow indicates the moment of switching off 



of the reactor in the course of the reaction. It may 
be seen that at rather large 0 concentration (5 x 
lOI cm-“) the stationary surface concentration of 
BrO, is attained in = 4 min (see fig. 10). while at 
an 0 concentration of 1 X 10” cmW3. even a 10 
min period appears to be too short to obtain 
saturation. 

Let us estimate the time for BrOz to diffuse 
from the reactor wall to the axis. The diffusion 
coefficients of BrO, in Ar and He. DBrO,_Ar = 22.2 
cm’/s and Daro2- rlr = 97.6 cm’/s were calculated 
using Fuller’s expression [14], which gives for the 
diffusion time in Ar and He 7hr = R’/2DBr02_Ar 

= 2 X lo-’ s and 7nr = Rz/DBrO__Hr = 4 x lo--’ 
-. -_. - s. R denoting the reactor tube radms. Hence. only 

t molecules desorbing at a distance larger than 8 cm 

Fig. 9. w/r 11 I signal in 0+ Br, system under Ihe condition ol’ - - 
complete mixing of the flow. Arrow indicnres switching off the 
discharge. Time consmm of the recording system is 6 s. 

in Ar and 1.5 cm in He from the sampling orifice 
could by detected. As the diffusion time in He is 
considerably smaller than that in Ar. reaction (5) 

the discharge. The same “post-effect” was ob- 
served for the isotopic line at in/e 113; there was 
no effect at molecular lines of BrO, (nr/e 127). 
BrO, (nr/e 143) and BrzO, (nz/e 192) confirming 
that the effect at nz/e 111 could not be attributed 
to these species. The peak ion current of this signal 
was of the same order of magnitude as the Br, 
steady ion current without reaction. Taking into 
account the equal line intensity at tn/e 95 and 
nr/e 111 in the mass spectrum of BrOz and assum- 
ing the same instrumental sensitivity to Brz and 
BrO,, the number of Br02 particles detected in the 
post-effect pulse was estimated to = 10”. A signal 
of such duration leads to the conclusion that the 
post-effect is due to the BrO, particles which left 
the reactor wall in the absence of 0 atoms (after 
the reaction had stopped). BrO? leaving the reactor 
wall in the course of the reaction react with 0 
atoms and thus do not reach the detector. This 
conclusion was supported by experiments with He 
carrier gas. in which the BrO1 signal was observed 
during the reaction as well as afterwards. 

Furthermore. it was found that the post-effect 
signal intensity depended on the duration of the 
preceding reaction: the longer the discharge had 
been on, the greater the peak intensity_ This indi- 
cates that BrO, had been accumulating on the wall 
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Fig. 10. Dependence of BrOz ion current (in lerms of peak 
intensities in fig. 9) on the duration of the preceding reaction at 
[0] = 1 x lOI cme3 (upper part) and at [0] = 5 x 10’” cm-3 

(lower part). 



is not sufficient to remove BrO, which results in 
the “direct” effect, i.e. the paramagnetic signal at 
M/C 111 during the reaction carried out in He. 

The lower limit for the rate constant of reaction 
(5) may be obtained: k, > l/[O],, T,\~= 0.5 X 
lo-” cm’/s, where [O],,, is the minimal 0 con- 
centration used in the experiments with Ar under 
the condition [0] X- [Brz]. The 0 concentration in 
these experiments was determined from the Brz 
consumption in a diffusion cloud and the known 
k, and equalled 1 x lO’3 crnm3. Under the condi- 
tion [Br,], > [0] in Ar. where 0 atoms were es- 
petted to be removed by the reaction shortly after 
mixing. the direct effect was again not observed. 
This may be explained by the fast reaction of BrOz 
with Br atoms generated in the reaction 0 + BrZ. 
The Br-atom concentration was assumed to be 
equal to the initial 0 concentration (= IO” cm-“). 
giving as the lower limit for the rate constant of 
the reaction 

Br + OBrO + BrO + BrO or Br, + 0, (7) 

the value k, > l/[Br],;r,, = 5 x IO-” cm-‘/s. 
The direct effect in He was examined with 

[0] >> [Br,] at different 0 concentrations. The re- 
sults are listed in table 1. 

From these data an upper limit for kS may be 
obtained using the maximal 0 concentration for 
which the effect is still observed ([O],,,, = 4.3 X 

10” cm-‘), k5 < l/[O],,, 7nc = 6 X lo-” cm’/s. 
The next [0] value. 10” cm-“. at which the BrO, 
signal practically disappears. gives a lower limit 

‘% ’ l/i01 rHc = 2.5 x lo-” crn’/s. As the latter 
inequality is stronger than the above. we have for 
k5 a range of (2.5-6) X lo-” cm3/s. One may 

Tiibir 1 

BrO, (m/e 111) paramagnctic signal during Ihe reaction 0-i 
Br, in He. [Br,], = 8x 10” cm- 

IO1 AI 
(IO-” cm-‘) (arb. unils) 

0.08 0 
0.1’ 552 
0.20 521 
0.21 ‘5i2 
0.43 IS&3 
1.0 0 

assume that under these conditions a considerable 
amount of Br, is converted into Br so that [Br] = 
[Br,],,. The presence of detectable amounts of 
BrO, permits us to estimate k7 < l/[Br] 7nc = 3 X 
IO-” cm’/s, which is of the same order of magni- 
tude as that estimated above. 

These rough estimates of the rate constants k, 
and k, may be compared \vith the rate constants 
for the analogous chlorine reactions: 

0 + ClO, - Cl0 + 0, 

and 

(8) 

Cl + CIO, ----) Cl0 + CIO. (9) 

with k, = 5 x IO-” cm:/s [15] and k, = 5.9 X 
lo-” cm”/s [ 161. Our evaluation of the rate con- 
stant for the Br + BrO, reaction is close to that of 

reaction (9). so it is verv likely that the channel 
forming t\vo BrO radicals proceeds in this case 
also. The estimated rate constant for the 0 + BrO, 
reaction appeared to be somewhat faster than k,. 

Neither the peroxide (BrOO) nor the symmetric 
(OBrO) form of BrO, has been detected in the gas 
phase. though Sander and Watson in their work 
on the mechanism of the disproportionation reac- 
tion BrO i BrO [ 171 have postulated the esistence 
of BrOO radicals as an intermediate species: 

BrO c BrO + BrOO + Br. (IO) 

BrOO+M~Br+0,+Xf. (11) 

A different version of the mechanism suzested 
the formation of the excited Br,O,’ complss: 

BrO + BrO - Br,Of <;;g;, Br. (12) 

In either case the fast reaction (11) \vas assumed to 
result in a rapid decay of BrO, which prevented 
the detection of this particle. From this. the authors 

evaluated the Br-00 bond energy as 1 kcal/mol. 
On passing a gaseous misture of Br2 and 0, 

through a dc discharge cooled by- fluid air. Schwas. 
and Schmeisser [ 181 observed the formation of a 
solid substance that decomposed at 0°C. The ob- 
tained ratio of molecular bromine to oxygen quan- 
tities produced by this decomposition enabled them 
to determine this substance as being BrO,. 

The results given above confirm that BrOO 



cannot exist in the gas phase and suggest the 
formation of Br,Ozn in the solid phase. 

4. Conclusion 

BrO, were identified in a flow reactor system 
containing molecular and atomic bromine and 
oxygen. Its geometry was determined as OBrO. 
resembling the stable OClO molecule. Its ability to 
accumulate on the surface and further to be de- 
tected at room temperature confirm that it is a 

stable paramagnetic molecule. 
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