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Laboratory Studies of OBrO
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UV/vis absorption cross sections for gas phase OBrO at room temperature were measured using a fast gas
flow absorption cell and a diode array spectrometer. The OBrO concentration was determined by chemical
titration NO+ OBrO— NO, + BrO (1) with quantitative measurement of the N@oduct by UV absorption.

The cross section at the peak of thé&; (710)— X 2B; (000) transition,~491 nm, was determined to be

(1.8+ 0.5) x 107 cn? molecule. During these measurements another gas phase UV absorber was observed
to originate from the OBrO source. The possible identity of this species and its influence on the OBrO absorption
cross section determination are discussed.

Introduction spectroscopy?® In these experiments, relatively low concentra-

The importance of bromine chemistry, in particular its role tions of OBrO were produced in situ using discharge fiow
in the catalytic destruction of stratospheric 0zone, is now widely 2nd photochemical techniqéésiormally used to produce BrO
accepted:2 The reactive bromine species in the atmosphere are radlcgls. A number of the§e studies also demonstrated that the
Br and BrO while HOBr and BrONgact as temporary reservoir ~ '€action products of the discharge flow could be condensed (
species. Other bromine oxides have received consideration but™ 235 K) and then evaporated at higher temperatures to yield

have been generally thought to play only a minor role in 928 phase OBrO_ in greater amounts. In each of thes_e studies,
atmospheric chemistiy:20 the source chemistry of OBrO was not well characterized.

Interest in OBrO has recently risen following its reported  In this study, we have employed the technique used By Li
detection in the nighttime mid-latitude stratosphétsy UV/ of collecting the products of a BO,/He discharge flow in a
vis absorption measurements made using stellar occultation fromcold trap followed by evaporation at warmer temperatures as a
a balloon-borne instrument. Using the OBrO spectrum from the gas phase source of OBrO. OBrO concentrations were deter-
literaturé® and assuming absorption cross sections similar to that mined using chemical titration, reaction 1, whége= 1.77 x
for OCIO, Renard et al. derived OBrO mixing ratios of 20 to 1072 cm® molecule® s™* at 298 K5
25 pptv. A OBrO mixing ratio this large would significantly The experimental apparatus consisted of a diode array
alter our current understanding of nighttime atmospheric spectrometer system, combination flow tube/absorption cell, and
bromine chemistry. Chipperfield et &.have examined a  the OBrO source. The diode array spectrometer system consisted
number of the possible stratospheric sources of OBrO in aof a 0.5 m spectrometer with a 1024-element diode array
modeling study but were unable to rationalize such high OBrO detector and a 30 W Dlamp light source. Most spectral
mixing ratios. Erle et at® have since reported an upper limit measurements were made with a 150 grooves/mm holographic
for the OBrO stratospheric mixing ratio of 7.7 pptv. The source grating (335 nm bandwidth) setup to cover the wavelength range
of OBrO in the stratosphere remains a mystery. 200-535 nm. Typical detector exposure times wef@2 s and

In this paper, we report measurements of UV/vis absorption spectra were recorded by coadding 20 scans. Reference OBrO
cross sections of OBrO. The OBrO concentration was deter- spectra were recorded using a Pyrex filter to eliminate second-

mined by chemical titration order light. Spectra recorded during the cross section experi-
NO + OBrO— NO, + BrO (1) ments did not use opFicaI_ filters. However, tes_t measureme_nts

showed that the contribution of second-order light to be within

and the quantitative measurement of the;X§ UV absorption. the noise level except, at wavelengths greater than 520 nm.

During these measurements another gas phase UV absorber was Absorption spectra were determined by first measuring the
observed to originate from the OBrO source. The possible |amp spectrumlo, while flushing the cell with He. The sample
identity of this species and its influence on the OBrO cross flow was then introduced into the flow tube/absorption cell and
section determination are discussed. spectra,l, were recorded. Absorption spectra were calculated
via A = —In(I/lg). Spectral subtractions of BrBrO, and NQ

Experimental Section . .
) ) were made using measured reference spectra and literature cross
Gas phase OBrO has been observed via UV/vis absorption,  sectiong6-18

5 iorA.14 i ) )
mass spectrometfy,® infrared absorptiorii' and rotational The flow tube/absorption cell consisted of a jacketed glass

* Address correspondence to this author at NOAA, R/AL2, 325 tube (3 cmi.d.)with purged quartz windows. The nominal path
Brgadway, Boulder, CO 80305-3338. E-mail: Burk@al.noaa.gov. length (gas inlet to vacuum outlet) of the absorption cell was
8036‘50 associated with CIRES, University of Colorado, Boulder, CO g5 cm_ The temperature of the cell was maintained by circulating

# Also associated with Department of Chemistry and Biochemistry, fUids from a temperature regulated reservoir through the cell
University of Colorado, Boulder, CO 80309. jacket. A 6 mm o.d. glass movable injector was inserted from

10.1021/jp002226u CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/26/2000



11122 J. Phys. Chem. A, Vol. 104, No. 47, 2000 Knight et al.

the upstream end of the cell and ran along the bottom of the
cell so as not to block the probe beam.

OBrO Source. The effluent of a microwave discharge of a
dilute Br/O, in He mixture was passed through an U-shaped
glass trap (16 mm o0.d.) before entering the absorption cell. The
temperature of the trap was maintained at-2380 K while
samples were being collected. The temperature of the trap was
controlled by submersion in a cooled methanol bath in a wide
mouth Dewar. The source was operated under fast flow
conditions with a pressure of 1.7 Torr and He flow-e20 STP
cm® s The linear gas flow velocity through the trap was
~12 000 cm st (0.002 s residence time) and in the absorption
cell it was about 1250 cm™$. The Bp and G flows were
optimized by monitoring the BrO radical absorption signal while
the U-trap was at room temperature. The maximum BrO signal
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yielded the most efficient production of condensed material 0.00 T T T
when the trap was cooled. No BrO absorption was detected with 400 440 480 520 560
the trap cooled. The Brand Q concentrations were aboutd Wavelength (nm)

10 and 4x 10" molecules cm?, respectively. As observed Figure 1. Absorption spectrum of OBrO recorded at 0.66 (solid line)
by Li,* we also found that higher Biconcentrations reduced  angd 1.28 nm (dashed line) resolution. The spectra are normalized at
the condensed material production. We also observed thatthe peak of the GA; (710)— X 2B; (000) band.
passing B#O, together through the discharge was more efficient
than the reaction was prepared using standard methods. Gas flows were measured
using calibrated electronic flow meters. Pressure was measured
O+ Br,—~BrO+ Br 2 with a 10 Torr capacitance manometer.

or Results and Discussion

Br+ O;—Bro+0, 3 Resolution Dependence of the OBrO Absorption Spec-
trum. Figure 1 shows OBrO UV/vis absorption spectra recorded
in producing the condensed material. in this work at spectral resolutions of 0.66 nm (300 grooves/

A sample collection time of 30 mirotl h yielded sufficient ~ mm grating) and 1.28 nm (150 grooves/mm grating). Resolution
material for the cross section determination experiments. was measured as the fwhm of the 296 nm Hg line. OBrO was

Although not uniform, we observed sample condensation Produced in the absorption cell using an O atom flow through
throughout the entire cold region of the trajvarning: the source trap. The spectra were normalized to the peak of the
Collecting samples for longer times was attempted but resulted (710 — 000) transition, 491 nm, to enable direct comparison.
in explosive decomposition of the sample when warmed, as Our absorption spectra are in good agreement with those
described below. Following the sample collection, the discharge previously reported by Rattigan et %@l(2.5 and 0.6 nm
was turned off and the BIO, flow stopped. The condensed resolution) and Miller et al.(estimated to be 1 nm resolution).
sample (at-240 K) was then flushed with the He flow for-2 The absorption features at wavelengths shorter than 490 nm
h. Initially, the sample was a combination of red-brown, yellow, are relatively insensitive to our modest change in spectral
and white. After flushing, the sample took on a more uniform resolution. However, the bands to longer wavelengths display

yellow-brown color with small sections of white near the trap significant decreases in peak intensity at lower resolution,
inlet. increasing with increasing wavelength. We attribute these

OBrO was introduced into the UV absorption cell by warming 0bservations to an increase in the unresolved rotational structure
the condensate to 273 K while flushing He through the trap. With increasing wavelength. Higher resolution spectral measure-
The OBrO absorption signals were relatively smalk 0.003. ments are needed to confirm this hypothesis.

Other trap temperatures also yielded OBrO in the gas phase. The atmospheric measurements of Renard &t ahd Erle
However, at lower temperatures the gas phase OBrO was tocet al'® employed spectral resolutions of 0.7 and 1.2 nm,
small for accurate absorption measurements. At sample tem-respectively. Therefore, the cross section measurements derived
peratures near and above room temperature the sample showetith this work can be applied directly in their data analysis.
signs of decomposition as described in the Results and Discus-However, higher resolution atmospheric measurements espe-
sion section. Flowing O atoms through the sample tap=( cially in the long-wavelength region of the OBrO spectrum may
273 K) was found to enchance the gas phase OBrO concentrafrovide improved detection of OBrO.

tion by as much as a factor of 10. Measurements made with ~ Spectral Analysis. Absorption spectra recorded under fast
the O atom discharge on and off were used in the cross sectionflow conditions using the OBrO source at 273 K, with and
determination. Flowing Br atoms,0or O; through the sample  without the O atom discharge, are shown in Figure 2. The OBrO
trap had no affect on the absorption spectra or intensities. spectrum between 400 and 535 nm is easily identifiable in both

Materials. He (UHP, 99.9995%) was used as the carrier gas spectra. However, there are several other absorption features
after passage through a molecular sieve trap at liquid nitrogenbetween 200 and 400 nm. The vibrational band structure
temperature. © (UHP, 99.9995%) was used as supplied. between 300 and 350 nm is due to BrfGHowever, part of the
Bromine was purified by repeated freezgump—thaw cycles continuous features lying below the structured BrO spectrum
and stored under vacuum. NO (C.P. grade) was purified by and to shorter wavelengths have not been reported in previous
passage through a silica gel trap at dry ice temperature. NO UV absorption studies of OBr®&’ The discharge off spectrum
was prepared and handled as described by Gierczak&al. also contains a contribution due to-Br. Br,O is identified by
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0.04 wavelength limit of our measurements. This is consistent with
A the analogous OCIO absorption spectrum which has a strong

continuous absorption that is about 200 nm below its strong
vibrational banded featufé.It should be pointed out, however,
that the relative intensity of the short-wavelength band to the
500 nm band determined in this work is only accurate to
~=£30%. This uncertainty, however, does not influence the cross
section determination of the 500 nm band.

Based on the qualitative observations from the changes in
the OBrO, BrO, and BOy absorption signals with temperature,

0.00 T T I I - it appears that the chemical system is in or near equilibrium.
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B The multiple arrows indicate that other unidentified reaction
intermediates may be involved. The equilibrium expression

K. = A(BrO)A(OBrO)/A(Br,O,) (5)

where the absorption signals are taken at the peak of e 7
band for BrO, 716-000 band for OBrO, and at 310 nm for
BrOy yieldsK¢ ~10004 500 at 296 K. Note thac could be
a product of equilibrium constants. The valuekef was found
to decrease with increasing temperature-i®0 at 333 K. This
' I corresponds to &.H° value of ~—13 kcal mof?, if there is
200 250 V%‘f)gvelstsz(l)lgtfloo(nnﬁo 500 only one reaction involved. If mulitple reactions are involved,

] ) ) it will be the sum of the enthalpy changes for the reactions.
Figure 2. (A) Absorption spectrum of OBrO source with (upper  OBrO Absorption Cross Section. The OBrO absorption
spectrum) and without (lower spectrum) O atom discharge (see text signal was found to be dependent on the residence time in the

for details). The upper spectrum has been shifted up by 0.005 . - . .
absorbance units for clarity. (B) spectra of OBrO (solid line) angogr  absorption cell. The cell residence time was increased by

(dashed line) obtained from an analysis of spectra recorded over thereducing the pumping speed, which also increased the pressure.
temperature range 29833 K with and without the O atom discharge.  We observed the OBrO signal to increase as the residence time

was increased from 0.1 to 0.2 s. However, still longer residence

its strong absorption at the short wavelengths combined with atimes showed significant decreases in the OBrO absorption
weaker absorption between 300 and 350 nmxOBwas not signal. In these measurements, the equilibrium relationship given
observed when the O atom discharge was on. As will be in eq 5 was maintained for all residence times. Any OBrO
discussed below, the short-wavelength component (dischargeconcentration profiles along the length of the absorption cell
on) correlates with the 500 nm OBrO band. Therefore, we have (we measure the column OBrO absorption) need to be accounted
assigned this to OBrO. The continuous absorption feature which for in the cross section analysis.
shows peaks at 240 and 310 nm is an as yet unidentified The OBrO concentration profile along the cell under fast flow
molecule(s). We assume in the discussion below that this speciegonditions was measured by titrating it with NO. NO was added,
is a single molecule and is a bromine oxide,@&t We assume in large excess, at various distances along the absorption cell.
BrOy to be one species because over the range of conditionsA large NO excess was used because we observed that both
used in this study its absorption spectrum did not change shape OBrO and BxO, (and BrO) were removed when N@as added
Bromine oxides other than OBrO and,Brwere not identified to the cell. The large NO excess avoided complications from
in the previous kinetic studies of 4% and Butkovskaya3. loss of NQ due to reactions with other species. Absorption

The spectra recorded with the O atom discharge show severalspectra were recorded with and without NO added. The analysis
important differences. These changes were used to identify theindicated that the concentration gradient at 298 K was small
various absorption features and aid in the OBrO absorption crossand could be expressed with a first-order loss rate coefficient
section determination. First, the OBrO absorption is significantly of 6 & 1 s™1, i.e. 20% OBrO loss over the length of the cell.
larger with the O atom discharge. Typically, the OBrO signal The first-order loss rate coefficient for @, was~11+ 6 s™%.
increased between a factor of-50. Most likely, the O atoms ~ We were unable to titrate OBrO without changing the@r
react with the solid sample in the trap to either yield OBrO concentration because of its possible reaction with NO
directly or a gas phase product that readily decomposes to OBrO.
Second, the BrO absorption signal is reduced by a factor of Br,O, + NO — products+ NO, (6)
3—5. Third, the B{Oy, absorption increases very slightly30%.
We also found that the temperature of the absorption cell and/or through reequilibration via reaction 4. In either case, the
affected the relative intensity of the absorption features. Increas-concentration of measured N@as influenced by BOy.
ing the temperature from 273 to 333 K resulted in a decrease Experiments were carried out at several different temperatures
in the absorption by OBrO and gD, with an increase in the  in the range 283343 K in an attempt to alter the relative
BrO signal. At the highest temperature used, 333 K, only BrO proportions of OBrO to BO,. However, at temperatures greater
was detected in the absorption spectrum. than 303 K, where the proportions would measurably change,

The temperature and O atom dependence of the measuredoth species suffered significant concentration gradients. There-
absorption spectra were used to separate the OBrO a@j Br fore, all the titration measurements were limited to room
spectra, Figure 2B. OBrO absorbs strongly at the short- temperature.
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In a multicomponent absorption system, the individual o
absorption spectra could be determined using a set of linear 2
equations provided the components have sufficiently different 8 3 -
features and their proportion could be varied. In our system it %
is difficult to vary the relative proportion because the compo- £
nents are coupled through reaction 4 and under our conditions a
the BkO,/OBrO ratio could not be widely varied. Our best g 5
method to vary the BO,/OBrO ratio was through the use of o
the O atom discharge. The NQ@ield in the titration of this s I
mixture of species is given by : Py I
© | oo
[NO,] = 2[OBrO] + y[Br,0,] + [BrO] @) s 1=
-4
w2
where the coefficients represent the N@eld from each @
molecule. The OBrO coefficient is 2 because of the reactions =
U 0 L] 1 L] I L} ] L]
NO + OBrO— NO, + BrO (2) 0 4 8 12
NO + BrO — NO, + Br 8) Trial #

Figure 3. OBrO absorption cross section measurements. The error

which yield two NG molecules for each OBrO molecule. The ”f:nitsﬁi” the individual points are dle”"(ed from )th;f;’hz‘”cel.réalir‘ty in h

. : ) the effective cross section value (see text). The solid line is the
coefficient for BLOy, y, is rTOt as clearly defined due to the average OBr(E);;f:)ryoss section value, 178017 cn? molecule?, while
unknown secondary chemistry that may occur. However, We e gashed line represents the minimum cross section value,x1.06
have assumed that for measurements for whichQ@rare 10-Y7 ¢ molecule™.
nearly constant, thg coefficient is valid. The BrO contribution ) _
to the total NQ signal is relatively small. Therefore, for the ~TABLE 1: OBrO Absorption Cross Sections (298 K, 0.66
subsequent analysis we have subtracted its contribution to the™ Resolution)

[NO,] to obtain [NOQ]cor Expressing eq 7 in terms of our n (n00)—(0,00nmMm ¢ (n1,0~(0,00)nm o

measured quantities yields 0 630.4 622.0

1 606.1 598.4

[NO,] o = 2[A(OBrO)/(Lo(OBrO))] + 2 583.8 576.8
VIABILO)(LoBRO)] () 5444 L4 5365 17
5 527.1 1.64 521.6 1.91
where L is the absorption path length. Plotting the quantity 6 510.7 1.77 505.5 1.96
[NOZ]conl/A(BrOy) vs the quantityA(OBrO)/A(Br,Oy) yields 7 495.5 172 490.7 1.76
a slope of 26(OBrO) and an intercept equal ¢o(Br,Oy). g igé-g i-gz igi? igé
Fourteen pairs (O atom discharge on and off) of data were 4558 11 4522 0.96
used in the final cross section determination. The effectiv®Br 11 444.4 1.02 440.8 0.72
cross sectiong(BryOy)/y, obtained from a linear least-squares 12 433.7 0.79 430.4 0.49
analysis was (2.19- 0.80) x 1018 cn? molecule’™. The OBrO 13 4235 0.57 420.6 0.31
cross section at the peak of the 70000 transition was found 14 414.1 0.40 411.0 0.22
to be (1.764+ 0.5) x 10717 cm? molecule™. This value includes lg 382'411 026 §‘§f'03 013

a 10% correction to account for the OBrO concentration gradient 17 388 3 '

in the absorption cell. The quoted uncertainties are two standard - L
deviations of the slope in the above fit. The OBrO cross section - Units: 10" e molecule™
values obtained from each data pair (O atom discharge ON and o ) .
OFF) are shown in Figure 3, where the asymmetric error bars could affect th(lalr.kmetlc measurleme.nts in two ways. First, the
shown are derived from the uncertainty in the@y effective apparent equmbrlum observed in this WO.I’k, reaction 4, could
cross section given above. The small range over which the "€generate OBrO in the flow tube. This would lead to a
[OBrOJ/[Br,0,] ratio could be varied led to the significant ~SyStematic underestimate of the OBrO loss. Second, the higher
uncertainty in the OBrO absorption cross section. Experiments Prominé oxide might interfere with the mass spectrometric
with the injector positioned in the middle of the cell yielded detection of OBrO. It is likely that the higher oxides would
similar results but with larger uncertainties due to the reduced fragment onto the OBrO parent peak when using electron impact
path length for both the N©and OBrO absorption measure- Mass spectrometry. .In lllght of the present obs.ervayons, a
ments. We report in Table 1 the OBrO peak cross section valuesreevaluation of their kinetic results and OBrO detection via mass
using the 0.66 nm resolution spectrum shown in Figure land SPectrometry may be warranted.
the transition assignments reported by Miller ef al. Characterization of Br,Oy. The identity of BxOy remains

If the contribution of BxO, to the NQ signal was ignored,  unknown. However, in an effort to characterize ther
i.e., all the measured NCcame from OBrO, a cross section species, we have recorded UV and IR absorption spectra of the
value of (1.06+ 0.4) x 10 cnm? molecule’? would be condensed sample to accompany our gas phase UV spectra. Both
obtained. This represents a lower limit to the OBrO cross UV/vis and IR absorption spectra were obtained by condensing

section. material onto a cooled window located in the optical path.
The recent OBrO kinetic measurements of hnd Li and Samples were deposited on the cold windows either from the
Tac did not consider the presence of,8y in the flow tube. sample trap or by collecting the effluent from the microwave

The presence of higher bromine oxides as observed in this workdischarge source. The measured spectra are shown in Figure 4.
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Figure 4. (A) UV absorption spectra of the OBrO source effluent
condensed on a quartz window at 230 K (B) IR absorption spectra of
the OBrO source effluent (solid line) and the effluent of a/Bs
microwave discharge condensed on a KBr window (dashed line). The
dip observed in the spectrum between 765 and 805 cesulted from
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Br,0g(0O,BrOBr0Os), and BeO7(O3BrOBrO;) are all tentatively
assigned to white solids whereas the majority of our solid
sample, collected at 240 K, was yellow-bro&nBr,Os-
(BrOBrQ,) has been identified as a lemon-yellow crygfalt

is very likely that our condensed samples contain a mixture of
these bromine oxides. Note, however, that there is no guarantee
that the sample observed in the solid phase is the same as in
the gas phase. Each of these bromine oxides could lead to the
formation of OBrO in the gas phase via thermal decomposition
or reaction with O atoms. The identification of these bromine
oxides in the gas phase would be desirable.

Conclusions

The UV/vis absorption cross sections of OBrO have been
measured using a chemical titration method. These values can
be directly applied to the interpretation of atmospheric trace
gas measurements using occultation techniques. During the
course of this work, we have observed a previously unidentified
UV absorption spectrum of another bromine oxide,@&r
coming from the OBrO source.
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