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ABSTRACT

The highly structured visible absorption spectrum of the bromine dioxide radical, OBrO,

has been observed in the 15500 to 26000 cm-l region. The spectrum is dominated by a

long progression

progressions built

excitation of the

n the Br-O symmetric stretching motion (vi’) and a series of short

on the bending mode (V2’);  there are no features associated with the

antisymmetric  stretching mode (vJ’). The spectrum also contains

numerous transitions originating from the (O, 1,0) and (1,0,0) vibrational levels of the

electronic ground state, X(2B l). A simultaneous fit to all of the observed vibronic features

yielded the frequencies vI° = 799.4 cm-l, W“ = 317.5 cm-l, f.1)1’ = 641.5 cm-’, c%’ = 21O.7

cm-l and a band origin TO = 15863 cm-l. Franck-Condon  simulations combined with ab

initio  calculations of the four lowest OBrO doublet electronic states identify the spectrum

as arising from the C(2AZ)+-X(2B 1) electronic transition.
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I. INTRODUCTION

The role played by halogen oxides in the formation of the polar ozone hole has

been intensely investigated over the last decade.* The pioneering measurements of

Anderson and coworkers2 demonstrated the anticorrelation  between C1O and 03

concentrations in the polar stratosphere and verified the importance of the catalytic CIOX

reaction cycles proposed by Molina3

Cycle 1
Cl+03+C10+OZ (RI)
C1O+O+CI+O2 (R2)

Net: O+OS+20Z

Cycle 2
C1O + CIO + M + C1OOCI + M (R3)
C1OOC1 + hv + Cl + C1OO (R4)
CIOO+M-+CI+02+M (R5)
Cl+03-+CIO+OZ (RI)
Cl+03+C10+OZ (RI)

Net: 2 03 + 30z

Laboratory studies have shown that BrOx compounds participate in analogous catalytic

cycles which destroy ozone even more efficiently than the CIOX cycles.4 Thus, state-of-

the-art photochemical  model calculations suggest that BrOX induced stratospheric ozone

losses are comparable to those induced by C1O, chemistry despite the much smaller

concentrations of BrOX in the polar stratospheres

With the exception of BrO, very little is known about the chemical and physical

properties of the BrOX compounds. The discovery of bromine dioxide, OBrO, in the

bromine sensitized photodecomposition of ozoneG’7’8 indicates the potential importance

of higher bromine oxides in atmospheric chemistry. Therefore, we have undertaken a

complete spectral characterization of OBrO as part of our program to understand

Page 2



.
.

stratospheric halogen oxide chemistry and its relationship to catalytic ozone

depletion.9  ’10’11 Wehaverecently  analyzed the pure rotational spectrum of OBrO and

used this information to derive the molecular structure and harmonic force field. 12 In this

paper we present a reinvestigation of the OBrO visible absorption spectrum augmented by

Franck-Condon simulations and high level ab initio  calculations. From the experimental

and theoretical information now available,

the C(2A2)+X(2B 1) electronic transition.

we conclude that the visible spectrum is due to

II. EXPERIMENTAL

The apparatus used in these experiments has been described in detail previously. 10

It consists of a 100 cm long multipass  absorption cell coupled to a 0.32 m focal length

monochromator/ 1024-element optical multichannel anal yzer. Spectra were acquired with

the external White-type mirrors adjusted for eight passes (total optical path length of 720

cm) and 0.06 nm resolution (- 60 nm coverage per scan). The probe light was supplied

by a 1 SO-W xenon arc lamp and data acquisition controlled via a personal computer.

Temperature control was accomplished by circulating cooled methanol through a jacket

which surrounds the absorption cell.

OBrO was generated by flowing molecular bromine with the products of an 02/He

discharge through the absorption cell at -250 K. No OBrO features were observed while

any gases flowed, consistent with previous observations,7’8 but strong OBrO signals were

observed after pumping on the condensate collected on the cell walls. Helium (Air

Products) and Oxygen (Air Liquide)  were used as received. Bromine (Fisher) was

degassed prior to use.
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Spectra were recorded between 280 nm and 700 nm in 60 nm segments.

Individual spectra were calibrated using the absolute wavelengths of the atomic lines (in

air) generated by Ar, Ne, and Hg hollow cathode lamps. The wavelength scale was then

obtained from a quadratic fit of the absolute wavelengths to the OMA pixel position.

This resulted in rms fitting errors of 0.01 nm or less for the calculated wavelengths of the

calibration lines. The reproducibility of individual OBrO vibronic features was found to

be *3 cm-l although uncertainties within a single OMA spectrum were less than 1 cm”*.

The line positions reported in Table I represent an average of all observations for a given

feature.

111. COMPUTATIONAL METHODS

Ab initio molecular orbital calculations for OBrO were performed with the

GAUSSIAN 92 program suite. 13 All equilibrium geometries were fully optimized using

Schlegel’s  analytical gradient method14 at the second-order M@ller-Plesset perturbation

(MP2) level of theory15 with all electrons correlated. The geometries were optimized to

better than 0.1 pm for bond distances and 0.10 for bond angles. With a convergence of at

least 10-9 on the density matrix, the rms force was less than 10-4 au. for the optimized

structures. Dunning’s triple zeta double polarized basis set, denoted TZ2P, was used for

all calculations. The O-atom TZ2P basis sets were composed of Dunning’s 5s3p

contraction 16 with two d-function polarization orbital exponents. 17 The Br TZ2P basis

set contained a 6s5p2d contraction of the 17s 13p6d primitive set given by Schaefer et

al.18 The orbital exponents of the two d polarization functions were ~cI = 0.674 and 0.225.

All six components of the Cartesian d functions were included in the basis sets.
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Exploratory molecular orbital calculations were performed at the MP2~Z2P level

of theory. The geometries and second-derivatives obtained from these calculations were

then used as the initial inputs for calculations using single and double excitation coupled-

cluster theory including a perturbational estimate of the effects of connected triple

excitations [CCSD(T)]. 19 No corrections for relativistic effects associated with the Br-

atom electronic structure were included in the present calculations.

IV. RESULTS

A. Absorption Spectrum and Vibrational Frequency Analysis

An overview of the OBrO visible absorption spectrum is shown in Fig. 1. The

spectrum originates below 16000 cm- 1, extends to near] y 26000 cm-t and is characterized

by extensive vibronic structure. The Franck-Condon  envelope is dominated by a long

progression in VI’, the Br-O symmetric stretching mode, with an average spacing of

approximately 630 cm-l. A short progression in the bending mode v; (Av -210 cm-l) is

built on each component of the VI’ progression. This creates the intense doublet pattern

observed throughout the spectrum. Line positions and transition assignments are collected

in Table I.

The weaker features in each wing of the Franck-Condon  envelope reveal a number

of interesting characteristics. Fig. 2 illustrates that the v 1’ progression contains transitions

with up to 17 quanta of excitation. Even more interesting is the fact that the relative

intensities of the two components within each doublet change with increasing excitation

energy. The doublets are associated with the first two components of the VZ’ progression
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for a given value of nl’. Below the Franck-Condon maximum, corresponding to n s 6,

transitions terminating in the (n, 1,0) vibrational levels are more intense than those which

terminate in the (n,O,O) levels; however, an intensity reversal occurs in the neighborhood

o f n = 7 a n d b y n = 8 the (8,0,0)+(0,0,0)  transition is more intense than the

(8, 1,0)+(0,0,0)  transition. The intensity shift becomes more pronounced at high n where

the (n,O,O)+(O,O,O)  transitions dominate and the (n, 1,O)e(O,O,O) features have essentially

vanished.

Below 18000 cm-’ the spectral intensity diminishes rapidly and a characteristic

pattern of four transitions is observed for every value of nl’. Fig. 3 shows an expanded

view of the extremely weak absorpt ions recorded near 16000 cm-l; not c that the four

feature pattern clearly persists. Based on the lack of a similar four feature pattern near

15200 cm-], we assign the 15863 cm-] feature as the electronic transition origin, To. The

features at 15863, 16078 and 16290 cm-l form a progression in VZ’ as evidenced by the

spacings of 215 and 212 cm-l, respectively. The wavenumber differences between these

features and their counterparts at 16499, 16711 and 16915 cm-] confirm that they

represent a continuation of the main vI’ progression. The feature at 16178 cm-l is not

obviously related to the main VI’ or VZ’ progressions, but it is separated by one quantum of

v 1’ from its counterpart at 16815 cm-’ as well as from the weak feature at 15546 cm-1.

The 317 cm-] difference between the 15546 cm-’ feature and the TO transition is in

excellent agreement with the predicted bending frequency for X(2B 1).12 The 15546,

16178, 16815, etc. transitions are thus assigned to a hot band progression originating

from the first excited bending level of the electronic ground state, X~B 1) (O, 1,0). Further
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analysis revealed that the weak features at 15697 and 15918 cm-l belong to a hot band

progression originating from the first excited symmetric stretching level, X(2B,) (1,0,0).

Therefore, all of the observed transitions may be assigned using only the totally

symmetric vibrations of the upper and lower electronic states; there is no indication of

any activity in the anti symmetric stretching mode.

A simultaneous least squares fit to all of the line positions listed in Table I was

performed using the expression

E(q, n2) = q + qo, + & +kq +~:~22 +W?%2 (1)

for each upper state vibrational level; values for VI” and VZ” were included for the

appropriate hot band transitions. The value of TO was fixed to the experimental value of

15863 cm-l and the remaining constants were floated. The optimized parameters fit all 66

assigned transitions with an rms error of 6.67 cm-1. The resulting values of Vl” and VZ” are

collected in Table II along with the value of VJ” obtained from the FTIR spectrum shown

in Fig. 4. This marks the first determination of the three X(2B 1 ) vibrational frequencies in

the gas phase. No attempt was made to correct these values for anharmonicity since only

transitions associated with the fundamental vibrations have been observed. In contrast,

the vibrational levels of the upper electronic state sampled a wide range of quantum

numbers. This enabled us to determine harmonic vibrational frequencies and

anharmonicity  corrections for VI’ and VZ’; the results for the excited state are gathered in

Table III.

B. Ab Initio Results

Page 7



Sub-millimeter spectroscopy has confirmed that, like OC10,20 the OBrO

electronic ground state possesses C2V symmetry and a 2B 1 electronic configuration. 12 The

optimized minimum energy CCSD(T)/TZ2P structure for OBrO also possesses a 2B I

electronic configuration, consistent with the experimental findings. In this structure, the

51 electrons of OBrO are distributed among 26 molecular orbitals  ( 14a1, 3a2, 7b1 and 2bz

orbitals)  with the configuration

Core.. o(

where 7b I is a pX orbital perpendi

experimental structures { CCSD(T):

164.91 pm,

frequencies

cm-’, V2 =

4a1)2 (2b2)2 (3a2)2 (7b1)’

:ular  to the molecular plane. The calculated and

RB,-O  = 166.() pm, eoBfo  = 114.8°; Expt,:  RB,.O =

ooB@ = 114.44° (Table 4)} are in excellent agreement as are the vibrational

{CCSD(T): a, = 797 cm-l, 032= 317 cm-’, m3 = 845 cm-*; Expt.: VI = 799.4

317.5 cm-l, v3 = 848.6 cm-l (Table 2)}. These results suggest that the

CCSD(T)fl’Z2P wavefunctions provide a faithful representation of the radical, even

without relativistic corrections, and that we may have confidence in the accuracy of other

calculated molecular properties.

Another major objective of the ab initio calculations was to aid in the

identification of the upper electronic state in the OBrO visible absorption spectrum. The

calculations identified three low-lying electronic states - A(2Bz), B(2A1) and C(2AZ) -

created by singlet excitations from the 3az, 2b2 and 14al orbitals  into the singly occupied

7b1 orbital. An analogous set of excited electronic states with the same symmetries and

similar energy separations was calculated for OC10.2] The optimized geometry for each

state was checked to verify that it was a true minimum on the OBrO potential energy
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surface by performing vibrational frequency calculations at the MP2/TZ2P level with

analytical second derivatives.22 The geometries for the three low lying excited states are

given in Table 4.

The A(2132)  electronic state is predicted to be strongly bent with a valence angle of

85.6°. We estimate the adiabatic A+X transition energy to be T. = 12850 cm-’. The

B-X and CeX adiabatic transition energies are nearly isoenergetic  with predicted T.

values of 16335 and 16760 cm-’, respectively. Peterson and Werner21  found similar

results for OC1O where the B+X and CeX adiabatic transitions exhibit a separation of

ca. 161 cm-l at the CMRCI  (3d2f 1 g) level of theory. Excitations into the B(2A1)  and

C(2A2) states involve large and nearly identical increases in the Br-O bond length, 11.5

and 12.5 pm, respectively, but the B(2A1) bond angle increases 2.3° to 118.10 while the

C(2A2) bond angle decreases 11.6° to 103.2°. This behavior was also observed in the

OC1O calculations where the B(2A1)  and C(2AZ) states had similar bond lengths, but

differed by 13.6° in bond angle.21

The resolution of the spectrometer used in these studies was insufficient to resolve

any rotational structure in the vibronic transitions, but extensive rotational structure has

been observed in the electronic absorption spectrum of OCI0.23  ’24’25 Inspection of the

vibronic  features in Fig. 3 shows red-degraded contours reminiscent of those observed for

lower resolution spectra of OC1O at lower transition energies.25  The strength of the OBr-

0 bond is unknown so we can not calculate the dissociation threshold, but it seems likely

that the OBrO visible absorption spectrum will contain rotational structure which has not

been rendered completely unresolvable by predissociative  broadening. Therefore, in
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Table V we present the rotational constants for each of the low-lying doublet electronic

states calculated from the optimized CCSD(T)flZ2P  structures as a guide for future

spectral analysis.

V. DISCUSSION

The existence of the OBrO radical in the gas phase had been disputed despite its

identification in a magnetically deflected molecular beam,2G in solution27  ‘2* and in

cryogenic matrices (IR29 ‘so ’31 and ESR32 ). Then in 1994 Rattigan et al. observed a

highly structured visible absorption spectrum during the bromine-sensitized

photodecomposition  of ozone.G The striking resemblance of this spectrum to the OCIO

C(2A*)+-X(2B  1) absorption spectrum25 led Rattigan et al. to hypothesize that they had

observed the signature of OBrO. We have now conclusively demonstrated that OBrO is

the carrier of the 15500-26000 cm-1 spectrum shown in Fig. 1 by recording the visible,

sub-mill imeter12 and infrared (Fig. 4) spectra of OBrO under identical experimental

conditions.

The assignments provided in Table I include 21 transitions which occur from

vibrationally  excited levels of the X(2B1) electronic state: 18 which originate from (O, 1,0)

and three which originate in the (1,0,0) level. Values of VI” = 799.4 cm-l and VZ” = 317.5

cm-l were derived from a simultaneous least squares fit to all of the transitions given in

Table I. These frequencies combined with the V3° = 848.6 cm-l value obtained for

079Br0 from the infrared spectrum (Fig. 4) constitute the complete set of fundamental

vibrational frequencies for gas phase OBrO X(2B I ). These values are compared in Table

II with the vibrational frequencies from our CCSD(T)  calculations, harmonic force field
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calculations12 and matrix isolation infrared measurements  ;29-s 1 the overall agreement is

excellent. The fact that the ab initio calculations reproduce the experimental frequencies

so well indicates that the calculated X(2B 1) potential energy surface is extremely accurate

in the neighborhood of the equilibrium geometry. The excellent agreement among all of

the different determinations of the vibrational frequencies further supports the present

assignments.

The increased detection sensitivity of our experimental apparatus has enabled us

to resolve weak features in the 15000- 16500 cm-l range which Rattigan  et al.G were

unable observe. This new spectral information, including all of the features in Fig. 3,

shows that the origin of the OBrO visible absorption spectrum is 15863 cm-l and that the

16499 cm-i feature (16509 cm-* in Ref. 6) assigned by Rattigan et al. as the origin

transition is actually the (1,0,0)+(0,0,0) transition. From the experimentally determined

co l‘ and OZ’ and an estimate of 700 cm- 1 for 0s’, we obtain a zero point energy of

approximately 776 cm-* for the excited state. Combining this value with To and a value

of 982.8 cm-* calculated for the X(2B 1) zero point energy, one obtains T~ - 16070 cm-] .33

There is now sufficient information available to determine the identity of the

electronic transition which gives rise to the OBrO visible absorption spectrum. Sub-

millimeter spectra of the OBrO rotational spectrum have revealed that the electronic

ground state has a 2B1 electronic configuration. The CCSD(T) calculations reported in

Table IV predicted a X(2B1) configuration as well as three possibilities for the excited

electronic state. We can immediately reject A(2B*) as the upper electronic state since the

calculated transition energy is 4000 cm-l too low and the A(2Bz)eX(2B  1) transition is

electric dipole forbidden. The 16335 and 16769 cm-l adiabatic energies calculated for the
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B(2Al)+-X(2Bl) and C(2AZ)+X(2B1) transitions are in reasonable agreement with the

experimental Te value and both transitions are allowed under electric dipole selection

rules. Transitions to both states are predicted to involve the large increases in the Br-O

bond lengths implied by the extended vI’ progression in the spectrum. The bond angle

changes calculated for each state are also consistent with the observed progressions in VZ’.

To achieve a definite assignment we calculated a series of Franck-Condon factor

(FCF) spectral simulations.34 These simulations required a Br-O bond length increase of

(1 1.0& 1.0) pm and a bond angle decrease of 10.OO * 0.5° in the excited electronic state

to obtain agreement with the experimental intensity distribution. From these structural

changes and the known ground state geometry, we estimate the upper state geometry as

R~,.o = (175.9 * 1.0) pm and (k)BrO  = 104.4° * 0.5°. The FCF simulations also

demonstrated that the relative intensities of the (n, 1,0)+(0,0,0)  and (n,O,O)+-(0,0,0)

progressions could not be reproduced without the inclusion of Duschinsky rotation. This

intensity information proved valuable in locating the best simulation geometries. The

molecular structure and energy calculated for the C(2AZ)  state are in excellent agreement

with our experimental observations, therefore we assign the OBrO visible spectrum to the

C(2Az)eX(2Bl) electronic transition.

Fig. 5 shows the optimized FCF simulation in the region of the Franck-Condon

maximum. Trace A illustrates that transitions originating only from the X(2Bl) (0,0,0)

vibrational level are insufficient to account all of the observed features. The addition of

hot band transitions from the X(2B 1) (O, 1,0) level resulted in a total simulation, Trace C,

which reproduces the experimental spectrum very well. An inspection of Trace B shows
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that only transitions from X(2B 1) (O, 1,0) to C(2A2) levels with an even number of quanta

in the V2’ mode have significant intensity. This was a particularly satisfying triumph of

the FCF simulations since no C(2A*) (n, 1,0) e X(2Bl) (O, 1,0) transitions were assigned

during the frequency analysis. The complete FCF simulation is shown in Fig. 6.

The spectra reported here were unable to resolve rotational structure in any of the

observed vibronic  features; however, it seems likely that some rotational structure will

escape predissociative  broadening, especially for lower energy transitions. It will be

straightforward to confirm the present transition assignments should rotationally resolved

spectra become available. Ground state combination differences evaluated from these

spectra could be compared against the known rotational constants for X(2B 1) (0,0,0) and

(O, 1,0) to verify the hot band assignments. An examination of the rotational constants

given in Table V shows that it will also prove straightforward to confirm the identity of

the upper electronic state from its rotational constants since the A and (B+C)/2  values for

C(2A*) are very different from those of the nearly isoenergetic  B(2A1)  state.

We have been unable to generate sufficient number densities of OBrO to perform

an NO titration and obtain absolute absorption cross sections; however, we estimate that

the cross sections of the intense features near 20000 cm-l are on the order of ( 1.5 ~ 1.0) x

1 ()-17 cm2 molecule-l. This would be consistent with the magnitude of the OC1O cross

sections and implies that the spectra in Fig. 1 and Fig. 4 were recorded with number

densities on the order of 1 x 1013 molecules cm-3. Given the manner in which all other

molecular properties of OBrO have been accurately predicted based on the properties of
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OCIO, it seems very unlikely that the actual OBrO absorption cross sections deviate from

this estimate.

The role of the OBrO radical in atmospheric ozone depletion will be determined

by its source chemistry, which is poorly defined at this time. The BrO + C1O reaction

has been identified as the principal source

BrO + C1O + Br + OCIO

BrO + C1O + Cl + OBrO

level ab initio calculations predict that

of OC1O in the polar stratosphere,35 but high

AH,.. = -4.0 kcal/mol  ‘G (R6a)

AH,,. = +11.6 kcal/mol  36 (R6b)

the endothermic channel (R6b) will not be

important at stratospheric temperatures (-220 K). Rawley et al.8 have shown that source

reaction BrO + Os has a large activation energy and will also be negligible at stratospheric

temperatures. Both recent investigations of the BrO + BrO reaction’>s have demonstrated

that OBrO is formed in the Brz/O@ system, but that it is not a primary reaction product.

The peculiar source chemistry employed in the present experiments strongly suggest that

an efficient heterogeneuos  mechanism exists which converts BrO into an adsorbed

compound, probably a higher bromine oxide, which then thermally decomposes to yield

gas phase OBrO. Therefore, we hypothesize that if OBrO is present at chemically

significant levels in the atmosphere then its source chemistry is probably heterogeneous.

JAn estimate of .l(A)dA  suggests that the atmospheric lifetime of OBrO is on the

order of seconds during daylight hours and that OBrO will exist in a photochemical

steady state. If formed at night by a heterogeneous mechanism, then its principal impact

will be as a temporary BrO reservoir. A more quantitative assessment of its atmospheric

importance awaits in situ detection and a better identification of the source chemistry.
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VI. CONCLUSIONS

An experimental and theoretical analysis of the OBrO C(2A2)+-X(2B  1) absorption

spectrum has been presented. A complete set of X(2B 1) vibrational frequencies have been

determined for the gas phase molecule as have values for To (C(2A2)),  (oI’, m2’ and their

enharmonic corrections. A Franck-Condon analysis of the spectrum combined with the

structural information available from sub-millimeter spectroscopy allowed us to obtain a

structure for the upper electronic state which was in good agreement with the C(2A2)

structure calculated at the CCSD(T)/TZ2P level of theory. The information accumulated

on OBrO to date suggests that its properties may be well estimated from the appropriate

periodic adjustments to the properties of OCIO.

Note added in proof: Since the completion of this work, Patios and Gomez have reported

UMP2 and CCSD(T) calculations on OBrO X(2B1) using the AREP/T.Z(2df) basis set.37

Their CCSD(T) geometry { RBr.o = 165.0 pm, OoBm = 114.9°} is in good agreement with

experiment and the CCSD(T)flZ2P  geometry reported in Table III. However, their

UMP2/AREP/TZ(2df) vibrational frequencies { ml = 897 cm-l, CO* = 328 cm-l, CDS = 939

cm-’ } deviate by 12.3%, 3.5%, and 10.7% from the experimental values while our

vibrational frequencies calculated at the CCSD(T)ITZ2P  level of theory are essentially

indistinguishable from the experimental values.
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FIGURE CAPTIONS

FIG. 1. An overview of the OBrO visible absorption spectrum.

FIG. 2. An expanded view of the OBrO visible absorption spectrum at higher energies.

The numbers above each transition group refer to the number of quanta in the Br-O

symmetric stretching mode Vi’. Note the change in the relative intensities of the

transitions within each group when compared to the transitions in the 17000-20000 cm-]

range (Fig. 1).

FIG. 3. A detailed view of the OBrO visible absorption spectrum near the transition

origin. Note the presence of numerous hot bands in addition to the features associated

with the main V1’ and v2’ progressions.

FIG. 4. A moderate resolution I?ITR spectrum of the OBrO V3 band. The pair of sharp Q-

branches at 846.3 and 848.6 cm-l are due to the 081Br0 and 079Br0 isotopomers,

respect ivel y.

FIG. 5. A detailed view of the Franck-Condon simulation of the OBrO absorption

spectrum in the region of maximum absorbance. The numbers above each transition

group refer to the number of quanta in VI’. Trace A: Transitions originating in the (0,0,0)

level of X(2B l). The simulation is restricted to modes VI’ and V2’ only. Trace B: Franck-

Condon simulation of the transitions arising from the X(2B 1) (O, 1,0) level. The intensities

have been scaled by the Boltzman  factor corresponding to the experimental temperature

(260 K). Trace C: The sum of Traces A and B. Trace D: The experimental OBrO

absorption spectrum.

FIG. 6. The complete OBrO C(2A2)+X(2B  1) Franck-Condon  simulation. Compare to the

experimental absorption spectrum in Fig. 1.
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TABLE I. Transition Energies and Assignments for the OBrO C(2A2)+X(2B.1)  Spectrum’

(n,O,O) + (n, 1,0)+- (n,2,0) +- (n,O,O) + (n,2,0) +- (n,O,O) +-- (n,  1,0)+-
n (0,0,0) (0,0,0) (0,0,0) (0, 1 ,0) (o, 1 ,0) (1 ,0,0) (1 ,0,0)

o
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

15863
16499
17129
17748
18367
18973
19580
20183
20780
21360
21937
22502
23055
23613
24151
24687
25230
25755

16078
16711
17336
17958
18570
19171
19782
20379
20969
21547
22112
22684
23234
23776
24329
24858
25380

16290
16915
17541
18160
18770
19367
19978
20575
21138
21734

15546
16178
16815
17437
18053
18657
19257
19858
20452
21027

15697 15918
17234 16330
17852
18465
19062
19662
20262
20852
21447

‘All energies in cm-l .
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TABLE II. Vibrational Frequencies (cm-l) for OBrO X(2B]).

Vibrational Expt, CCSD(T) NCA Matrix IRa Matrix IR
Mode This work This work Ref. 12 Ref. 31 Ref. 29,30

631 799.4 797 794.5 795.7 794.1’
032 317.5 317 311 317.0

cl13 848.6 845 853 845.2 85 1.9b
846.6C

a Values for 079Br0
b Ref. 29
c Ref. 30
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TABLE III. Spectroscopic Parameters (cm-l) for OBrO C(2Ad
Rattigan  et al. Kolm et al.

Parameter This work Ref. 6 Ref. 31

T. 16070 16178
To 15863 16509 16785

ml 641.5 638 631

U2 210.7 -200 221

xl I -3.52 -3.58
X22 1.09
X12 -2.70
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TABLE IV. Geometries and Relative Energies for Low-Lying Doublet Electronic States
of OBrO Calculated at the CCSD(T)/TZ2P Level of Theory

Geometry a

State RB,.o/pm 60.B,.o/deg T~cm-l

X(2B1) 166.0 114.8 0
A(2B2) 175.9 85.6 12580
B(2AI) 177.5 118.1 16335
C(2AZ) 178.5 103.2 16760

Expt. X(2B 1) (Ref. 12) 164.9 114.4 0
Expt. “A” (This work) 175.9 * 1.0 104.4 t 0.5 16070

aExcited state energies calculated relative to the X(2B1) state energy of -2722.67853
hartrees.
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TABLE V. Calculated Rotational Constants (MHz) for OBrO in Various Low-lying
Electronic States

Rotational Electronic State
Constant X(2B ,) A(2BZ) B(2A1) C(2AJ

A 27784.4786 13326.9128 26701.3832 18052.0287
B 8070.5381 11052.0592 6812,3378 8073.4144
c 6253.9559 6041.6752 5427.5932 5578.5277
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