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Motivated by the possible importance of OBrO in atmospheric photochemistry, multireference configuration
interaction calculations of the low-lying excited states were carried out to obtain information about the electronic
vertical spectrum up to excitation energies of about 6 eV from the ground state, including the transition
dipole moments, and about possible photodissociation pathways, based on one-dimensional cuts through the
potential energy surfaces for dissociation into BfAD and Br+ O,, respectively. In addition, for probing

the angle dependence the bending potentials were also calculated. From all computed eight doublet states
(two/four of each symmetry i€,, Cy) only the A, state at 2.7 eV possesses a large transition dipole moment
with the B; ground state, whereas for all other states this quantity is very small or zero. Therefofdthe 1
state should play a decisive role in OBrO photochemistry. Close to?thestate two other states were found

at 2.4 eV (2B,) and 2.5 eV (3A,) so that interactions of these three states should certainly influence possible
dissociation processes. For this reason, besides direct adiabatic photodissociatior?Af gtaté into BrO

+ O also predissociation via these close-lying states can be expected, leading to a very complex
photodissociation mechanism for excitation energies around 2.5 eV. Moreover, in this energy range
photodissociation into B~ O, is only possible through the’R, state (after initial excitation of the?A,

state) because only for this state a small barrier of 0.7 eV relative to its minimum is estimated from the
calculation of a simplifiedC,, minimum energy path. For the’A; and PA; states, rather large barriers are
predicted. The next higher-lying states, with excitation energies of 3.9 ®\)and 4.5 eV (2B,) are well
separated from lower- and higher-lying states and from each other, but due to their small transition dipole
moments, they should be probably of minor importance for the OBrO photochemistry. The last two states
considered in our study are predicted to lie close together at 6.0%8)(@nd 6.1 eV (2B,) and are strongly
repulsive upon dissociation into Br® O. Finally, it should be noted that our calculations demonstrate the
expected qualitative similarity to the results previously obtained for the corresponding OCIO system.

Introduction Chipperfield et aP indicate much smaller abundances of this
species. Recently, measurements of OBrO limits in the nighttime
stratosphere by Erle et &lsuggest a negligible role of OBrO

in stratospheric photochemistry as well. Thus, the importance
of OBrO in atmospheric bromine chemistry remains uncertain
and more information about the photochemistry of OBrO,

It has become highly probable in the past decade that in
addition to chlorine, bromine oxides (especially BrO) also play
an important role in catalytic cycles of stratospheric ozone
destruction. This fact stimulated the detailed experimental and
theoretical investigation of the properties and processes involv- . . L ) L .
. : . especially photodissociation cross sections, is highly desirable.
ing these specigsUp to the present time, the knowledge about . . .
bromine oxides is far from being complete, as can be clearly At present, only a few experimental and theoretical studies
seen by comparison of the halogen dioxides OCIO and OBrO. dealing with the electronically excited states of OBrO are
Contrary to OCIO which is well characterized experimentally 2vailable, mainly limited to the characterization of the
and theoretically;s much less is known about OB, This 12A,(C2A,) state. The first visible spgctrum pf OBrO in the gas
is not unexpected, because the investigation of the OBrO radicalPhase due to the®, — X?B electronic transition was reported
turns out to be more difficult experimentally (very unstable by Rattigan et al® Somewhat later, Miller et df reinvestigated '
system) as well as theoretically (electron-rich system). More- the spectrum and made use of the results of quantum-chemical
over, the participation of OBrO in ozone destruction processes c_alc_ulatlons for a reliable mterpretatlon of the e>_<per|mental
is presently still not quite clear, because spectroscopic observafindings. Furthermore, two studies of the electronic spectrum
tions in the stratosphere and model calculations gave contradic-N rare gas matrices were also carried 84t Important for
tory results. Whereas balloon-borne spectroscopic investigationscomparison with theoretical predictions is the first measurement
of Renard et al.presumably detected OBrO in the stratosphere of UV/vis absorptlor_1 cross sections for gas-phase OBrO at room
in significant quantities, model calculations performed by teémperature by Knight et af.

Finally, two theoretical papers dealing with electronically
* Corresponding author. E-mail: vetter@tch12.chem.uni-potsdam.de. excited states of OBrO should be mentioned. In the first paper,
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Miller et al.l! carried out CCSD(T) calculations to determine TABLE 1: Summary of Basis Sets Employed

the geometries and relative energies of the four lowest-lying — pagis set Dunning'’s

states XB;, A?B,, B2A;, and CA,. In the second paper, (abbreviation) cGTOs  notation comments

Petersoh used the muItirefe_r_en_ce configl_Jration interact_ion VTZ 103 ccpVT2d

method to calculate near-equilibrium potential energy functions AvVTZ 151  aug-cc-pVTZed

(PEF) for the XB; and CA; states. On the basis of the PEF  AVTZ' 130 aug-cc-pVTZ  without diffuséfunctions

results the vibrational spectra were calculated. AVTZ'(ECP) 116  aug-cc-pVTZ C&gg’f;gﬁgﬂf%ﬁg‘g n
Altogether, there is still relatively scarce information on this quasirelativistic effective core

interesting and important system; because of that we started Phoé%r;gﬁ]sg%ﬁ?%gﬂsneglectmg

more comprehens!ve ca]culanons pf Fhe low-lying gxcned states 517/ +sp 142 aug-cc-pVTZ  augmented by an additional set

of OBrO with the final aim of predicting cross sections for the of diffuses andp functions but

relevant photodissociation processes. without diffusef functions

In a first step, we report in this paper about extensive AVQZ' 205 aug-cc-pVQEZed without diffusef andg functions

CASSCF-MRCI calculations of the electronic vertical spectrum  2Number of basis functions (contracted Gaussian Type Orbitals
(eight doublet states and four quartet states) and the correspondcGTOs)).” Ref 23.¢ Ref 24.¢ Ref 25.° Ref 5.1 The exponents of the
ing transition dipole moments from the?&; ground state. To additional set of diffuse andpfun_ctions were determined in an even-
get a first impression about possible photodissociation pathwayszgrgg%e%_ Sbergfﬁi nls(g%)fffg)d a'r?q; ?(f) g?:z 4%))(3'3@'02419) andp
one-dimensional cuts through the full potential energy surfaces " ' ' ’ '

for dissociation into BrO+ O as well as Br+ O, were TABLE 2: Vertical Electronic Excitation Energies AE,
calculated. Finally, bending potentials are also presented. Transition Dipole Moments Ree, and Oscillator Strengthsf
of the Lowest-Lying Doublet States of OBrG
Computational Details state AE  Reg
. . . (Ca, Cy) dominant configurations (eV) (aupe f
All calculations were carried out at the multireference B UTA (o (20 (123 (ShT 00
internally contracted configuration interaction (icMRCI) level 125;/1%, E?bgl 52332 ElZaBZ §5b32 243 (')0 E)o
of theory using the MOLPRO ab initio packadfe. _ AY2A" ... (Thy)? (282)? (1221)" (Sby)? 251  0.054y) 0.0
The MRCI calculations were based on complete active space 12A,/22A" ... (Thy)? (2ay)t (12a1)? (501)? 2.69 0.594%) 0.023

self-consistent field (CASSCF) orbitai$1” The active space gzgllfijﬁz' E%; gazgi gglgz ggl;g Eéﬁa)ﬁ)l i-gi *%%47 ) 0600

N L . . P 2l o 2, ay, 1, 1 2, . . .

in thedCASSCF corklfls;[ed fof the nine grgnals. arising from tflwe PAYFA" . (Moot (20002 (1220)? (Sbn)! (13a0) 6,03  0.109%) 0.002

2p an 4) atomic or |_ta SO qugen ana bromine, I.’eSDECt.IVG y 2By APA" ... (Thy)? (2a)? (12a1)t (5oy)* (13a1)! 6.13 —0.046 ¢) 0.0

(13 active electrons in 9 orbitals). All other low-lying orbitals

We_ltﬁ fu”yl opltl?ﬂzed, fbl#] cor}strfllngd to bet dOUbI,?;] OCSUp(Iﬁd' used (ref 27)° In parentheses: polarization of the transition (OBrO is
e. cajculations o e, electronic Sp?C rurn,. e_ ending placed in thexz plane withz being theC; axis for C,, symmetry).

potentials, and the potential curves for dissociation intotBr  cThe2g, - 28, transitions are electric dipole forbidden.

O, were carried out inCy, symmetry, while the treatment of
dissociation into BrOt+ O was inCs. The size of the resulting  or

CAS was 473 CSFs (configuration state functions) for the B

states, 477 CSFs for the,And B states, and 463 CSFs for the  Core (13()? (14a')* (15a)° (16a')? (17a)* (5a")? (18a')?

A, states. InCs symmetry the corresponding numbers are (6a”)2 (1%,)2 (7a")1
954(A) and 936(A).

The reference function for the subsequent MRCI calculations in C; symmetry. It should be mentioned that the ground-state
employed the active space as in the CASSCF but extended byoccupation given in the paper of Miller et @ Core--(14a;)2
the doubly occupied two oxygers 2nd the bromineglorbitals. (2by)? (3ay)? (7by)! appears to be in error. The electronic vertical
This means all 19 valence electrons were correlated. All single spectrum of OBrO has been calculated at the experimental
and double excitations with respect to this reference function equilibrium geometry of Mler et al2? (Br—O distance 1.644
were included in the MRCI and the doubly external configura- A (3.1067 bohr); % OBrO 114.3).
tions were internally contracté&d!® (icMRCI). Energy contribu-
tions for higher-order excitations have been estimated by the Results and Discussion
multireference anald§?! of the Davidson correcticA
(icMRCI+Q).

For oxygen and bromine, the aug-cc-pVTZ basis sets o
Dunning and co-workef&=25 were employed with omission of
the diffusef functions. The total basis set thus obtained is
denoted as AVTZ it consisted of the following contracted
functions: [43p2d1f] for each oxygen and E5p3dif] for
bromine with one diffuss, p, andd function on each atom. To
estimate the influence of the basis set flexibility on the excitation
energies of OBrO, several other basis sets were applied an
are compiled in Table 1.

The electronic ground state of OBrO @y, symmetry is of
2B, type and corresponds at its equilibrium geometry to the
electronic configuration

a2icMRCI+Q results, AVTZ basis and experimentaC4,) geometry

The Vertical and Adiabatic Electronic Excitation Ener-

f gies.As a first step toward discussing photodissociation, it is
useful to get an overview of the relevant excited electronic states
by calculating the electronic vertical spectrum. This information
is especially important for OBrO, because up to now only one
excited state has been experimentally investigated, which was
characterized by a visible absorption spectrum in the 15500
26000 cnt! (385-645 nm) region with extensive vibronic

dstructure and an intensity maximum at about 20164196
nm)10-14 Only the three lowest-lying excited states were
theoretically studied by Miller et dft and PetersohWe have
therefore extended the calculations to include a total of two states
for eachC,, point group symmetry. Moreover, some preliminary
three-state calculations were also carried out.

Core (®,)° (5b,)? (10a,)? (11a,)? (6b,)? (4b,)? (7h,)? (2a,)? The calculated vertical excitation energies of doublet states

5 1 are presented in Table 2, together with the transition dipole
(12a,)" (Sby) moments and oscillator strengths for excitations from the ground
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state. From Table 2 it follows that the three lowest-lying vertical TABLE 3. Vertical Electronic Excitation Energies AE? for
excitation energies are obtained close together between 2.4 an(g‘le %Qll_lb'et gt%tels Off ODE#O- Ir'1:fluen_ce of Basis Set
2.7 eV (i.e., 517 and 459 nm), in agreement with the findings exibility and Role of Diffuse Functions

of Miller et all! for the corresponding adiabatic transitions, AE (eV)

which will be discussed somewhat later in more detail. These basis set

three states possed®p, 2A 1, and?A, symmetry and result from VTZ AVTZ AVTZ' AVTZ'+sp AVQZ' AVTZ' (ECP)

excitations of the @, 12a;, and 2, orbitals into the singly

occupied b, orbital. iiaBtf 00 00 0.0 0.0 0.0 0.0
Another four electronic states are predicted to lie in the energy 12B, 2.42 243 243 2.43 2.41 2.39

range up to about 6 eV which is still interesting for atmospheric 1°A1 249 251 251 2.51 2.49 2.48

photochemistry. Those at 3.9 eV2) and 4.5 eV (2B,) are leZ 268 270 2.69 2.69 2.68 2.65

. . . it 2°A1 3.93 3.89 3.88 3.88 3.89 3.81

created by excitations from the singly occupied orbital i5ito 2B, 455 451 451 451 452 455

the lowest-lying virtual orbitals 18 and &,. The last two states ~ 22a, 6.05 6.03 6.03 6.02 6.02 5.90

(22A; and 2B;) considered in our two-root calculations show 2?B; 6.15 6.13  6.13 6.12 6.12 6.01

excitation energies around 6 eV. Preliminary three-root calcula-
tions predict four further states between 6 and 7 eV (6.0 eV

(¥B), 6.4 eV (3By), 6.5 eV (3A1), and 6.7 eV (3Ay)), to a basis set of quadruplequality (AVQZ') seems to be not
deriving from 2, — 13&, 128 — 13a, 11a; — 5by, and by necessary as well, as can be seen from the results of Table 3.
— 131 transitions. The calculated high density of states above  gymmarizing all the basis set investigations we can conclude
6 eV will make experimental and theoretical investigation of {nat the AVTZ basis set is a good compromise between basis
possmlt_a photodlssomanon processes in this energy region muchget quality and economy; therefore it will be used in all
more difficult. subsequent calculations.

For an assignment of available experimental electronic spectra  Finally, the excitation energies were also calculated using a
and for a first impression of those states which could be slightly modified AVTZ basis set and a relativistic effective
important for photodissociation we must also look at the core potential (ECP) for bromirfeThe AVTZ (ECP) results
electronic transition moments or the oscillator strengths, which presented in Table 3 show that the vertical excitation energies
are related to the intensities of the transitions from the ground were not significantly affected by this type of ECP approxima-
state. Table 2 clearly shows that the most important excited tion; the differences to the AVTZxcitation energies are only
state will be the 3A; state. This is the only state with a large 0.1 eV at most.
transition dipole moment (0.594 au), whereas for all other states  After discussion of the vertical excitation energies we turn
with exception of the secorfé, state this quantity is very small ~ now to the adiabatic ones. The following calculations should
(exactly zero for the electric dipole forbidden transitions from mainly be considered as a further test of the efficiency and
the ground state to tHi8, states). From this it follows that the  reliability of the method (icMRCHQ) and basis set (AVTX
strongest experimentally observed absorption feature in the UV employed. This test is possible by comparison with the
spectrum of OBrO at about 2.5 eV (496 nm) originates from CCSD(T) calculations of Miller et & (TZ2P basis) and the
the A, (C?A,) < 12B; (X2B,) transition and photodissociation ~MRCI study of Petersonwith somewhat larger basis sets of
processes in this energy region should start with an excitation quadruples quality, and moreover by comparison with experi-
to the PA, state. mental findings (only for the2B; and BA, states). As can be
seen from Table 4, our theoretical predictions of the geometries
and excitation energies of the four lowest-lying states of OBrO
are in very close agreement with the previous, above-mentioned
theoretical calculations. The differences of the—iﬂ&r bond
), . . . length and OBrO bond angle are at most 0.01 A and,0.8
fransition energies(3.2 eV (¥B;, 1°A,) estimated from Figure respectively, and in the case of the excitation energies at most

5 of ref 28 a”‘?' 3.66 eV f12)%). . 0.06 eV. The differences to the experimental values for #Be 1
Before treating larger parts of the potential energy surfaces gng A, states are even smaller. As already pointed out for
of OBrO, it is important to estimate the influence of basis set the vertical excitation energies, there are similarities with the
flexibility, especially the role of diffuse functions on the corresponding chlorine system (Table 4, last column). In both
calculated vertical excitation energies. The basis sets considereci;ystemS we observe an extension of theXbond length (X
have been derived from the tripfeeorrelation consistent basis = ¢, Br) upon excitation for all three statedBp, 2A,, 2A1),
sets of Dunning and co-workers and denoted as VTZ in this whereas the bond angle for th&A}, state decreases and for the
paper. Moreover, one basis set of quadruptpsality was used 124 state increases slightly. It should be emphasized that the
(cf. Table 1). The results of this basis set comparison are 12B, state of both OBrO and OCIO is an acute-angle state. The
compiled in Table 3. For studying the influence of diffuse differences in the adiabatic excitation energies of the bromine
functions, the VTZ basis was augmented with one set of diffuse and chlorine systems are found to be in the range 0.4 eV to 0.6
s, p, d, andf functions (AVTZ). In a somewhat more economical eV, somewhat smaller than those calculated for the vertical
variant, the diffusé functions of the AVTZ basis were neglected excitation energies.
(AVTZ'"). Comparing the calculated VTZ, AVTZ, and AVTZ At the end of this section we present some results of the
excitation energies, only minor changes were observed by calculation of the low-lying quartet states of OBrO, since
additional inclusion of diffuse functions (the differences amounted excitations from the doublet ground state into quartet states via
only up to 0.04 eV). This is also true when adding a second set spin—orbit coupling should be possible.
of diffuses andp functions (AVTZ + sp). Therefore all states The first four quartet states were found to lie close together
considered would appear to possess no marked Rydbergbetween 5 and 6 eV (Table 5). Photodissociation processes
character. A further increase of basis set flexibility by changing linked to the lowest-lying excited states of OBrO, especially to

aicMRCI+Q results, experimental geometry used (ref 27).

A comparison with calculations of the corresponding chlorine
system, OCIO, is only possible for the three lowest excitations
and shows features similar to OBrO: three close-lying states
of 2By, 2A 1, and?A, symmetry, but with 0.7 eV to 1 eV higher
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TABLE 4: Geometries? and Adiabatic Electronic Excitation Energies T for the Lowest Bound Doublet States of OBrO.
Comparison to OCIO

OBrO (X = Br) OCIO (X = Cl)
this worle KAPf MNFS? KAP/PW"
state (icMRCI + Q) (icMRCI + Q) CcCcsD(T) (icMRCI + Q)
1B, r(XO)c 1.652 1.646 1.660 1.473
3 (OXO) 114.5 114.7 114.8 117.7
1%B, r(X0) 1.749 1.759 1.597
3(OXO0) 86.1 85.6 89.7
e 1.58 1.56 1.98
12A, r(XO)c 1.784 1.778 1.785 1.633
r(OX0O) 104.0 104.6 103.2 106.2
TS 2.02 2.03 2.08 2.65
12A, r(xX0) 1.768 1.775 1.612
3(OXO0) 117.3 118.1 120.0
Te 2.09 2.03 2.60

aBond lengths in A, bond angles in degre3. in eV. ¢ Experimental values (OBrO): 1.644 A and 11%4(3?B,) (ref 27) and 1.759 0.010
A and 104.44+ 0.5° (12A,) (ref 11).9 Experimental values: 1.99 eV (OBrO, ref 11), 2.01 eV (OBrO, ref 5), and 2.68 eV (OCIO, reAS)TZ’
basis used.Ref 5.9Ref 11."Ref 5 for the 2B; and PA; state. Ref 28 for the others.

TABLE 5: Vertical Electronic Excitation Energies AE?2 for TABLE 6: Comparison of Calculated Dissociation Energies
the Lowest-Lying Quartet States of OBrQ (supermolecule approach) and Experimental Estimations
state dominant configurations AE (eV) electronic dissociation energies (€V)
1B, oo (T2)? (28)* (1224)? (Bby)* (13ay)* 5.09 “experimental”
1*A, ... (Tho)* (2a2)% (1224)? (5by)* (13ay)* 5.25 dissociation channel icCMRGIQ (AVTZ') estimation$
4 2 2 1 1 1
e g%;z gg?gl 8?32 Egglgl %3311) 2o BrO(X2IT) + OCP) 2.10 2.29
! z 1 1 : BrO(X2I1) + O(*D) 4.14 4.28
2 Related to the 2B; ground state of OBrO?icMRCI+Q results Br(®P) + O,(°%;) —0.62 —0.41
(AVTZ' basis), experimental geometry used (ref 27). Br(?P°) + Ox(*Ag) 0.38 0.57
Br(?P) + 0, (=) 123
60 42A") 278, a(BrO + O): Br—0; 10.0 bohr Br-O, 3.25 bohr (exp. value for
el FA"1 2R, ] BrO*) JOBrO 114.2 (exp. value for OBr®). (Br + O;): Br—
L o \ 4 Ouz 10.0 bohr G-O 2.30 bohr =) and 2.32 bohr Ag)(exp.
Brop)+0('D) [ EAIZE. values: 2.28 bohr and 2.30 b8%r°All values related to the
40l A 2A - r 1) ground state¢ To make valid comparisons with the
rERTE y _FAUZA OBrO(%B;) d T ki lid i ith th
> theoretical predictions, zero-point vibrational energy (ZPE) and-spin
2 L 2A% 128, \ 4 orbit (SO) contributions are removed from the experimental estimates.
u VA R R d Estimated by taking the heats of formatiasH3(OBrO: 1.80 eV®
20F ~Zwoem TATTE: N . BrO: 1.38 eVé O: 2.56 eV) and corrected for ZPE (OBr0:0.12
. Br(P)+0s('T}) eV BrO: —0.04 e\?9) as well as SO contributions (BrO: 0.06 é¥;
- \ —B oS T O: 0.01 eV?). eEstimated from the experimental energy difference
s (0;‘7)’39’ O('D) — OCP): 1.97 eV f Estimated by taking the heats of formation
0.0 T BP0l | AHY(OBrO: 1.80 eVé Br: 1.22 eV® O, 0 eV (standard state)) and
62041 corrected for ZPE (OBrO:-0.12 eVi1 O, —0.10 eV®) as well as SO
A0 T contributions (Br: 0.15 e%). 9 Estimated from the experimental energy
Bro+o oBro Br+o difference Q(*Ag) — O,(%,): 0.98 eV (T,). " Estimated from the

; ; + .
Figure 1. Correlation diagram for the dissociation of OBrO into Bro ~ €xperimental energy difference;(®,) — O(°%;): 1.64 eV (Te).

+ O and Br+ O, assumingCs symmetry for the BrO+ O andCy,
symmetry for the Br+- O, channel. Full lines represent’'Aymmetry calculated in a supermolecule approach and are compared with

in Cs, dashed lines correspond to symmetry. The numbers referto  estimated (“experimental”) values obtained from experimental
the calculated electronic dissociation energies (without spibit data for heats of formation and experimental excitation energies
contributions); in parentheses: experimental estimations (cf. Table 6). of the oxygen atom and the oxygen molecule, and corrected
for spin—orbit and zero-point energy contributions. Details can

be found in Table 6. To the authors’ knowledge experimentally
etermined dissociation energies are not available up to now.

the 2A, state, should not be influenced by quartet states, but
for excitation energies larger than 5 eV processes involving

quartet states cannot be excluded. Interesting to note, the quarte o - -
states of the corresponding chlorine dioxide system were he deviations of about 0.2 eV between theoretical predictions

previously calculated to be located at considerably higher and “exp_erimental" findings are expected for this level of theory

energies (6.82 eV'B,), 7.96 eV (A,), 8.08 eV (Ay), and 8.27 ~ and basis set.

eV (“By)).28 In establishing the correlations, we assur@gdymmetry for
Correlation Diagram for Dissociation into BrO + O and the BrO + O dissociation channel an@,, for the Br + O

Br -+ O,. Before starting with actual calculations of some cuts channel; only doublet states of OBrO have been taken into

through the potential energy surfaces of OBrO, it is useful for account.

a qualitative understanding of the dissociation processes to draw The BrO(XII) ground-state splits into an’And an A' state

a correlation diagram for dissociation into both possible channelsin Cg symmetry. The interaction with the &X) atom (one A

BrO + O and Br+ O, (Figure 1). and two A' components irCg) produces three states of And
The vertical excitation energies of OBrO in Figure 1 are taken three of A’ symmetry. First, from Figure 1 it follows that for

from Table 2. The (electronic) dissociation energies were these six states the?A''(12B;) ground state of OBrO and the
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three close-lying excited state$A1(12B,), 22A'(1%A;), and 8.0 ' . ' . ‘ .

22A'"(12A,) are available for correlation. Furthermore, also the b L ]

3?A'(22A1) and 3A"'(22A,) states correlate with BrO and O in AR\ £, (BIO) 31067 bol

their ground states. Hence photodissociation processes with 6.0 ‘\‘\ . £(0Br0) 114.3° 1

excitation energies of about 2.5 eV, which are highly probable f\\ LR e i

because of the large transition dipole moment between’®e 1 > \ \\:V\o—’ N 4AB,  OBrXCMI}+O(D)

ground and A excited state (Table 2), should produce bromine i G \WaNY B PN 1

oxide and the oxygen atom in their electronic ground states. =4 "L SATA _
The interaction of BrO in its ground state with oxygen in its il e .

first excited D state gives 10 doublet states, five of and 200\ pia oo I OBr(XTT)+0(P]]

five of A" symmetry, but only one state of each symmetRA(4 L vAITB, ZRITA |

(22B,) and £A"" (22B,)) was calculated in this work. As already A,

mentioned in the last section, besides tRAlstate only the 005 35 a5 85 &5

second?A, state possesses a transition moment appreciably r2(Br-O) / bohr
larger than zero (Table 2) and therefore also for higher excitation Figure 2. Calculated potential energy curves of the eight lowest-lying

energies of about 6 eV the dissociation products (BrO, O) should doublet states of OBrO for asymmetric dissociation into BFQO,

be formed exclusively in their ground states.

Consider now the right side of Figure 1, describing the
dissociation into Br- O,. In Cy, symmetry the BAP®) ground-
state splits into three components’af, 2B, and?B, symmetry,
whereas the ground state ob(@3} ;) becomes @B state.
The interaction of these states of Br and @oduces doublet
and quartet states of symmetry,B\;, and A each; the doublets
correlate with the three lowestB,, 12A;, and A, states of
OBTrO. ltis interesting to note from the correlation diagram that
the #B1(12A") ground state of OBrO is unstable with respect
to dissociation to the ground-state products 2Bt and
0(X334), which lie 0.5 eV below the B, state of OBrO.
Because OBrO has been experimentally detected and investi
gated (cf. the Introduction), a barrier in the dissociation channel
must exist to prevent dissociation into Br O, (see also the
next section).

The first excited state of £hastAg symmetry (splitting into
1A; and'B; in Cyp,) and couples with BAP°) to give two A,
two Bj, one B, and one A state, but only four states were
calculated in the present work3®;, 22B;, 12B,, and 2A,) and
are shown in Figure 1.

The interaction of BRP®) with O; in its excited'y | state
leads to three states of the typds, 2B, and?B,, but only one
of them, the 2B, state, was considered in our calculations.

Finally, it follows from the correlation diagram in Figure 1
that upon breakin@,, symmetry toCs the crossing between

keeping one BrO distance and the OBrO bond angle fixed at the
experimental ground-state values. Full lines represent states'of A
dashed lines of Asymmetry.

excited A’ (12B,) state is only very weakly bound\Egiss

0.3 eV). In the case of OCIO it was found that this state is
unbound?® The next two close-lying states witl?&2 (12A;)

and 2A" (1?A,) symmetries are both weakly repulsive in the
outer part and a small barrier of about 0.5 eV appears along
the bond stretching coordinate in analogy to the OCIO sy3fem.
The barriers at a BrO distance of about 3.75 bohr?®) and
about 4.25 bohr @GA"") are the result of avoided crossings with
the next higher 2\’ (22A;) and A" (22A,) states, as can be
seen in Figure 2. But especially interesting is the fact that in

the Franck-Condon region all three states’Bk, 12A;, 12A,)
are found close together in the energy range 2.4 2V eV
and therefore a very complex photodissociation mechanism
should be expected. Certainly direct adiabatic dissociation after
excitation of the 2A" (12A,) state is possible, because of the
large transition dipole moment calculated for tR&2 < 12A"
transition (Table 2), and provided that the excitation energy is
large enoughAE = 2.8 eV) to overcome the small barrier.
Contrary to this, direct adiabatic dissociation through th&' 1
(12B,) and 2A’ (1%A,) states is not probable because tBB;1
— 12B; transition is dipole forbidden and theA; — 12B;
transition possesses only a very small transition moment, as
already mentioned in the preceding section.

For the indirect dissociation (predissociation) of tréA?2

the B, and the 2A; states changes to an avoided one, because(12A,) state in the case of OCIO, Peterson and Weéfreave

both become?A’ states. This will certainly influence the
dissociation dynamics of OBrO into Br O..

Potential Energy Curves for the BrO + O and Br + O,
Dissociation PathwaysFor a detailed quantitative theoretical
description of the dissociation dynamics, complete three-

discussed a three-step mechanism which should also be valid
for the bromine system because of the similarity of the
potentials. According to this mechanism tHA2 (12A,) state
interacts with the 20" (12A;) state via spir-orbit coupling
followed by dissociation of the2A’ (12A,) state and/or by

dimensional potential energy surfaces of the relevant electronicvibronic coupling of the 2A’ (12A,) and BA’ (12B,) states and
states of OBrO are indispensable and calculations along thesefragmentation on the2A' (12B,) surface.

lines are planned for the near future. However, for the moment,
to get a first feeling about the behavior of the excited states of
OBrO upon dissociation, some one-dimensional cuts through
the global surfaces were calculated.

Figure 2 shows the potential energy curves of the four lowest-
lying doublet states of Aand A symmetry, respectively, as
functions of one BrO bond length, keeping the other BD

distance and the bond angle fixed at the experimental ground-

state equilibrium values. Important to note, but not unexpected,
the shapes of the curves for the two lowest-lying states'of A
and A symmetry upon dissociation are very similar to results

The next two well-separated excited states with calculated
vertical excitation energies of 3.9 and 4.5 eV havesymmetry
and dissociate into two different channels producing oxygen in
the O@P) ground state and in the first excited D) state,
respectively (Figure 2). Both states are more or less strongly
repulsive and possess a small barrier along theB@
dissociation coordinate. However, these two states should be
of minor importance for discussing photodissociation of OBrO
because the transition dipole moments for th;2— 1°B; and
the 2B, — 12B; transitions are very small or zero (Table 2).
Somewhat more interesting are the two close-Iyifnt) (22A,,

obtained previously for OCIO by Peterson and Werner (cf. 22B,) states with excitation energies of about 6 eV. Both states
Figure 6 of ref 28). Contrary to the strongly bound ground state are strongly repulsive upon dissociation; they produce, in
(12B,) with a dissociation energyAEqis9 of 2.1 eV, the first analogy to the two Astates discussed before, oxygen in the
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Figure 3. Calculated potential energy curves of the four lowest-lying 60.0 90.0 120.0 150.0 180.0
doublet states of OBrO for symmetri€4,) dissociation into Bt O; alpha (O-Br-O) / deg

the OBrO bond angle was optimized for each calculated®@distance.
For those states which would become df fA') type upon breaking
C,, symmetry, full (dashed) lines are used.

Figure 4. Calculated potential energy curves of the eight lowest-lying
doublet states of OBrO as functions of the OBrO bond aagleeping
both Br—O distances fixed at their experimental ground-state values.

) ) ) ) Full and dashed lines are used as in Figure 3.
ground state or in the first excited state, respectively, and show

nonadiabatic interactions in the FrardRondon region. Butalso  formed not only in the first excited electronic state but also in
for these two states the transition moments are very small (Tableihe ground state.

2) so that efficient photodissociation for excitation energies of
6 eV should not be observed.

We turn now to the other possible dissociation channel for
OBrO leading to Brt+ O, (Figure 3). For these calculations we
have assumed a simplified minimum energy path under the
constraint ofC,, symmetry. The potential energy curves for the
four lowest-lying states of OBrO (8,, 1°B,, 1?A;, and £A))
have been computed as functions of the symmetrically stretched
Br—0O bond lengths; the OBrO bond angle was optimized for
each cons_ldered B1O distance. _ _ minimum.

From Figure 3 it follows that, with exception of théB, . . . .
state, the other three states studied have relatively large barriers Pot(_anual I_Energy Curves for the_ Bendmg_ MOtIQn:BESIdES
AEB that must be overcome for dissociation leading to Br and one-dimensional cuts for describing the dissociation into I_3rO
0, in their ground states\E® approximately equal to 4.0 eV + O and Br+ Oy, it should be useful for a better understanding
(12By), 2.0 eV (BA;), and 1.8 eV (A,), relative to the of the photochemlstry c_Jf OBro to probe the angle dependence
respective potential mimimum, corresponding to threshold of all eight states considered (Figure 4).
energies of 4.0, 4.2, and 3.9 eV, respectively, relative to the As can be expected from the results discussed in the last
ground-state minimum. Because of fBg symmetry constraint ~ Section, the bending potentials in Figure 4, characterized by
the barrier heights are upper limits, but the results of Figure 3 several curve crossings, give further indication of the rather
clearly show that the2B, state should play a decisive role for complicated shapes of the excited-state potential energy surfaces
the dissociation dynamics of the Br O, channel since the of OBrO, even for the three lowest-lying states with vertical
barrier for dissociation is considerably smaller in comparison €Xcitation energies around 2.5 eV. Figure 4 shows that the eight
to those of the states discussed abo¥E¥ = 0.7 eV relative ~ states form four Renner-Teller pairs withl,, ?Aq, I1g, and
to the 2B, minimum and 2.3 eV relative to the; ground- again’lly symmetry, respectively, at the linear configuration.
state minimum). For the same reasons as for the Br@ In analogy to the potential curves for dissociation (cf. the last
channel, direct excitation and adiabatic dissociation is improb- section), also the bending behavior of tHA 1, 1?A,, 1°B;, and
able, but the 3B, state should be accessible from initial 1°B2 potentials shows a qualitative agreement with the corre-
excitation and predissociation of théAL state. sponding OCIO potentials (cf. Figure 4 of ref 28).

A further peculiarity of the 4B, state compared with the other Looking at Figure 4 in more detail, we observe two important
three states investigated is the additional shallow minimum in crossings in the FranekCondon region. The first one between
the dissociation channeAE® only 0.4 eV relative to this  the A, and the %A; state is even allowed i€s symmetry
minimum) which could be a symmetric configuration of the and, as discussed by Peterson and Werner for the OCIO
isomeric BrOO system, as discussed by Peterson and Werner systent? a possible predissociation mechanism of th&,ktate
for the corresponding chlorine system. It can be certainly should be mediated by the interaction of tRadand £A; state
assumed that this small barrier will not decisively influence the through spir-orbit coupling. The second crossing between the
dissociation process. 12B, and A, state is changed to an avoided crossing uggn

Figure 3 shows that the dissociation of t#B4state produces  distortions, so that in addition to théA; state, also the?B;
the oxygen molecule in the first excited state, but it should be state is possibly involved in the predissociation of th&lstate
emphasized that for asymmetric geometri€s fymmetry) an via vibronic coupling. It should be further noted that tHA 1
avoided crossing between théAL and the 2B, states takes  state has only a very flat minimum in the FrargBondon
place late in the exit channel, since both states are théA’of  region and the linear configuration possesses a lower energy
symmetry. Therefore it can be expected that thep@duct is than the bent form. The small barrier between bent and linear

Finally, it should be mentioned that the findings for OBrO
just discussed are in qualitative agreement with results obtained
for OCIO in a somewhat more detailed two-dimensional
treatment: The barriersAEB for OCIO are found to be only
slightly higher (at the most 0.6 eV) in comparison to the
corresponding OBrO system, namely 4.6 e\2BY), 2.2 eV
(12A1), 1.8 eV (#A,), and 1.0 eV (4B,) relative to the
respective potential minimum, and threshold energies of 4.6,
4.8, 4.4, and 2.8 eV, respectively, relative to the ground-state
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Figure 5. (a)—(c) Calculated transition dipole momentsgndz components) connecting the three excitdd states with the 2A” ground state

as functions of one BfO bond length, keeping the other-B® distance and the bond angle fixed at the experimental ground-state values. OBrO

is placed in thexz plane with the origin of the coordinate system at the center of mass and the axes coinciding with the principal axes of the inertia
tensor.

structure is the result of an avoided crossing of th&;land observe a steep decrease to zero. Zhemponent is zero for

22A states at an OBrO angle of about 235 the symmetricC,, geometry, remains considerably smaller than
Two further crossings iS2,, which become avoided ones in  XUand also approaches zero for larger distances.

Cs symmetry, are observed between tRBsland 2A; states at Contrary to this, both components of the transition dipole

about 127 and between the2a; and 2B, states at a bond moments to the next two higher-lyird" states are very small

angle of about 110 in the Franck-Condon region and become zero for bromine

atom abstraction (Figures 5b and 5c). Therefore, direct photo-
dissociation through these states should not be very probable,
as already found for the states with gymmetry. The variations
of the transition dipole moments at a-BD distance of about
3 au and especially in the range of 44.75 au are caused by
avoided crossings taking place in these regions (cf. Figure 2).

Finally it should be mentioned that the higher-lying states
(22B1, 2?A,, and 2B;) possess two minima in the bending
coordinate, with exception of thé&; state & OBrO ~ 135°).

These minima are found at very small angles on one hand
and at angles at or near the linear configuration on the other.
The barriers between the two minima are probably the result of )
avoided crossings with higher-lying states, not calculated in this Conclusions
work. The results and discussions presented in the preceding sections

Geometry Dependence of the Transition Dipole Moments. show that for photodissociation processes of bromine dioxide
For a quantitative theoretical description of photodissociation @ rather complex behavior is to be expected. The density of
dynamics besides the relevant potential energy surfaces, alscstates and the resulting coupling of electronic terms in the energy
the transition dipole moments, connecting the ground and range up to 6 eV will make OBrO interesting for atmospheric
excited states have to be calculated as functions of the nucleaPhotochemistry. Furthermore, the findings of our study dem-
(internal) coordinates. Therefore these quantities will be shortly Onstrate the expected similarity to the corresponding chlorine
discussed in the following, taking into account that for excita- System.
tions from the vibrational ground state the transition dipole  Efficient (direct) photodissociation into Bré& O should take

moment functions near to the Frane€ondon region p|ay the place after excitation of thezAZIZZA” state at an excitation
decisive role. energy of 2.7 eV because of the large transition dipole moment

calculated for the ZA""/12A, — 1?A"/1°B; transition. But it
should be mentioned that for the elucidation of the role of the
small barrier in the dissociation channel of th#\?2 state, a
three-dimensional treatment calculation of the complete
potential energy surface is necessary. Important to note is
that in analogy to the OCIO system in the Fran€ondon
region, two further states {B,/12A' and BA/22A') are
predicted close to the2A,/22A" state. Though both states
possess only small (or zero) transition dipole moments to the
ground state, predissociation should be possible via nonadiabatic
h interactions with the ZA" state. Clearly this complex situation
state on one hand and to th&\3 and #A" states, respectively, 54 excitation energies around 2.5 eV makes a realistic theoretical
on the other. description of the photodissociation dynamics of OBrO rather
Thex component of the transition dipole moment to tRa'2 difficult.
state (Figure 5a) is large in the FranrgBondon region (about The next two states at 3.9 eV2®/32A") and 4.5 eV (2B,/
0.6 au), emphasizing the importance of this state for photodis- 42A") are well-separated from lower- and higher-lying states,
sociation processes of OBrO. At larger-BD distances, we  but they should be of minor importance for OBrO photodisso-

In Figures 5a-c, the transition dipole moments connecting
the three calculated excitéd'"" states with the 2A" ground
state are presented as functions of one ®rbond length. The
corresponding values for the excited states?’Af symmetry
remain very small or zero under oxygen atom abstraction as
already found for the vertical transitions in the equilibrium
ground-state geometry (Table 2). This implies that direct
photoinduced dissociation of these states is very improbable.

Figures 5a-c show a completely different behavior of the
transition dipole moment functions for transitions to ta2
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