J. Phys. Chem. R005,109,5093-5103 5093

The Visible Absorption Spectrum of OBrO, Investigated by Fourier Transform
Spectroscopy

Oliver C. Fleischmann,* Julian Meyer-Arnek, and John P. Burrows
Institute of Remote Sensing, Waisity of Bremen, 28334 Bremen, Germany

Johannes Orphal
Laboratoire de Photophysique Malglaire, Universitede Paris-Sud, F-91405 Orsay Cedex, France

Receied: Nawember 6, 2004; In Final Form: March 13, 2005

By the utilization of a new laboratory method to synthesize OBrO employing an electric discharge, the visible
absorption spectrum of gaseous OBrO has been investigated. Absorption spectra of OBrO have been recorded
at 298 K, using a continuous-scan Fourier transform spectrometer at a spectral resolution of 0.8 cm
detailed vibrational and rotational analysis of the observed transitions has been carried out. The FTS
measurements provide experimental evidence that the visible absorption spectrum of OBrO results from the
electronic transition CA,)—X(?B,). Vibrational constants have been determined for tiiAg(state (1 =

648.3+ 1.9 cm! andw, = 212.8+ 1.2 cnl) and for the X{B,) state 1 = 804.14+ 0.8 cnmt andw, =

312.24 0.5 cmY). The vibrational bands (1,0,0), (2,0,0), and (1,1,0) show rotational structure, whereas the
other observed bands are unstructured because of strong predissociation. Rotational constants have been
determined experimentally for the upper electronic staté £(By modeling the band contours, predissociation
lifetimes have been estimated. Further, an estimate for the absorption cross-section of OBrO has been made
by assessing the bromine budget within the gas mixture, and atmospheric lifetimes of OBrO have been
calculated using a photochemical model.

1. Introduction time concentrations in the stratosphere to 2.5 pptv, with a
maximum value of 7.7 pptv. Some studies have tried to estimate
the amount of atmospheric OBrO by chemical simulations. In
¥ one-dimensional model based on gas-phase reactions only,
Chipperfield et af estimated the likely concentration of OBrO

The possible existence of OBrO in the lower polar strato-
sphere has been under discussion in recent atmospheric studie
On the basis of balloon-borne ultraviolet/visible (YVis)
absorption measurements using thg stellar ogcultatlon |r_lstrumenr[0 be less than 0.01 pptv.

Amon, Renard et adl.reported the first experimental evidence ) o

for the presence of OBrO during nightime in the arctic  1he studies by Renard et ‘alnd Berthet et aﬂ.!ndlcated
stratosphere. The residual absorption features between 475 an{at remote sensing measurements in the visible range of
550 nm, recorded over Kiruna inside the polar vortex, were atmospheric OBrO _concentratlon are very sensitive to the
attributed to OBrO. The atmospheric concentration was esti- Wavelength calibration of the reference spectra employed.
mated to be 1620 pptv. Recently, Berthet et alanalyzed However, all previous reco_rdmgs of t_he visible absorption
observation data from the two balloon-borne absorption spec- SPectrum of OBrO have relied on grating spectrograiphs.
trometers Amon and Salom@The Salomon spectrometer uses Thus far,. FTS that prowdes. excellent wavelength cahbrauon
lunar occultation. The data analysis by Berthet étanfirmed and stability has been applied to OBrO only in the mid-IR
the observations made earlier by Renard éffle measurement ~ fegion?®

accuracy was improved in part because of the new FTS Although OCIO had already been discovered in 1815 by
absorption spectra of OBrO for the visible spectral range that Davy!! the gas-phase spectra of the two halogen dioxides OBrO
were used in the data retrieval (O. Fleischmann, private and OlO were not observed until the 1990s by Rattigan ét al.
communication). These FTS spectra are presented here in detailand Himmelmann et at? respectively. Different spectroscopic
The spectra were scaled by Berthet ettal.absolute absorption  studies of gaseous OBrO have been reported for the microwave,
cross-sections using a study by Knight et &@erthet et ak the IR, and the visible spectral range. The electronic ground
observed a rise in the stratospheric OBrO concentration within state was investigated by Mer et all3 using microwave and
the polar vortex at heights above 17 km up to 32 km. At altitudes by Chu et al® using IR FTS. Miler et all3 analyzed the pure
between 25 and 32 km, the mixing ratio was estimated to be rotational spectrum, derived ground-state rotational and cen-
5—-15 pptv, while above 32 km, the concentration decreased trifugal distortion constants, and determined the ground-state
again. The Salomon experiment showed further that, after dawn,molecular structure. Chu et #l.determined the fundamental
the OBrO concentration diminished rapidly. vibrational frequencies of bandg and v for different isoto-

Other observations, however, yielded smaller concentrations pomers of OBrO. Miller et al.scanned the visible absorption
for stratospheric OBrO. Erle et akstimated the typical night-  spectrum of OBrO using a monochromator and carried out a
vibrational analysis. By comparing the experimental results to
* Corresponding author. E-mail: oliver-cf@gmx.de. molecular constants derived from ab initio calculations, they
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Figure 1. Experimental setup for the production of OBrO using a series of electric discharge chambers.

concluded that the visible absorption spectrum is due to the The concentration of bromine was much smaller than that of
electronic transition CA,)—X(2By). Miller et al® also calculated ozone. With the third electric discharge turned off, the Br
rotational constants for the excited electronic states and predictedconcentration in the absorption cell was around (2.8.8) x

that some rotational structure in the spectrum might be observ-10'® molecules/cr After turning on the last discharge, the cell
able by high-resolution methods despite the predissociation concentration of Brdropped to (1.5 0.6) x 10 molecules/
broadening. This would enable the identification of the electronic cm?. Simultaneously, the spectral absorption features of OBrO
state involved by a comparison of the rotational constants with appeared in the wavenumber region from 16 000 to 25 000
those from ab initio predictions. Hence, this study anticipated cm™. No change was observed in thg Encentration, as it
one of the results presented here. The spectroscopic propertiesvas about 108 higher than for Bs. As discussed below, the
of OBrO have also been characterized in two ab initio studies concentration of OBrO in the absorption cell was estimated to
by PetersoHf and Vetter et al® All these studies investigated  (0.8—1.5) x 10" molecules cm?. The total cell pressure during
the low-lying electronic states of OBrO that are relevant to the the experiments was 58 2 mbar.

present study; Petersdipredicted vibrational and anharmonic, In most of the previous laboratory studies, gaseous OBrO
rotational, and centrifugal constants. Vetter etafurther formation was initiated either by a photolysis or microwave
studied the potential energy surfaces and the possible dissociadischarge. Rattigan et &linvestigated the time-resolved pho-
tion channels of OBrO. tolysis of gas mixtures of Bwith a large excess of OBrO

Here, we present FTS observations of the visible absorption was observed as an intermediate species, and Rattigar? et al.
spectrum of OBrO. A new method for the synthesis of OBrO assumed a formation of OBrO through the reaction Br@j
by means of an electric discharge through mixtures of 8%, — OBro + O,. The estimated rate of this reaction indicated
and Q has been employed. This method yields a high OBrO that it is probably of negligible significance for the chemistry
concentration under flow conditions and has therefore enabledof stratospheric ozone. Rowley et'@klso carried out photolysis
the recording of high-resolution FTS absorption spectra of OBrO experiments and stated that, for the laboratory production of
in the visible spectral range. A vibrational and rotational analysis OBrO, a minimum excess of {over atomic Br of 16 was
of the recorded absorption spectrum has been carried out. Theneeded.
spectroscopic analysis provides clear experimental evidence that geyeral other experimental studies had relied on the dissocia-
the visible absorption spectrum of OBrO results from the tijon of OBrO precursors by microwave-induced plasmas in a
electronic transition CA,)—X(?B,), in agreement with theoreti- gas stream. &Y compared the efficiency for the OBrO formation
cal predictions. The first experimental rotational constants and by different gas mixtures that were led through a microwave
predissociation lifetimes for the excited electronic stateAg) discharge. The first mixture contained, @nd He in the
are reported. Further, an estimate for the absorption cross-sectioraischarge_ The atomic oxygen produced then reacted with Br
of OBrO in the visible spectral range is presented, and For the second method, Band He were brought into the
atmospheric lifetimes of OBrO have been calculated using a discharge and later reacted with.(’he highest production of

photochemical model. OBrO was achieved by the third method, on the basis of a gas
. ) mixture of Br and Q which was carried by He through the
2. Experimental Section discharge. However, the concentration of OBrO obtained by
2.1. Synthesis of OBrO.OBrO was produced by a chain of ~microwave discharges was usually not sufficient for direct
electric discharge tubes, operating on a flow of &d Be. optical absorption measurements. Therefore, the sample initially

The setup is drawn schematically in Figure 1. Three dischargehad to be collected in a trap and later evaporated into the
chambers were connected in series. The first two discharges inabsorption cell. Other studies were based on similar production
flow direction were used to produce;@ a stream of @ The methods. Knight et él.and Chu et al® used the third of Li'$’

O, throughput was regulated to 500 standarc® onin(flow methods (B#O2/He), whereas Miller et & passed @and He
controller MKS 1259 CC). After passing the first two chambers, through the discharge.
the oxygen flow had been enriched with8% of ozone, which For the recording of high-resolution FTS absorption spectra,

corresponded to ang@oncentration of (25) x 10 molecules/ an OBrO concentration of around 0molecules cm® was

cm? in the absorption cell. The actual concentration of ozone necessary in the absorption cell. Further, the experimental
depended on both pressure and flow throughput. The output ofconditions had to remain unchanged over a period of at least 1
the second chamber was then connected to a third dischargeh. This favored a continuous-flow production similar to the
tube. At the junction between the second and third discharge established microwave discharge. The dissociation of precursors
tubes, a small amount of Bwas added. Molecular oxygen by an electric discharge appeared as an alternative. The earlier
served as the carrier gas for,Bvith a flow rate of 10 standard  studies stimulated the idea of passing a mixture of &nd

cm® min~L. The stream into the third discharge chamber thus excess @through an electric discharge. The surplus of ozone
carried a gaseous mixture 0D, and Be. This last discharge  corresponded to the observations made by Rattigan’edrad.

tube led to the production of OBrO. However, the mechanism Rowley et al'® This concept based on a series of electric
of the formation of OBrO in the discharge is not quite clear discharge chambers proved to be successful, and an OBrO
yet. concentration of about (0-8L.5) x 10% molecules cm?
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Figure 2. Optical density recorded when the electric discharges were Wavenumber / o
turned on.

Figure 3. Unknown absorber component from the optical density
plotted in Figure 2. The spectral resolution is 60¢énfwhm. The

. L . . reference shows the absorption spectrum ofOBrrecorded in our
resulted under flow conditions. This is considerably higher than japoratory and published by Deters efl.

that achieved using microwave discharge of appropriate chemi-

cal mixtures in flow systems. cm-! as observed by Knight et &lcould not be monitored by
2.2. Absorption Spectrum of OBrO. The experimental setup  our measurement concept.
to record the absorption spectra of OBrO comprised the gas The maximum optical density of OBrO in the peak of the
source as described above, an absorption cell, and a continuous(s,1,0) band at 19 772 crhwas 0.2-0.3. When turning on the
scan FT spectrometer. Apart from the new gas source for OBrO, electric discharge, a part of the molecular bromine was
the setup has already been described elsewhere in Hetail. disintegrated to form OBrO and other bromine oxides. This led
Therefore, only a short summary is given here. The absorptionto a negative optical density for Brcompared when the
cell had a length of 120 cm and consisted of three concentric discharges were off. Figure 2 shows that the spectrum ap-
glass jackets, the inner compartment (volume 3 1) being proaches zero in the region of Babsorption around 24 000
surrounded by a cooling mantle. On the outer side of the cooling cm™%. The negative values for Brare compensated by the
compartment, an evacuated jacket isolated the inner chamberspositive optical density of OBrO. Significant amounts of BrO
The temperature of the inner cell carrying the probe gases wasbecame visible only, when the concentration of, Bvas
held constant at 298 K. The absorption chamber was operatedincreased above & 10'3 molecules/cri Simultaneously, the
under flow conditions, with a gas input at one end carrying O  concentration of OBrO decreased. For the recording of the FTS
Oz, Brz, OBrO, and possibly other bromine oxides. The pump spectra, the experiments were optimized for a maximum yield
outlet was on the opposite end of the chamber. The cell pressureof OBrO. In these measurements, no BrO features could be
was kept at 5@ 2 mbar. A high-pressure Xe lamp (Hamamatsu identified above the noise level.
Super Quiet L2270) served as the analysis light source and was Besides OBrO, @ and Bp, a fourth absorption component
coupled into the gas chamber through quartz windows. The appeared in the spectrum. Changes in the gas flow indicated
absorption path length in the gas chamber was extended bythat this component was independent from the other absorbers.
means of multipath White-type optics with aluminium mirrors  However, the bandwidth limitation together with the large excess
that were coated with MgF The mirrors were mounted  of ozone led to a very noisy spectrum above 29 000%rand
internally to reduce losses caused by the cell windows. A total the optical densities were very small. This made the identifica-
absorption path length of 1442 cm was established. After leaving tion of the absorber difficult. In Figure 3, a smoothed spectrum
the cell, the analysis light was coupled into a continuous-scan (60 cnt fwhm) of the fourth absorber is plotted together with
FT spectrometer (Bruker IFS 120 HR). A quartz beam splitter an absorption spectrum of ) which had been recorded
was employed, and a GaP photodiode was used as detectorpreviously in our laborator}? The characteristic of the unknown
Because the optical densities were below 0.3, high-resolution absorber that could be distinguished is the wavenumber position
spectra of OBrO with a reasonable signal-to-noise ratio could at 22 500 cm? where the spectrum begins to rise. On the basis
only be recorded when limiting the bandwidth of the FTS. This of this feature, most of the other candidate species were ruled
was achieved by using electronic filters and changing the out, and BsO was tentatively attributed to this substance. The
sampling intervals to record the range from 15 798 to 31 596.0 rather uncertain identification of the fourth absorber has little
cm. Absorption spectra were then recorded at a spectral or no effect on the following spectroscopic analysis. Because
resolution of 0.8 cm! fwhm. this fourth component was clearly independent, it was separated
In Figure 2, an absorption spectrum is plotted that was from the OBrO spectrum. On the other hand, the estimation of
recorded with all discharge chambers switched on. For the the absorption cross-section of OBrO does depend on knowledge
background spectrum, the same cell content with discharges offof this species.
was used. As Figure 2 indicates, the observable spectral range After separating the different components of the optical
was reduced to wavenumbers below 30 000 &nfirst, this density, an absorption spectrum for OBrO was obtained. The
was caused by the mentioned bandwidth limitation of the FTS. band system is plotted in Figure 4. Above the spectrum,
Second, the UV light was absorbed strongly by the excess of vibrational quantum numbers are given to indicate the vibra-
ozone needed to produce OBrO. The reduced spectral widthtional transitions. The spectrum obtained has been analyzed
prohibited the observation of the UMB and UV—C ranges. In spectroscopically, and the results are discussed below. Ad-
particular, the UV absorption feature of OBrO above 33 000 ditional measurements were carried out in order to estimate the
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Figure 4. Absorption spectrum of OBrO. The markings above the Figure 5. Newly observed vibrational bands in the visible absorption

spectrum indicate the vibrational quantum numbers for the different SPectrum of OBrO. The arrows below the spectrum curve mark the
progressions involved. bands that belong to the progressionv{A)—(1,0,0). The labels

indicate thev; vibrational transitions by;i and thev, transitions by

absorption cross-section of OBrO. This was done by means of 2+ The spectral resolution is 8 cth
a bromine budget consideration, where different discharge statesb
were established in the OBrO production chain. One or several
discharge chambers were turned off, and the change of the
absorption spectra in the gas compartment was observed. Durin
these experiments, the input stream of the precurseran@
Br, remained unchanged. By considering the constant flow o
Br, and the variation of optical densities caused by the electric
discharges, the concentration of OBrO in the absorption cell
was estimated to be 0:8.5 x 10 molecules cm3. The
maximum amount of OBrO was obtained for g Boncentration

of (2.54 0.8) x 10" molecules cm?,

ands. Several bands were simulated, and the respective band
origin was determined by shifting it on the wavenumber axis
0 obtain the best agreement with the experimental spectrum.

he simulations and the results concerning rotational constants
§ are discussed in the next section. The modeling of vibrational
bands yielded the band origi’g and the rotational constants
A, B, and C for most of the bands in the progressions
(»1,0,0-(0,0,0) and ¢;,1,0)-(0,0,0). The origins of the ob-
served bands are listed in Table 1, with progressions sorted into
different columns. Most of the vibrational bands have already
been observed by Miller et &The new bands first observed
in this study, in particular, the progression(20)—(1,0,0),
are emphasized in the table. The wavenumibeof a given

On the basis of the recorded visible absorption spectrum of pband origin ¢},,,0)—(v},v5,0) in the visible spectrum of
OBrO, the excited electronic state has been analyzed spectroOBrO can be described by the energy expression
scopically. By numerical simulations of the rovibronic bands,
vibrational and rotational constants as well as predissociation _
line widths have been estimated. In the following, the vibrational *o
results are discussed first. The rotational data that are presented 1)\2 1 1 1
provide clear experimental evidence that the visible absorption X'zz(’/'z + é) + X'lz("'l + 5)(1"2 + é) - wl(’/'l' + 5) -
spectrum involves the upper electronic statdg); On the basis 1
of the rotational constants, the structural parameters of OBrO w'z(v'z"i‘ E)
have been derived. Further, the upper-state lifetimes have been
estimated from the predissociation line widths. X))

3.1. Vibrational Analysis. The visible absorption spectrum 75 = Ty + (X1, + X5, + X1,)/4 + (w'1 + Xy, + 7)1/'1‘*‘
of OBrO is formed by several vibrational progressions that

3. Results and Discussion

— a0 1 ., 1 y 1 2
=T+ a)l(vl + E) + a)z(vz + E) + X’ll(vl + E) +

accompany the electronic transition?8§)—X(?B1). The vi- Wl + Xy + X_12)V,2+ X, Vi2F X2 X vy — v —
brational quantum numbers were first assigned by Rattigan et 2
al” and later modified by Miller et aP,after new bands had wyv; (1)

been observed. In Figure 4, the visible band system of OBrO,
as recorded by the FTS measurements, is plotted. The upperHere, T, is the purely electronic energy difference between the
state progressions’(,0,0)—(0,0,0) and ¢},1,0)—(0,0,0) from upper and lower statev), w,, o}, andw’ are the vibrational
the vibrational ground state show the strongest absorption. Someconstants for the upper and lower electronic states,vgne,
progressions start from excited vibrational states, for example, v, andv} are the respective vibrational quantum numbgjs.
the (1,0,0-(0,1,0) and ¢},2,0)-(0,1,0) series. The FTS andx,, are the first-order anharmonic constants in the upper
absorption spectra further provide the first evidence for the state, and, describes the coupling betweehandv; bands.
progression (2,,0)—(1,0,0) up tov, = 4. The part of the No excitation of the’; band was considered. Because the lower
spectrum where these bands are observed is shown in Figure Sstate’s vibrationsw; and w were excited only up to one
None of the bands in the visible absorption spectrum of OBrO quantum at the temperature of 298 K, a determination of the
could be assigned to transitions involving, which is in anharmonic constants in the electronic ground state was not
agreement with previous studies. possible Ty is the energy of the transition &) (0,0,0)-X(?B)

To determine the vibrational constants for the upper electronic (0,0,0). It is related td. by the expressioiie = To — Ej + E,
state, the band origins in the visible spectrum had to be locatedwhere Ey = (w1 + w2 + w3)/2 is the respective zero-point
first. This was achieved by a simulation of the rovibrational energy for the upper and lower electronic states.
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TABLE 1: Band Origins (cm 1) for the Observed Vibrational Bands in the Visible Absorption Spectrum of OBrO?

% (v1,0,0)-(0,0,0) (%,1,0)-(0,0,0) (4,2,0)-(0,0,0) (4,0,0)-(0,1,0) (¥2,0)-(0,1,0) (2.4,0)-(1,0,0)
0 16086 16305 16335
1 16504.4 16716 16927 16193 16610 16542
2 17133.1 17343 17549 16820 17246 16750
3 17755.0 17963 18167 17443 17862 16960
4 18372.5 18578 18780 18061 18475 17165
5 18983.1 19186 19386 18672 19080
6 19589.1 19789 19985 19277 19684
7 20188.8 20385 20579 19875 20275
8 20783 20974 21166 20468 20862
9 21370 21557 21744 21045 21437

10 21949 22130 22314 21620 22005

11 22521 22697 22885 22565

12 23082 23256 23122

13 23635 23803

14 24180 24344

15 24713 24878

16 25245 25420

17 25750

18 26240

aThe bands are sorted into different progressions. The newly identified bands are in boldface type.

TABLE 2: Vibrational Constants (cm 1) for the Electronic State C@A,)

parameter Te To w1 (07 w3 X11 X2 X12
this worlkd 16190+4 15861.5+2.2 648.3+-1.9 212.8+1.2 —3.55+ 0.05 1.22+0.05 —2.904+0.15
this work? 161914+ 4 15860.2+2.2 643.3:1.9 212.6+1.2 —3.55+ 0.05 1.22+0.05 —2.904+0.15
Miller et al®¢  ~16070 15863 641.5 210.7 (700) —3.52 1.09 —2.70
Rattigan et af® 16178 16509 638 ~200 (700) —3.58
K6lm et al2™ 16785 631 221
Petersotfef 16373 641.7 212.8 446.7 —2.54 —0.93 —2.45
Vetter et alt 16293

aVibrational energies are representedvas Te + w;(v; + 1/2) + x,(v; + Y2)? + ... ® Vibrational energies are representedvas Te + w;(v; +
g p 1 (V1 X2V, 1V
) + X 4% + ... °Rattigan et al.and Miller et al® estimated the value faps. ¢ Infrared argon matrix measurements usingBdO. ¢ Isotopomer
X T g
O™BrO. f Ab initio study.

TABLE 3: Vibrational Constants (cm ~1) for the Electronic

On the basis of the experimental band origins and eq 1, the State X(By).

vibrational constants were determined by a least-squares opti

mization. Because of the rising noise near the FTS bandwidth w1 w2 @3
limitation, the (0,0,0) band was not observed. Therefore, the this work 804.1+ 0.8 312.2+ 0.5
constantTo also had to be fitted. The results for the upper ~ Miller etal " 799.4 317.5 848.6
electronic state GA) are listed in Table 2. Values reported M.l.Jl"er et T‘zlg,c ggi'g g%gg gg;'g
. . - . Saused an K(_)meta. . . .
by earll_er stydles are also included. M|IIerl et >d ar Miller et al.% 797 317 845
expression slightly different from eq 1 to describe the vibrational  petersofd 806.5 319.5 869.4

B i 1 1 i 1 1 I 12
energy terms.vo’— Te+ @i(vy + 7o) + wp(vy + 72) + Xyvy a Experimental result® Force field calculations for ®BrO, based

2 .
T Xy + Xyv1vh. Because the half quanta for the anhar-  on microwave rotational spectrainfrared argon matrix measurements
monic constants were not included, there was no linear using O°rO. 9 Ab initio study.

dependence from;, X,,, X;,, in difference to eq 1. For a better

comparison, the experimental FTS results for the vibrational the other hand, both our study and the analysis by Miller &t al.
constants are given in Table 2 for both definitions. The FTS yield a positive value for the second anharmonic constgnt
results are generally in good agreement with the experimental Richard and Vaid& reported a similar observation for OCIO.
values from Miller et aP. The results forw} and w), also They obtained a strongly positive value for the anharmonicity
harmonize with the theoretical predictions by Petersofor constantx, = 13.15 cnml. It is assumed that this is caused by
To, there are differences between the FTS results and the values Coriolis interaction between the symmetni§ and the

by Rattigan et al.and Kdm et al?® As Miller et al® already antisymmetricvy bands of OCIO. However, because thg
pointed out, Rattigan et &l.had not observed the weak vibration of OBrO is symmetric, the effect is not directly
vibrational bands below 16 500 cth This led to an offset in comparable.

the assignment of vibrational quantum numbers and hence to a Table 3 summarizes the vibrational results for the electronic
different value forTo. The value forw; has not been deter-  ground state XB;). The vibrational frequencies have been
mined by experiment so far, because no transition in the visible determined using hot bands with vibrational excitation in the
spectrum of OBrO could be assigned to it. The FTS results for electronic ground state. The table compares the FTS values to
the upper-state anharmonic constam}s x,, and x;, are previous studies based on different methods. The result of our
similar to the experimental values reported by Miller et ahd study for wf is well within the range of earlier studies. The
Rattigan et al. Within the stated error intervals, the results for FTS result forw} is slightly smaller than the other references.
X, are identical. However, the ab initio study by Petetéon  Ko6lm et al?® performed IR measurements of OBrO in an argon
determined negative values for all three constants, which is thematrix. Muller et all® determined vibrational constants from
expected behavior for an anharmonic vibrational potential. On force field calculations, on the basis of rotational microwave
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Figure 6. Comparison of experimental and simulated absorption Figure 7. Comparison of experimental and simulated absorption
spectrum for the rovibrational band (1,0,4p,0,0). The spectral ~ SPectrum for the rovibrational band (8,0:4P,0,0). The spectral
resolution was 0.8 cn (fwhm) for the experimental spectrum and ~ resolution was 0.8 cnt (fwhm) for the experimental spectrum and
0.15 cnr for the synthesized spectrum. For the simulated spectrum, a 0.15 cn* for the synthesized spectrum. For the simulated spectrum, a

line width of 0.8 cnT? (fwhm) was used. line width of 10 cm! (fwhm) was used.

spectra. The lower-state vibrational frequereycould not be Although most rotational lines in the visible absorption
determined so far from observations in the visible spectral range.spectrum of OBrO are overlapping considerably, the principal
From IR FTS measurements, Miller et®abbtainedwy = rotational constant#, B, and C for the different bands were
848.6 cntl. The results from two ab initio investigations by  determined by analysis of the band contours. This was achieved
Petersotf and Miller et al? are also included in Table 3. through line-by-line simulations of the rovibrational bands. The

The pure electronic transition energywas calculated from  transitions were calculated using a program for the asymmetric
To throughTe = To — Ej + Ej. In the calculation, values for  rotor written by Maki??2 The constantsA, B, and C for the
w}, wy, w, andw, were taken from the FTS measurements electronic ground state X8,) were taken from Mler et al3

(see Tables 2 and 3). The experimental valye= 848.6 cnm? Centrifugal distortion and higher-order constants or spin-rotation
as given by Miller et af. and the ab initio valuev; = 446.7 interaction terms were not included, because no individual
cm ! as stated by Petersénwere used. This yieldede = rotational lines could be assigned. To achieve the best agreement
16 190+ 4 cm ™. Rattigan et al.and Miller et al? had estimated  between the synthesized and measured spectra, a least-squares
a value of 700 cm! for wj which is bigger tharwj. An optimization was carried out. The rotational consta#gt8, and

investigation of the inertial defect, as discussed below in the Cfor the upper electronic state and the band origins were varied
rotational analysis section, supports this relation betwegn  until convergence was achieved. This was also applied to the
ando!. Using the approximatiow; ~ 700 cnT* to evaluate  smooth bands without rotational structure, where the individual

the FTS measurements, we obtaind= 16 063 cn1*. This band contours were modeled. A similar band contour analysis
result is close to the vali, = 16 070 cm*, which was derived  \yas carried out by Ashworth et &.for OIO. The observed
by Miller et al? with the samev;. These similar results foFe (1,0,0) band is plotted in Figure 6 together with the simulated

reflect the almost identical values fdg (see Table 2). The ab  gpectrum. Figure 7 shows a second example with the unstruc-
initio studies by Petersdhand Vetter et al® obtained higher 1 1eq (8,0,0) band.

values forTe than all experiments.

3.2. Rotational Analysis.While most of the vibrational bands
in the visible absorption spectrum of OBrO are unstructured,
rotational structure was observed in three bands. As an example
band (1,0,0) is plotted in Figure 6. The two other bands with
rotational structure are the (2,0,0) and (1,1,0) bands. However,
no individual lines could be distinguished, in contrast to
microwave spectr& Because OBrO is a rather heavy molecule .
of about 112 amu, the rotational lines are very densely grouped,thanA (Table 4). Be_cause of the sm_all value fgrOBrO is a
with a few hundred lines per reciprocal centimeter (note that "€r Prolate, only slightly asymmetric rotor.
the full Doppler width in this spectral region is about 0.025 The experimental rotational constants for the two upper-state
cm™1). In addition, natural OBrO occurs in two main isotopic Progressionsi,0,0)-(0,0,0) and ¢},1,0)-(0,0,0) are listed in
modifications, 3°BrO and ('BrO, with about equal natural ~ Table 4. As shown in Figure 4, these two progressions dominate
abundances. Moreover, most lines are broadened because dhe electronic band system. The other bands are much weaker,
predissociation. Altogether, this leads to a highly congested which made it very difficult to determine the band shapes of
spectrum with no isolated lines. Because of the strong predis-the smaller bands. Rotational constants were therefore deter-
sociation, however, an analysis of the predissociation lifetimes mined only for the two strongest progressions. The results for
was possible and is presented below. For bands (3,0,0) andA, B, andC in the progressionf,0,0)—(0,0,0) are also plotted
(4,0,0), the FTS observations suggest some residual rotationalin Figure 8 as a function of the vibrational quantum number
structure, but it could not be clearly separated from noise. For v1. The error intervals (@ were determined by means of the
all other observed bands, no evidence for rotational structure least-squares optimization. The two isotopomeré8@D and
was found at all. They are characterized by an unstructured OBrO could not be distinguished in the rotational analysis.
smooth envelope, as shown for example in Figure 7. The experimental uncertainties for the rotational constants were

OBrO is an asymmetric top molecule with three different
moments of inertia. The asymmetry parameter (2B — A —
C)/(A — C) for the electronic ground state 3g;) was
tetermined experimentally by Mar et all® as«k = —0.823.
For the excited state @%,), the FTS spectra yielded =
—0.622. This is in agreement with theoretical predictions by
Miller et al.® The rotational constan®andC are much smaller
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TABLE 4: Rotational Constants A, B, and C in the Electronic State C@A,)?

(»1,0,0)— (0,0,0)

¢7,1,0)~— (0,0,0)

Vi A B C A B C
1 0.623+ 0.094 0.268t 0.048 0.183£ 0.011 0.639t 0.117 0.266+ 0.049 0.182+ 0.012
2 0.618+ 0.092 0.263£ 0.016 0.18G+ 0.009 0.629+ 0.092 0.265+ 0.016 0.180+ 0.010
3 0.624+ 0.047 0.264+ 0.007 0.182+ 0.007 0.65Gt 0.074 0.269t 0.009 0.181 0.008
4 0.582+ 0.039 0.266+ 0.006 0.178+ 0.005 0.645£ 0.068 0.267 0.008 0.180+ 0.010
5 0.612+ 0.042 0.266+ 0.008 0.176+ 0.006 0.676£ 0.072 0.268t 0.011 0.178t 0.011
6 0.594+ 0.035 0.268+ 0.006 0.172£ 0.005 0.645t 0.067 0.27G+£ 0.009 0.171+ 0.009
7 0.612+ 0.046 0.274+ 0.008 0.157 0.008 0.649t 0.089 0.268t 0.012 0.177 0.012
8 0.542+ 0.044 0.267 0.008 0.169+ 0.007 0.682+ 0.063 0.270.011 0.156+ 0.011
9 0.589+ 0.071 0.272t 0.014 0.136+ 0.015 0.669t 0.085 0.273t 0.017 0.158t 0.020
10 0.579+ 0.125 0.273£ 0.025 0.130+ 0.028 0.643t 0.139 0.27# 0.027 0.142+ 0.026
11 0.516+ 0.132 0.280+ 0.027 0.1214 0.030 0.634+ 0.155 0.275+ 0.031 0.155+ 0.026
12 0.555+ 0.140 0.269+ 0.036 0.138+ 0.028 0.581 0.182 0.269t 0.049 0.148+ 0.034
13 0.538+ 0.135 0.268+ 0.038 0.145+ 0.033 0.6110.171 0.270G+ 0.056 0.125+ 0.041

aAll values are given in reciprocal centimeters. The two progressig8,0)—(0,0,0) and ¢},1,0)—(0,0,0) of the electronic transition &;)—

X(?B,) were investigated. The error intervals represent-aidcertainty.
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Figure 8. Rotational constantd, B, and C for the electronic state
C(A,). The values for different rovibrational bands in the progression
(v1,0,0)~(0,0,0) are plotted against the vibrational quantum number
v1. The error bars represent a Bncertainty.

between 5 and 100« bigger than the expected isotope splitting.

Therefore, the stated results are valid for both isotopomers.
The rotational constant® and C decrease with higher

excitation of thev; vibration. This effect may be understood

by the anharmonic electronic potential that leads to an increasing
average internuclear distance and thus to smaller rotational
constants. However, the effect is not observable for the constan

B. Analytically, excitation of any vibrational mode, v, and

v3 Or superpositions of them can cause a change in the thre
moments of inertia and hence a variation of the rotational
constantsA, B, and C. In a linear approximation, this is
expressed by the constanrtsas in the following expression

A=A~ i+ %) — oyt %) ~ o+ %) )

Here, A, is the individual rotational constant for a given
rovibrational band as listed in Table 4. stands for the
equilibrium rotational constant corresponding to the molecular
geometry in the electronic potential minimum. F&y in the
vibrational progressionv{,0,0)-(0,0,0), it follows then

A A
S G 0y
AVZAE—(I?(’V:L‘FE)—?—? (3)

The constants}, o, anda§ are proportional to the slopes of
the linear plots shown in Figure 8. They were derived from the

t

FTS spectra using eq 3. The results are listed in Table 5. The
error intervals represent twice the standard deviatiof {»m

the linear regression analysis. The parametéysns, and oy
could not be properly derived, because only the strong bands
for v, = 0 andv, = 1 were analyzed. The; values exhibited
error ranges of betweet130% and+900%. Because nes
transitions were observed, the constarfs a5, andas could

also not be determined. Therefore, the result\fpBe, andCe

from this study still include contributions from, andas, as,

for example, forAe

A A
a; O3 _1
A~ A~ — — = =0.639+ 0.026 cm

However, as Table 5 shows, the constamtare about 108
smaller than the principal rotational constardtsB, and C.
Therefore Ae and other equilibrium values are expected to be
the same as thé. — a5/2 — a4/2 values within the error
ranges of this study.

The most important result from the rotational analysis is the
identification of the upper electronic state that causes the visible
absorption spectrum of OBrO. Table 5 compares the FTS results
for the upper-state rotational constants with the theoretical
predictions by Miller et af.and Petersdr for the lowest excited
electronic states. Peterséonly characterized the @X,) state
so that no comparison between different excited states is
possible. The experimental FTS results agree well with the
predicted values by Petersdror the electronic state €4,).

he FTS values are also close to the rotational constants
predicted by Miller et af.for the same electronic state. Further,
they are quite different from the other electronic state¥BA)Y
and BfA;). In summary, the rotational analysis of the FTS
spectrum provides clear experimental evidence that the visible
absorption spectrum is caused by the electronic transition
C(A2)—X(*By).

From the rotational constants, the inertial deféct Ic — Ia
— Ig has been calculated. For a planar molecule like OBrO, a
vanishing value is expected for the equilibrium structure, when
no vibration is excited. This is confirmed by the experimental
results. A value oA = —4.7+ 6.3 amu & was obtained from
the equilibrium rotational constants, Be, and Ce. The error
interval for A reflects the uncertainties of the rotational constants
from the linear regression (see Figure 8). To determine the
inertial defect for the (0,0,0) vibrational band, which had not
been observed, the rotational constants were derived indirectly
from the equilibrium values by using eq 2. This yielded an
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TABLE 5: Experimental Results and Ab Initio Values by Miller et al. ® and Petersorit* for the Rotational Constants in the

Excited Electronic State

this work this work ref9 ref9 ref9 ref 14
param (#4,0,0-(0,0,0) (+,1,0-(0,0,0) A(By) B(?Ay) C(CA) C(CA)
Ae [em™Y 0.639+ 0.026 0.66H- 0.032 0.4445 0.8907 0.6022 0.6270
Be [cm™ 0.264+ 0.006 0.265+ 0.004 0.3687 0.2272 0.2693 0.2661
Ce [cm™Y 0.197+ 0.014 0.196+ 0.010 0.2015 0.1810 0.1861 0.1868
ol [10-3cmY 75+3.2 2.5+ 3.8 1.08
ai‘ [1073cm™] —0.70+ 0.60 —0.60+ 0.38 1.78
oS [103cm Y 50+1.6 43+1.2 0.954
aThe error intervals represen2the standard deviation.
TABLE 6: Structural Parameters of OBrO for Several Electronic and Vibronic States?
electronic state ref Alecm™ Blcm™ Clem™ R[pm] AN
C(A)) this work® 0.639+ 0.026 0.264+ 0.006 0.1974 0.014 176.9£ 1.9 1055+ 1.3
C(A2)(1, 0, 0) this work 0.623t 0.094 0.268+ 0.048 0.183+ 0.011 176.8t 12.5 104.4+ 6.6
C(A,)(10, 0, 0) this work 0.57% 0.125 0.273+ 0.025 0.130+ 0.028 178.4+ 8.0 101.8+6.1
X(?B1) Miller et al ®¢ 0.9268 0.2692 0.2086 166.0 114.8
X(?B1) Miiller et al13 0.931 0.2746 0.2115 164.9 114.4
A(?B>) Miller et al ®¢ 0.4445 0.3687 0.2015 175.9 85.6
B(?A1) Miller et al®¢ 0.8907 0.2272 0.1810 177.5 118.1
C(A) Miller et al ®¢ 0.6022 0.2693 0.1861 178.5 103.2
C(A)) Miller et al2¢ 175.9+ 1.0 104.4+ 0.5
CCAY) Petersoffc 0.6270 0.2661 0.1868 177.8 104.64
X(?By1) Vetter et al>¢ 165.2 114.5
A(?B5) Vetter et alt5¢ 174.9 86.1
B(?A1) Vetter et al>¢ 176.8 117.3
C(A)) Vetter et alt™ 178.4 104.0

aThe error intervals representx2the standard deviatiod.Electronic equilibrium structure without vibrational excitatiGib initio study.
d Franck-Condon analysis.

inertial defectA = —3.4 + 9.4 amu &, which is again equal
to zero, within the error ranges. OBrO are close to the theoretical predictions by Miller efal.,
With higher vibrational excitations in the vibration, positive Petersort! and Vetter et at® for the state G{Az). Within the
values were always observed for the inertial defect. For example, uncertainties, the results for @) are in agreement with the
in the band (10,0,0), we obtainetl = 38.8 4+ 8.1 amu & ab initio predictions. The bond lengtR has a rather small
Following the theory of Oka and Morir#,the positive inertial ~ Vvariation between the different electronic states, whereas the
defect of OBrO with respect to excitation of thevibration in bond anglef changes significantly. The rotational constants
the CBA,) state indicates thaby is higher in energy tham). from the FTS spectra also show a good agreement with the ab
Further, the rather large value far can be understood if the  initio values reported by Petersdr{see Table 5). Because the
energy difference between these two vibrations is small. In this structure parameters were derived from the rotational constants,
case, there should be a strong Coriolis interaction between theagreement is observed again for the-8r bond length and bond
v1 andvs vibrations in the excited electronic state?84). Future angle. Miller et aP also carried out FranekCondon simulations
spectroscopic studies are required to solve this problem. to find the best agreement between measured and theoretical
3.3. Structure of OBrO. From the rotational constanfsand absorption spectra. The FrareKondon analysis yielded a bond
B, the Br—O bond lengthR and the bond anglg of OBrO length ofR = 175.9+ 1.0 pm and a bond angle gf= 104.4
were determined. In a first step, the principal moments of inertia + 0-5, which both agree with the values from the present study.
were derived. Generally, rotational constaht(in cm™?) is The FTS results for the rotational constants and structural
related to the respective moment of inertjathrough I = parameters hence lead to a clear identification of the upper
h8m?cA, wherec is the speed of light anklthe Planck constant.  electronic state involved, on the basis of the earlier ab initio
The bond length and the bond angle were determined analyti- calculations, and confirm the conclusion by Miller ePahat
cally from the moments of inertig, andlg. In the analysis, the  the visible absorption spectrum of OBrO is caused by the
atoms were treated as point masses. electronic transition CA,)—X(%By).

Table 6 summarizes the experimental results and compares 3.4. Predissociation.Most of the vibrational bands in the
them to other experimental and ab initio investigations. The FTS visible absorption spectrum of OBrO exhibit no rotational
measurements for the excited electronic state, presumably thestructure. The reason for this is a broadening of rotational lines
C-state, yielded an equilibrium bond length Rf= 176.9+ and a resulting overlap. The rotational line widths were
1.9 pm and a bond angle gf= 105.5+ 1.3. These equilibrium estimated by simulation of the rovibrational bands. The line
structure parameters were derived frég B., and Ce, which width (fwhm) rises from 2 cm! for the (2,0,0) band to about
had been obtained from the linear regression analysis. The40 cnt? for the (15,0,0) band (see Table 7). Hence, the line
structure parameters for the individual bands (1,0,0) and (10,0,0)widths show a strong increase with vibrational excitation, and
are also included in Table 6. They were determined using the they are significantly larger than the instrumental resolution (0.8
rotational constants for each band, which caused larger errorcm™) or the Doppler width (0.025 cm). Predissociation is
intervals. therefore assumed to be the dominating broadening effect. A

Table 6 shows that the results for the structure parameters of
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TABLE 7: Rotational Line Width (fwhm) and Average Lifetime 7 for the Upper States in the Progression;,0,0)—(0,0,0}

v, 1 2 3 4 5 6 7
A¥otal [cm~Y] 0.8 1.8-2.3 2.5-4 3-45 4-6 5-7 7-11
APpregiss  [cm™1] <05 1.6-2.1 2.5-4 3-45 4-6 5-7 7-11
T [fs] =10  2500-3300 1336-2120 1186-1770 880-1330 760-1060  480-760

V) 8 9 10 11 12 13 14 15
AProtal em?  8-12 1115 15-22 24-32 26-34 28-36 28-36 30-40
AVpregiss ~ [cm Y] 8-12 1115 15-22 24-32 26-34 28-36 28-36 30-40
T [fs] 440-660  355-480  246-355  165-220  155-205  145-190  145-190  130-180

aThe total line widthA¥om has contributions from the instrumental line width (0.8 érand the predissociation line widtR¥prediss

similar behavior was found by Ashworth etZdlfor OlO, and
is also well-known for OCIG?

function. However, as Figure 7 shows, the asymmetry of the
band shape, which is typical for a rovibrational band in an

The assumption that the rotational lines are broadened by electronic transition, still remains. The asymmetric form is

predissociation is also supported by ab initio calculations on
OBrO by Vetter et al® The three excited electronic states
A(®By), B(A;), and CtA,) correlate with two dissociative limits,
BrO + O and Br+ O,, and there are several pathways for OBrO
to photodissociate. According to the calculations, a photon
absorption at 2.5 eV~20 200 cn1?) or higher energies most
probably leads to the excitation of the2Bf) state, because
the transition C{A,)—X(?B;) has a much stronger transition
dipole moment than the other single-electron transitions,
A(2B,)—X(?B1) and BEA;)—X(?B1). At photon energies above
2.8 eV (22583 cml), OBrO can dissociate directly from the
C(%A,) state to BrO+ O. On the other hand, the energy barrier
for the dissociation to B#- O, is lowest when the molecule is
in the A@B,) state. Vetter et af further stated that in the energy
range 2.4-2.7 eV (19 356-21 780 cn1?) the three excited states

caused by large differences of the rotational constants between
the lower and upper electronic states. As the Table 6 shows,
the main rotational constants, B, andC are smaller in the
excited electronic state 8Y,) compared to the ground state
X(?B,). This causes a degradation of the rovibrational bands to
smaller wavenumbers. The bands are characterized by a broad
rotational P-branch on the red side of the band origin and a
narrow R-branch band head on the shortwave side. A similar
behavior was observed by Ashworth et?alfor the OIO
molecule.

3.5. Estimation of Absorption Cross-Section of OBrOThe
absorption cross-section of OBrO has been estimated by utilizing
the electric discharge synthesis. The analysis approach considers
the bromine budget between the different bromine-containing
species. It assumes that all bromine-containing compounds are

are close to or crossing each other. This strongly increases theobserved and that the total amount of bromine is constant. This

probability for radiationless transitions and limits the lifetime
of the initial upper state after photon absorption. Eventually,
OBrO may dissociate from any of the mentioned excited
electronic states.

Lifetime broadening of absorption lines leads to a Lorentzian
line shape with the full half-widtt\v = 1/(27ct), wherert is

means that the part of the Birom the input stream, which is
dissociated by the electric discharge, is distributed among
various bromine compounds by chemical reactions. These
compounds comprise OBrO, B, and possibly a few higher
oxides of bromine. The sum of all bromine-containing products
equals the amount of Brthat has been removed by electric

the average lifetime of the excited state. To determine the discharge and/or subsequent reaction.

lifetimes caused by predissociation, the simulated rotational

Before switching on the electric discharges, the only bromine-

bands were convoluted with a Lorentz function. The half-width containing compound that was observed in the absorption cell
was varied to yield the best agreement between simulated andvas Be. The discharge was then turned on without changing
theoretical spectrum. The results for different vibrational bands the input gas flow, and an absorption spectrum was recorded.

of the progressioni{,0,0)—(0,0,0) are given in Table 7. The
total line width A7y includes the instrumental line width (0.8
cm™Y) and the predissociation line widthipreqiss The Doppler
width (0.025 cnt?) is comparably small and was therefore
neglected. The results show that the average lifetimieOBrO
due to predissociation from the state’&4) decreases to 155
+ 25 fs forv} = 15. Ashworth et af® observed similar values
for OIO (200 + 50 fs). Hence, the predissociation of OBrO

As background, the previous spectrum with discharges off was
used. The optical density now showed a decrease HfBiile
bromine oxides appeared. Apart from;Bnd Q, the optical
density spectra had contributions from OBrO and@rAs
discussed above, no further components could be identified
above the noise level. In the concentration range used for Br
no BrO was present in the recorded spectra either. However,
some earlier studies on OBrO and,Brhave discussed the

occurs much more rapidly than a fluorescence process, whichappearance of higher bromine oxides in gas mixtures of ozone
happens after typically 16—1071° s. It may therefore be  and bromine.® Higher oxides of bromine usually have an
expected that the absorption of sunlight in the visible spectral unstructured absorption spectrum in the visible range, which
range primarily leads to rapid photolysis of the molecule. We makes them difficult to distinguish from the reference. The
have assumed an efficency of 100% for the photodissociation possible reactions involving higher oxides of bromine are
by visible light and estimated the atmospheric photolysis rate currently not well-characterized.
of OBrO (see below). Taking into account only the observed Br species, we can
For the (1,0,0) band, the total line width was smaller than express the bromine budget as
the spectral resolution of 0.8 ch and the predissociation
lifetime could not be determined well. For the (2,0,0) band, the
total line width is around 2 cmt. For all higher vibrational
excitations, the reduced lifetime dominates the line broadening.
Forv; = 8, the rotational line width is of the same magnitude The left side of eq 4 contains the concentration difference of
as the total width of the respective rotationalbrationalband Bry, which is removed after the electrical discharge has been
This leads to band envelopes being dominated by the Lorentzturned on. The concentrations on the right side represent the

—A[Br,] %A[OBrO] + A[Br,0] 4)
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TABLE 8: Determination of the Absorption Cross-Section of OBrO?2

A[Brz] A[BrZO] A[OBFO] ODogro O0BrO
exp [102molecules/cr [10*2 molecules/cri [10*2 molecules/cri at19 772 cm?* [10~*cm?/molecule]
1 —8.664 1.39 2.08+ 0.63 13.2+ 3.1 0.250+ 0.025 1.31+0.33
2 —8.67+1.39 3.12+ 0.94 11.1+3.4 0.2104+ 0.021 1.314+0.42
3 -10.84+1.73 2.43+0.73 16.6+ 3.8 0.250+ 0.025 1.04£ 0.26
4 —9.02+1.44 3.81+1.14 10.4+ 3.7 0.205+ 0.021 1.3A4 0.51
5 —10.14+1.62 451+ 1.35 11.2+ 4.2 0.260+ 0.026 1.61+ 0.62
6 —-10.7+1.71 416+ 1.25 13.1+4.2 0.273+ 0.027 1.45+ 0.49

aThe concentration of OBrO was estimated by eq 5. The absorption cross-section is given for the peak absorption at 19302.8mm) for
a spectral resolution of 38 crh The error intervals represenk2he standard deviation.

TABLE 9: Experimental Absorption Cross-Section of OBrO for the Absorption Maximum in the (6,1,0) Band at 19 772 cni?t
(505.8 nm}

AV (fwhm) [em ] 1 5 10 25 38
this work [10*cm?/molecule] 1.62-0.40 1.61+ 0.40 1.59+ 0.40 1.49+ 0.38 1.35+0.34
Knight et al* [10~*c?/molecule] 1.96+ 0.56

aThe FTS values are given for different spectral resolutidits. The error intervals represenk2he standard deviation.

amounts of OBrO and BO that are produced in the system. of (1.54 1.0) x 107 cn? molecule’? for the maximum of
Equation 4 is considered to hold for flow conditions, provided the (6,1,0) band of OBrO. As Table 9 shows, this estimation is
that the input stream of Bremains unchanged when switching confirmed by the experimental values.

on the discharge. The concentration of OBrO is given by The absorption cross-section of OBrO as derived here
represents a lower limit. The reason is that we cannot entirely
A[OBrO] = 2 x (—A[Br,] — A[Br,0]) (5) exclude other bromine oxides in addition to OBrO and@®r

If more bromine-containing species were present in significant
The concentrations of Brand BrO were derived from the  amounts, then the absorption cross-section would be an under-
measured optical densities OD using the relation OD/oL. estimate, because the concentration of OBrO would be over-
Here,c stands for the concentratiomthe reference absorption  estimated. One further issue is that the bromine oxides including
cross-section, antl the absorption path length. The measure- OBrO tend to deposit on the walls of reactors, as has been
ment uncertainty of the OD was estimated todE5% for Br, observed in earlier studié8.This behavior would again reduce
and BpO and+10% for OBrO. The reference spectrum for the amount of OBrO that could be actually observed and hence
Br, was recorded in separate FTS measurements, whereas thfead to a higher absorption cross-section.
absorption cross-section of £ had been determined by Deters 3 g photolysis of OBrO.Using the results for the absorption
et al® The cross-section scaling of the reference spectra was ross_section of OBrO, we have estimated the photolysis
accurate ta6% for Br, and+26% for BRO. The uncertainties  frequency of OBrO in the atmosphere by solar radiation. The

for the optical density and the cross-section combined to give |5rge line widths indicate that predissociation processes typically

the total inaccuracy in the determination AfBr,] (+16%), occur within a picosecond after the excitation. Hence, they are

A[Br0] (+30%), and henca[OBrO] (+25-38%). All error much faster than the relaxation by emission. For this reason,

intervals represent>2 the standard deviation. Next, with the e have assumed a quantum yield of 100% for the calculation

knowledge of the concentration differend¢OBrO] from eq of the photolysis rate. This implies that every absorbed photon

5, the absorption cross-section of OBrO was derived from the |ga4s to dissociation of the OBrO molecule. For daytime, the
optical density calculations yield a typical stratospheric lifetime of2s, with
- a maximum of 10 s. For zenith angles larger thari 8&d

Oono(P) = ODopgro(7) (6) altitudes below 10 km, the lifetime exceeds 10 s. Consequently,

OBro A[OBrO]JL for most atmospheric geometries, OBrO will be photolyzed very

o ) _ ) quickly by solar radiation. This confirms the observation by
The visible absorption cross-section of OBrO was determined Berthet et af and Renard et at.,who observed significant

from six sets of measurements. The concentrations of the amounts of OBrO during the night only.
different absorbers and the calculatioroef;o are summarized

in Table 8. The cross-section is given for the absorption , conclusion

maximum of the (6,1,0) band at 19 772 ch{(505.8 nm). The

average absorption cross-section of OBrO at 19 772'ds A new synthesis method for OBrO, based on an electric
(1.354 0.34) x 10717 cm?/molecule at a spectral resolution of discharge in gaseous mixtures of ;.Band Q, has been
38 cnt! and a 2 uncertainty. discovered. The technique yields a concentration of2 10

Using a high-resolution spectrum (0.8 chy we derived the molecules/cri under flow conditions, which is considerably
corresponding cross-section values for different spectral resolu-higher than what has been achieved previously using microwave
tions. They are summarized in Table 9. The only earlier study discharges. The large concentration of OBrO enabled the
by Knight et al* is also included. Knight et al. reported the recording of high-resolution FTS absorption spectra (0.8%¢m
first estimation of the visible absorption cross-section of OBrO, in the visible spectral range. The spectra revealed rotational
based on a titration with NO. The value is about 30% higher structure in three vibrational bands. By a spectroscopic analysis,
than the FTS result. However, within the large uncertainty limits, vibrational and rotational constants were obtained for the excited
the two measurements agree. Some earlier studies have tried telectronic state. The analysis of the FTS measurements and a
estimate the absorption cross-section of OBrO by using the comparison to earlier ab initio calculations led to an unambigu-
analogy with OCIO. Miller et af.expected a peak cross-section ous identification of the upper electronic state involved. The
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observations provide experimental proof for the earlier assump-  (3) Renard, J.-B.; Chartier, M.; Robert, C.; Chalumeau, G.; Berthet,
tions that the visible absorption spectrum of OBrO is caused & Z;rin’}ghtpoemr;‘;'&;i:’nﬂ;g' E";t?g’lﬁﬁglgeﬁt?og?:ﬁ?s3(8:&3”]
by the electrqnlc transition @4,)—X( Bl).. . . A 2000 104 11121,

On the basis of the observed broadening of rotational lines, () Erle, F.; Platt, U.; Pfeilsticker, KGeophys. Res. Let200Q 27,
predissociation lifetimes for the electronic statéAG] have been 2217.
determined. Further, an estimation for the visible absorption R (63 ﬁggggrggldésl\% P.; Glassup, T.; Pundt, |.; Rattigan, OGéophys.
cross-section of OBrO is given. €s, Le19ua 29, 3975, .
The identification of the electronic transition together with 23q(71)25amgan, ©.V.; Jones, R. L.; Cox, R. &hem. Phys. Let1994
the measured predissociation lifetimes help to characterize the  (g) Rrattigan, 0. V.; Cox, R. A.; Jones, R. L. Chem. Soc., Faraday

possible photochemical behavior of OBrO in the atmosphere. Trans.1995 91, 4189.

The total effect of solar radiation on OBrO is formed by the (9) Miller, C. E.; Nickolaisen, S. L.; Francisco, J. S.; Sander, SI.P.
; o Chem. Phys1997, 107, 2300.
two steps of absorption and subsequent dissociation. The FTS h o h h
Its confirm that the OBrO molecule is in the’&f) state (10) Chu, L. T+ Li, . Chem. Phys. Let200g 330 68.
resu (11) Davy, H.Philos. Trans.1815 105, 214.

after photon absorption. The observed predissociation lifetimes  (12) Himmelmann, S.; Orphal, J.; Bovensmann, H.; Richter, A.; Lad-
further indicate a rapid dissociation from the excited electronic stéter-Weissenmayer, A.; Burrows, J.@em. Phys. Letl996 251, 330.
state, typically within a picosecond. Here, we take into account 1O§12)29'\gu”efy H. S. P.; Miller, C. E.; Cohen, E. Al. Chem. Phys1997,

the ab initio results by Vette_r et a}ﬁ,statmg that_the electronic ('14) Peterson, K. AJ. Chem. Phys1998 109, 8864.

state C%AZ) of OBrO most “kely, dlssoua'ges mto, Bra O, (15) Vetter, R.; Ritschel, T.; Zicke, L.; Peterson, K. AJ. Phys. Chem.
whereas the other channel forming BrO, is less important. A 2003 107, 1405.

Consequently, we expect as an overall effect that the absorption (16) Rowley, D. M.; Harwood, M. H.; Freshwater, R. A.; Jones, R. L.

of sunlight by OBrO leads to the rapid production of B#0. J. Phys. Chem. A996 100, 3020.
(17) Li, Z. J. Phys. Chem1999 103 1206.
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