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The BrO radical, prepared by the BO5 reaction, has been investigated by ultraviolet photoelectron
spectroscopy. Two vibrationally resolved bands were observed corresponding to the ionizations
BrO* (X 33 7)—BrO(X ?I1) and BrO'(a'A)—BrO(X ?II). These assignments are supported by
the results of complete active space self-consistent field/multireference configuration interaction
(CASSCF/MRC] calculations performed as part of this work. The adiabatic ionization energies of
these bands were measured as (16.8®2) and (11.210.02)eV, respectively. Measurement of

the vibrational separations in these bands led to estimates of the vibrational constants in the ionic
states of (846 30) cm ! and (880:30) cnmi %, and Franck—Condon simulations of the vibrational
envelopes gave values of the ionic state bond lengths of (%63®5) and (1.64%0.005) A for

the X 33~ anda A states of BrO, respectively. The @Br, reaction was found to give a band at
(10.26:0.02) eV associated with a reaction product. Comparison of the results obtained for the
Br+Og3 reaction showed that it could not be assigned to ionization of BrO. Calculations of the first
adiabatic ionization energies and Franck—Condon simulations of the vibrational envelopes of the
first photoelectron bands of BgOand BrO and their isomers demonstrated that this band
corresponds to the first ionization of OBrO, the BiX *A;)«— BrO,(X ?B,) ionization. Franck—
Condon simulations were performed with the experimental geometry of(&r€B,) but with
different cationic state geometries. The simulated envelope which most closely matched the
experimental envelope gave geometrical parameterg=e..6135 A andz2 OBrO=117.5° for the

ionic state. ©2000 American Institute of Physid$0021-960600)00214-3

I. INTRODUCTION The ionization energy of BrO was first reported in
1978 when ultraviolet (UV) photoelectron spectroscopy
The importance of bromine in the earth’s atmospherewas used to study the-€Br, reaction. A sharp band associ-
particularly in reactions that lead to the loss of ozone, is nowated with a reaction product, with the adiabatic component
widely recognized:® Although less abundant than chlorine, equal to the vertical component at 10.29 eV, was assigned to
it has a greater potential to destroy stratospheric ozone singge first ionization of BrO, the BrO(X 33, ~)«— BrO(X 2I1)
catalytic cycles involving BrO are more efficient than thosejonization. Much more recently, a photoionization mass
involving CIO. spectrometric(PIMS) study of BrO, produced from the
An understanding of the consequences of bromine-o. By, reaction, determined the first adiabatic ionization en-
oxidant reactions requires a knowledge of the properties oérgy of BrO as (10.460.02) eV18
the molecules involved, such as their ionization energies,  of the values for the first ionization energy of BrO de-
electron affinities, equilibrium structures, and vibrational ;jyed from molecular orbital calculatiod€ the most recent
constants. These quantities are valuable in t.hermochem.icghd reliable value is (10.4550.035) eV’ obtained by per-
cyples used to determine the heats of formation of brom'”‘?orming CCSOT) calculations with large atomic natural or-
oxides, notably BrO, Brg) and BrO. bital basis sets and extrapolating the result to the one-particle

_ The BrO radical has &I, ground state. It has been y,sis set limit. For the triatomic bromine oxides Brand
investigated experimentally by microwabenfrared; and BrO,, the first adiabatic ionization energflE) of Br,O has

cavity ring down spectroscopyas well as with electronic been measured as (10:26.01) eV by PIME® and the first

structure calculationé‘.glos_ilTilar studies have also been .= .« BrO, has been calculated at the CQSDlevel as
made on B;O and BrG. (10.16+0.13) eV BrO, is also known as a secondary
product of the G-Br, reaction’! and B,O has been pre-
3 Author to whom correspondence should be addressed. pared by passing bromine over solid mercuric o)gijde_
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and the more recent PIMS value of (10:46.02) eV For diameter(o.d,)] inlet tube positioned down the center of the
this purpose, the reactions BO,; and O+Br, were studied tube used to carry the Br/Ar mixture. The inner tube could be
at different reaction times by ultraviol¢tV) photoelectron moved with respect to the outer tube, whilst maintaining the
spectroscopy. low pressure in the inlet system, so that the position at which
O3 was introduced into the Br atom flow could be altered in
the range 0—30 cm above the photon beam. This feature of
Il. EXPERIMENT the inlet system enabled the production of BrO and the sec-

Hel (21.22 eV} photoelectron spectra were recorded forOndary products of the BrO; reaction to be studied as a
the Br+0; and O+ Br, reactions using a single detector pho- function of mixing distance. This mixing distance range cor-
toelectron spectrometer specifically designed to study shorf€SPONds approximately to reaction times in the range 0-15
lived species in the gas pha@ander typical operating con- MS- All internal surfaces of the glass inlet system were care-
ditions, the resolution as measured from the full width at halfully pretreated with phosphoric acid to minimize surface
maximum (FWHM) of the Ar(2Ps,)«—Ar(1S,)(3p)~t  catalyzed recombination reactions. Experiments conducted
photoelectron band was approximately 30 meV. Spectrd the absence of ozone were able to show that the Br atom
were obtained by linearly sweeping the pass energy of ai€ld was unaffected by the position of the moveable inlet
electrostatic hemispherical analyzer. At 5.5 eV pass energyuPe.
the resolution was approximately 30 meV, and at 11.0 ey A similar inlet system was used to study the products of
pass energy the resolution was approximately 60 meV. Spedl€ OfBr, reaction as a function of mixing distance above
tra were calibrated using the known ionization energies ofn€ Photon beam. In these experiments O atoms were pro-
the reactants and stable product species, notably O, Br, aiftficed in the outer inlet tube by passing a flowing mixture of
0,, as well as methyl iodide which was added to the ioniza-O2 @nd argon through a microwave discharge angl iéas
tion region. introduced to the oxygen flow above the photon beam via the

In practice, it was found that a higher partial pressure 01_moveable inner tube. All the internal su.rfaces. of this glass
BrO could be produced from the BIO; reaction than from inlet system were carefully pretreated with boric acid.
O+Br,. This was because although the rate constant of the
Br+O5 primary reaction K,) is an order of magnitude less Ill. COMPUTATIONAL DETAILS

than that of the @ Br, reaction k), the secondary reaction Ab initio molecular orbital calculations were carried out

which removes BrO associated with reactid) [reaction  on BrO, and a number of isomers of Brand OBrO, as well
(3)] is much slower than the secondary reaction which reas their low-lying cationic states. Most of the calculations

moves BrO associated with reacti@®) [reaction(4)]. were carried out using theAUssIAN 94 and 98 suites of
The rate constant of these reactions, at 298 &, is programs® although some calculations were performed with
Br+03—Bro+0,, MQLPRO.27 All quantum cher_nical calculations presented in
(1) this work were performed with the cluster of DEC 8400 ma-
ki=(1.2£0.2x10 *cmPmol s, chines at the Rutherford-Appleton Laboratory, EPSRC,

_ 1 - United Kingdom.
+Br,—Bro+ =(1.2+0.4x10 1 1gt . , :
O+Br—BrO+Br,  k,=(1.2£0.4x10" "emmol 5(2’) In order to aid assignment of bands observed in the

Br+0O; and O+Br, reactions associated with reaction inter-

BrO+0;—Br+20,, kz<2x10 YcnPmol's™,  (3)  mediates, adiabatic ionization energi@dEs) and vertical
_ 11 1.1 ionization energie$VIEs) and Franck—Condon factors were

BrO+0—Br+0,  k,=4.1x10""cnPmol™*s™. @ computed for photoelectron bands of BrO, Br@nd BrO
To study the B#Oj reaction, Br atoms were produced by and other isomers. Details of the calculations performed for
passing a flowing mixture of SiBrand argon through a mi- each molecule and the results obtained will be presented later
crowave dischargge2.45 GH2. Preliminary experiments in Sec. IV.
showed that a microwave discharge of SiBid not produce
any photoelectron signals other than those seen in a photgy. RESULTS AND DISCUSSION
electron spectrum of discharged,BDischarged SiBywas,
however, preferred as a source of Br atoms since good yield“%‘
of Br atoms were obtained and problems associated with A photoelectron spectrum recorded fog, @nixed with
contamination of the ionization region and signal stability SiBr, and Ar at a distance of 15 cm above the photon beam,
over a long period are considerably less than those encouis shown in Fig. 1a). The ozone sample is virtually free from
tered when using Br** Ozone was produced by a 10 kV oxygen and hence the spectrum shows only a very small
silent discharge of flowing molecular oxygen and was col-contribution from Q. The first three bands of {Zan be seen
lected by adsorbing it onto silica gel contained within ain the ionization energy range 12.5—14.0%2¥nd the first
U-tube cooled to 195 K by use of a dry ice/acetone slusHour bands of SiBy are observed in the range 10.5-12.5
bath?® After several hours of ozone production, the U-tubeeV .8
was removed from the ozonizer and attached to the spec- Figure Xb) shows the photoelectron spectrum recorded
trometer, where the ozone was allowed to desorb by slowlyor the same gas sample but with the SiBwr mixture being
raising the tube out of the cooling bath. Virtually pure ozonepassed through a microwave discharge before it is mixed
was admitted to the spectrometer through a [Bimm outer  with O3 15 cm above the photon beam. There is no undisso-

The Br +0O3 reaction studied by PES
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FIG. 1. Figure 1b) shows the Hel photoelectron spectrum obtained for the

Br+0O; reaction at a mixing distance of 15 cm above the photon beam. Br

atoms were prepared by microwave discharge of a,2Brmixture. Figure o

1(a) was obtained for the same reaction mixture, but with the microwave fonization Energy / eV

discharge turned off. The intensity of the third band of ozone in these spec- o )

tra is approximately 2500 counts’s The count rate scale used to record the F'C- 2. (8) 10.0-14.0 eV ionization energy region of the Hel photoelectron

10.0-11.9 eV ionization energy range was ten times lower than that used f§Pectrum recorded for the BO; reaction at a mixing distance of 15 cm

record the 11.9-14.0 eV region. above the photon beantb) Hel, signals arising from @and Q in the
10.0-14.0 eV ionization energy regio) The photoelectron spectrum ob-
tained by subtracting (B) from 2(a). (d) Hel photoelectron spectrum re-

. L . . corded in the 10.0-14.0 eV ionization energy region for discharged
ciated SiBj, in this spectrum and the presence of Br atoms isgigy, /ar showing bands arising from Brand Br. (&) Hel photoelectron

confirmed by a band at 11.81 eV corresponding to the ionspectrum obtained by subtractin(i2from 2(c) (see text for further details
ization Br'(°P,)«—Br(?P3),).24? The first band of oxygen
is also clearly seen in this figure, indicating that the reaction
Br+0;—BrO+0, is occurring. For reaction products to be and the Q third band match those observed in the 10.0-12.0
observed, it was found thdtOs;] must be in considerable eV region as Hej signals. Figure @) shows the result of
excess relative tgBr] and as a result signals arising from subtracting the Hel estimate[Fig. 2(b)] from the experi-
Helg (23.09 eV ionization of Q; were present in the 10.0— mental spectrum[Fig. 2@]. The same procedure was
12.0 eV ionization energy region of the He$pectrum. This adopted for the spectrum recorded at a mixing distance of 0
region was further complicated by signals arising from, Br cm and this is shown, after subtraction of the fHebntribu-
formed by recombination of Br atoms. lonization to the sec-tions, in Fig. Zd). At this mixing distance, no reaction has
ond spin-orbit component of the ground state of Bjives a  occurred and the two bands assigned to BrO are absent. Also,
band at 10.91 eV. lonization to the first spin-orbit componenthe Br atom band at 11.81 eV in Fig(d is, as expected,
of the ground state of Brgives a band at 10.55 eV, but this considerably more intense at this mixing distance than that
is overlapped by at least three additional features associatedbserved in the spectrum recorded at a mixing distance of 15
with a short-lived reaction intermediate. Another unidentifiedcm [Fig. 2(c)].
structured photoelectron band associated with a reaction in- Having obtained two spectf&igs. 2c) and 2d)] which
termediate is observed in Fig(k at approximately 11.2 eV are wholly attributable to Hel signals, the By contribution
ionization energy. These two bands, which have been age the spectrum recorded at a mixing distance of 15 Em.
signed to BrO on the basis of evidence which will be pre-2(c)] was removed by subtracting the spectrum recorded at 0
sented later, have AIEs of (10.4®.02) and (11.21 cm[Fig. 2(d)]. The result is the spectrum shown in FigeQ
+0.02eV). They showed the same intensity ratio under alln which the positive signals are those arising from reaction
experimental conditions of (1:30.1), corrected for analyzer products and the reactanisnly Br atoms, in this region of
transmission, in reasonable agreement with the 3:2 intensithe spectrumappear as negative features. It should be noted
ratio expected for the lowest energy ionizationsthat this subtraction procedure has not introduced any struc-
of BrO, BrO"(X337)«—BrO(X?II) and BrO'(alA) ture which could not be observed in the original spectrum
—Bro(X 21I). recorded for the B+ O, reaction.

Figure 2a) reproduces the 10.0-12.0 eV region of the  The adiabatic ionization energy of the first BrO photo-
Br+0O; spectrum recorded at a mixing distance of 15 cmelectron band, assigned to the Br(X 33 ™)« BrO(X 2I1)
[Fig. 1(b)]. Beneath this, in Fig. ®), is an estimate of the ionization, is measured as (10#46.02eV) in very good
signals arising from Hel ionization of Q; and Q in Fig. agreement with the recent PIMS value of (10.46
2(a). This was obtained by taking the 12.0—14.0 eV ioniza-+0.02) eV18 Three regularly spaced vibrational components
tion energy region of the spectrum shown in Figp)Lmov-  are observed. Measurement of the vibrational spacings led to
ing it to lower ionization energy on the Hebkcale by 1.87 an estimate of the vibrational constaat,, in the ionic state
eV (the Hel,—Hel; energy separationand adjusting the of (840+30) cm L. The second photoelectron band of BrO,
intensity such that the intensity of the, @rst band features corresponding to the ionization BfQa *A)— BrO(X 2I1),

. ! . i N 1 .
12.0 115 11.0 10.5 100
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FIG. 3. Variation of the intensity of the photoelectron bands gf@, BrO, 1
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is observed at an AIE of (11.210.02 e\j. Three vibrational 0 1 2 3 4
components were observed in this band with the possibility v

of a fourth. Measurement of the vibrational spacings led tol__1 Expt. FCF @ BestfitFCF O ab-initio FCF <7 FCF ref 7

an estimate of the vibrational constang, in the ionic state FIG. 4. Comparison of the experimental vibrational component intensities

of (880=30) cm . in the first two photoelectron bands of BrO with the best-fit vibrational
The ground-state electronic configuration of BrO is envelope, obtained by variation of the equilibrium bond length in the ionic
known to bé’ state. Also, shown in this diagram are the Franck—Condon factors obtained
from CASSCF/MRCI calculations performed as part of this work and the
--- 8029010024572, CCSOT) calculations of Ref. 7. See text for further details.

The first three photoelectron bands of BrO are expected to
arise from the (5r) ! ionization, which gives rise to the
X337, alA, andb 3™ ionic states. As the % molecular ence spectra obtained by the procedure outlined above, and
orbital is antibonding in character, the vibrational constantsthese are plotted in Fig. 3. As can be seen from this figure,
we, in the first and second photoelectron bands are expectatie relative concentration of the reactants decreases with
to be greater than the vibrational constan, in the X 2I1 mixing distance while the stable product fOincreases
state of BrO(725.7 cm1),° as is the case. Also, as the spin- steadily. The mixing distance profiles of the two BrO bands
orbit splitting in BrOX 21T is 815 cm %,*° the population of ~ closely resemble each other, supporting their assignment to
the X ?I1,, state relative to that of th¥ %1, state is ex- ionization of the same neutral species. The short-lived nature
pected to be very small at room temperature and as a resuwf the molecule associated with these bands is confirmed by
the observed bands are expected to arise only from ionizatiothhe way their intensities initially increase for short mixing
of the X I, state. Unfortunately, the third band of BrO, distances(<10 cm) and then decrease at mixing distances
corresponding to the Brab 13, 7)—BrO(X ?II) ionization,  greater than 10 cm, corresponding to reaction times greater
could not be observed because of overlap with more intensihan 5 ms.
bands in the 11.6-12.1 eV region, notably bands of Br at-  Using the procedure outlined previousfythe relative
oms, Q, and the third band of Orecorded with Hej radia-  intensity of the vibrational components in the first two bands
tion. Photoionization of BrOX 214, with a Boltmann vibra-  of BrO was used to estimate the change in equilibrium bond
tional distribution at room temperature is consistent with thdength on ionization. The method involved assuming that
spectra obtained. The BiO; reaction [reaction (1)] is  each state was well represented by a Morse potential, which
exothemic by 1.4 eV. The BrO produced is almost certainlyis determined by values ob,, wcXe, andr,. For the
produced vibrationally excited, but no evidence for this wasX 2115, state of BrO these values are well establish&t?
obtained from the experimental spectra. It appears that Br®lowever, for each ionic state., was determined from the
is collisionally vibrationally deactivated between the point of experimental vibrational spacings. For each ionization,
production and photoionization. Franck—Condon factors were computed for a range of pos-
Photoelectron spectra were recorded at constant reagesible ionic r, values and the computed vibrational profiles
partial pressures at a range of mixing distances in the regiowere compared to the experimental envelopes by means of a
0-30 cm. The relative intensities of all reactant and producteast-squares procedure. Using this method, the valueg of
bands were measured at each mixing distance, from diffewhich give the best fit to the experimental envelopes were
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TABLE I. Computed and experimental spectroscopic constants of BrO and.BrO

Parameter welem™t weXolom L re/A
state

BrO X 2I1 725.7 4.74 1.7207 Ref. 5
715.1 5.43 1.728 CASSCF/MRCI calcs; this work
728 1.725 Ref. 7: RCCSOO)/ANO4

BrO™ X 33~ 840+ 30 S 1.635+0.005 This work; see text
875 5.03 1.651 CASSCF/MRCI calcs; this work
854 1.640 Ref. 7: RCCSO)/ANO4

BrO* a A 880+ 30 1.641+0.005 This work; see text
850 5.99 1.659 CASSCF/MRCI calcs; this work
804 5.99 1.659 Ref. 7: CCSD)/6-311+G(3df)

BrO" b 13" 794.6 6.66 1.673 CASSCF/MRCI calcs; this work

(1.635+0.005) and (1.6410.005) A for the X332~ and  (LEVEL),* which solves the radial Schiinger equation with
alA states of BrO, respectively. The Franck—Condon fac- a given potential curve to obtain rotational and vibrational
tors computed with these bond lengths are compared with theigenvalues. The spectroscopic constants obtained, as well as
experimental relative vibrational intensities in Fig. 4. the adiabatic ionization energies, are shown in Tables | and
The values obtained in this work for the spectroscopicll. In each case, the computed vibrational constants are,
constantsr, and w, for the BrO"(X33") state [(840  within experimental error, in agreement with the experimen-
+30) cm ! and (1.635 0.005) A] compare reasonably fa- tal values. The computed equilibrium bond lengths are
vorably with the corresponding values derived from slightly longer(by ~0.015 A than the experimental values.

CCSDT) calculation$ (854 cm * and 1.640 A The computed AIEs are both lower than the experimental
values by~0.25 eV, although the separation between the
B. Ab initio calculations on BrO calculated value$0.75 e\} agrees well with the experimen-

] o ~ tal separation[(0.75+0.02) eV]. The spectroscopic con-

In the present investigation, CASSCF/MRCI potential siants derived from the CASSCF/MRCI calculations per-
curves were computed with the cc-pVQZ basis(@8thoutg  formed in this work have been used to define Morse
functuzns) for the X IT state of BrO and the 37, ala, potentials for the states involved and then to compute the
andb _E+ states of BrO_. These potential curves were used \iprational envelopes for the first two photoelectron bands of
primarily to generate vibrational wave functions and theng,o_ Using the same approach, Franck—Condon calculations
Frallck—fo_ndon factgrs for the ionization ProcesS€have also been performed using the results of the QTHED
Bro™(X ? )« Bro(X“II) and BrO'(a*A)  calculations of Ref. 7. As can be seen from Fig. 4, the results
—BrO(X“II). It has already been noted that the lowest en-gptained with both the CASSCF/MRCI calculations of this
ergy electronic configuration in the cation has the open-shell,ork and the CCSD) calculations of Ref. 7 show good
w2 configuration, which gives rise to tH& ~, A, and> " agreement with the experimental envelope.
states. Whilst the two singlet states are not described cor-
rectly by single-configuration[restricted Hartree—Fock . .

(RHF) or unrestricted Hartree—Fo¢kHF)] wave functions, C. The O+Br, reaction studied by PES
as used in the CCSD) calculations of Franciscet al,’ the Figure 5a) shows a photoelectron spectrum recorded for
CASSCF and MRCI methods employed in this work give thea mixture of Q and Bk under conditions where the Bwas
correct wave functions for all the states investigated and dintroduced into an @flow 10 cm above the photon beam.
not suffer from spin contamination. The CASSCF/MRCI cal- The only significant signals in this spectrum are those asso-
culations were carried out using theoLPRO suite of  ciated with ionization of Q(X 325) in the 12.0-13.0 eV
programs’’ Spectroscopic constant$,, w., and weXe) region and with ionization of Brin the 10.5-11.0 eV region.
were derived from the potential curves using a progranmfigure 3b) shows the spectrum recorded for the same mix-

TABLE Il. Computed and experimental adiabatic ionization ener¢idgs)/eV of BrO.

AIE AIE
Experimental CASSCF/MRCI AIE
lonization this work this work CCSDOT)/ANO Ref. 7
BrO* (X 33 7)«BrO(X 2IT) 10.46+ 0.02 10.18 10.455+0.035
BrO™(a 'A)«—BrO(X 2II) 11.21+0.02 10.93 11.42
BrO*(b '3 )« Bro(X 2I1) - 11.46 “e

4n Ref. 18, the first AIE of BrO, prepared from thet®r, reaction, has been measured by PIMS as (10.46
+0.02) eV.

PAIE obtained at RCCS)/cc-PVQZE, p, d, f, g) level with CASSCF/MRCI computed geometries is 10.34
ev.
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a T T T o,x% same experimental conditions as Figa)6 The first two vi-
brational components of the,(& 1Ag) photoelectron band,

05 (X?I14)«Oy(a'Ay), are clearly seen in the 11.0-11.5
eV region and the second of these is used to normalize this

8 .
5 spectrum to the QalAg) band in the G-Br, spectrum.
g Much weaker signals due to Helonization of Q(X32§)
< |b " ) are present at lower apparent ionization energy. A photoelec-
2 Br?p Brep . . . .
s S . tron spectrum of the first band of Bis shown in Fig. €c).
£ low 284 BrO, This spectrum has been normalized so that the intensity of
E ] . X .
| T the second spin-orbit component is the same as that of the

corresponding band in the€Br, spectrumFig. 6(@]. The

result of subtracting the Brand the discharged Gspectra

3 . 5 : » . 0 from the O+Br, spectrum is shown in Fig.(6). As can be
lonization Energy /eV seen, the vibrational envelope of the first band of the rgactlon

product at 10.26 eV only shows two components with the

FIG. 5. Hel photoelectron spectra recorded in the 10.0-13.8 eV ionizatiorvertical the same as the adiabatic. The two components were

energy range for Brreacted with d.ischarged oxygen at a mixing digtance of Separated by (8%30) cm ! and they maintained the same

10 cm above the photon beam. Figuréls)and 5a) were recorded with the . . . . L

oxygen discharge on and off, respectively. The count-rate obtained on thg"tens!ty ratio as the e).(perlmental conditions were F:hangeq.

first two bands of Brin the 10.5-11.0 eV ionization energy regionié00 ~ NO evidence was obtained for another band associated with

coounts s, this feature. Very weak features were, however, observed at

10.46 and 11.21 eV, which were the BrO bands, observed

with more intensity in the Bt O3 reaction.

ture with the Q discharged before it is mixed with the Br The relative intensity of the main observable features in

The microwave discharge produces a significant amount df'€ OF Brz reaction were monitored as a function of mixing
Oz(alAg) and oxygen atoms, OP). Signals arising from distance at constant reagent partial pressure and the results

ionization of these discharge products can be clearly seen fPtained are summarized in Fig. 7. As expected, the O atoms

the 11.0-12.0 eV regiofcorresponding to O(X ZHg) decrez_ise with increasing mi_xi_ng di_stance. The 10.26 eV
HOz(alAg)] and at 13.61 eV[corresponding to O(*S) band increases te=5_.0 cm mixing d|sta_nce an(_j then de-_
—O(%P)]. Experiments performed for discharged Oxygencreases, de_m_onstr_athg that it is assomgt_ed with a reaction
alone demonstrated that the intensity of the O atom signal dtreduct of limited lifetime under the conditions used.
13.61 eV was approximately equal to the most intense O o .
signal, the @ (X 21-[9)' vt =10,(X 329—)' v"=0 feature. D- Ab initio calculations on BrO , and Br,0
The intensity of the O atom signal at 13.61 eV decreased as As the band at 10.26 eV observed from the-BY, re-
the G,/O mixture is reacted with Brand this decrease is action cannot be assigned to BrO, it was clear that it must be
accompanied by the appearance of Br atom bands. In addissociated with a secondary reaction product. A©Bras a
tion to these features, the spectrum recorded forr8acted  fijrst AIE of (10.26+0.01) eV measured by PIM3and Brg
with discharged oxygefFig. 5(b)] shows two features which s a known secondary product of thet®r, reactio* with a
were part of a short vibrational progression with an adiabati(‘computed first AIE at the CCSD) level of (10.16
ionization energy of (10.260.02) eV. This band was +0.13)eVv?° these were the two major candidates consid-
shown to arise from the ©Br, reaction by performing ex-  ered for assignment of the 10.26 eV band. In fact, the band at
periments in which the O atoms, but not thg(@'Ag) from 10,26 eV could be unambiguously assigned to ionization of
the O, discharge, were deactivated by using a glass—woolgro2 with a C,, structure(see latex.
plug placed in the @discharge sidearm. Spectra recorded  Ap initio calculations were performed for £ and BrQ
under these conditions showed no evidence of reaction ang order to compute their first AIEs. Other than comparing
the band at 10.26 eV was not seen. the computed AIEs and the harmonic vibrational frequencies
The spectrum presented in Fighh as well as the po-  of the cation with the observed values, spectral simulations
sition and envelope of the band at 10.26 eV, agrees very wellere also carried out for comparison with the observed vi-
with that published in the original ®Br, PES study.’ How-  prational envelope, in order to obtain an unambiguous as-
ever, based on the results obtained from the 8¢ reaction  sijgnment for the observed photoelectron band at 10.26 eV.
in this W0rk, which placed the first AIE of BrO at (1046 For both qu and B&O' the Cartesian Franck—Condon Fac-
+0.02) eV, and the supporting theoretical and PIMStor (CART-FCP program was employed, which is based on
evidence'® the assignment of the band at 10.26 eV to ion-the harmonic oscillator model and includes Duschinsky rota-
ization of BrO made in the earlier stutlyis clearly incorrect.  tion. The details of the Franck—Condon method employed

In order to obtain the vibrational envelope of the band afthe IFCA methodl have been described previousfy.
10.26 eV in the absence of Band Q(alAg) features, the

signals due to Brand Q(a *A,) were subtracted off. Figure 1. OBrO(Cy,) and its cation

6(a) is a reproduction of the 10.0-11.5 eV region of the In this work, minimum energy geometries and harmonic
O+Br, spectrum shown in Fig.(5). Figure &b) shows a frequencies were computed at several levels of theory with
spectrum of discharged,®@ecorded under approximately the different standard basis sets for the ground states of, BrO
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FIG. 7. Variation of the intensity of the photoelectron bands O, Bnd
BrO, as a function of mixing distance above the photon beam for the reac-
tion O+Br,, recorded at constant reagent partial pressure. 1 cm mixing
distance is approximately equal to 0.5 ms reaction time.

calculations at a higher level and/or with a larger basis set,
including the G2 methotf were also performed to obtain
improved AlEs.

When these calculations on ByOand Brg were
started, it was noted that the first AIE of Byad been
calculated at the CCSD)/6-311+G(3df)//CCSOT)/
6-311G(af) level as (10.160.13) eV and the symmetric

FIG. 6. (@) Hel photoelectron spectrum recorded in the 10.0-11.5 eV reglonStretCh'ng frequency of the Catlozlg had been computed as 822
for the O+Br, reaction at 10 cm mixing distance above the photon beam.CM ! at the CCSDT)/TZ2P level? Both the computed AIE

(b) A Hel photoelectron spectrum of discharged oxygen recorded under thend the vibrational frequency match reasonably well with the
same experimental conditions used to obtain Fig).6c) A Hel photoelec-

tron spectrum of Brrecorded in the ionization energy region 10.0—-11.5 eV.
This spectrum has been normalized so that thebBnd intensity is the same

as that in Fig. 6). (d) The result of subtracting Figs(l§ and &c) from Fig.

6(a).

and BrQ. An augmented effective core potenti@CP) ba-

sis set, lan12dz+2d (the lan12 ECP with the standard
double-zeta valence bashaugmented with one set of dif-
fusespand two sets ofl Gaussian functionswas also used

for Br [together with the 6-31 G(2d) basis set for Q) this
basis set has been used in calculations for,BBid its cation
and was found to be satisfactotySingle geometry energy are available only for the neutral ground state; see Tabje Il

corresponding values obtained from the HetBr, photo-
electron spectrum for the 10.26 eV band. However, the Hel
photoelectron spectrum of OCIO has been repdftadd the
first band has a vibrational envelope which differs signifi-
cantly from what is observed for the 10.26 eV band seen in
the O+Br, reaction.

2. BrO, optimized geometries, computed harmonic
vibrational frequencies, and ionization energies

The results obtained for Beand BrQ) are summarized
in Tables IlI-VII, where they are compared with the most
recent computed values in the literat{iexperimental values

TABLE Ill. BrO,(X 2B;) computed minimum energy geometries and harmonic vibrational frequencies.

Method ro/A OBrO/deg Sym. str. Sym. bend Asym. str Ref.
MP2/6-31G 1.672 116.6 874 320 894 this work
QCISD/6-31G 1.684 115.4 770 308 845 this work
QCISD/6-311G(d) 1.652 114.8 803 323 876 this work
QCISD/6-311G(3df) 1.634 113.7 917 337 852 this work
CCsOT)/TZ2P 1.660 114.8 797 317 845 20
CCSOT)/6-311G(Af) 1.644 114.8 e .. 20
CCSOT)/6-311+G(3df) 1.646 114.3 this work
CAS/MRCI/ECP, pvQZ 1.646 114.7 806.5 319.5 869.4 43
QCISD(T)/ECT+ (2df) 1.659 115.2 850 308 781 15
Expt. 1.644 114.3 811.6 320.2 865.6 2
Expt. 1.649 114.4 795.7 317.0 845.2 15
Expt. 1.649 114.8 799.4 317.5 848.6 20
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TABLE IV. BrO; (X 'A;) computed minimum energy geometries and harmonic vibrational frequencies.

Method re/A OBrO/deg  Sym.str.  Sym. bend  Asym. str Ref.
MP2/6-31G 1.656 1175 870 325 1161 this work
QCISD/6-31G 1.638 116.0 812 330 899 this work
QCISD/6-311G(2) 1.603 116.1 866 350 968 this work
QCISD/6-31H1G(3df) 1.584 115.6 928 369 1029 this work
CCSOT)/TZ2P 1.619 115.8 822 332 910 20
CCSDOT)/6-311G(Af) 1.607 115.6 e B 20
CCSDOT)/6-311+G(3df) 1.605 1155 862 350 955 this work
IFCA expt. 1.6135 117.5 820 this work

It can be seen that the computed values are fairly sensitive t§tate are computed to be 11.59 and 11.71 eV, respectively.
the level of calculation employed. The computed minimumTherefore, the photoelectron band corresponding to ioniza-
energy geometries, harmonic vibrational frequencies, angon to the lowest triplet state of the cation would be ex-
force constants are required for the subsequent Franckpected to be=1.2 eV higher than the ionization energy to the
Condon calculations and Spectral simulations. In this conneqopwest Sing|et state. This can be Compared with gmere

tion, the QCISD/6-311G(®@) level of calculation, [see the 3B, state of CIG is ~2 eV higher than th& 1A, state.
Tables Il and I\ appears to be the most appropriate for this

purpose, as for the neutral ground state, where experimental - -
values are available, the computed geometrical parametefs Spectral simulation of the BrO 3 X*A;—BrO,X?B,
and harmonic vibrational frequencies obtained at this level ofonzation
theory match best, of all the calculated results of this work. ~ The simulated spectrum obtained using the
The AIE and VIE for the Brg(XA,), QCISD/6-311G(2) geometries and force constants are
—BrO,(X ?B,) ionization were computed at various levels shown in Fig. 8a). It can be seen that the main vibrational
of theory, the highest being the RCCA¥cc-pVQZ level,  progression, corresponding to the two components observed
at different geometries [Table V). The experimentally, arises due to excitation of the symmetric
RCCSOT)/cc-pVQZ/IQCISD/6-311(8) AIE is identical to  stretching mode in the cation, with very weak relative inten-
the CCSDOT)/6-311+G(3df)//CCSOT)/6-311(Af) AIE sities of vibrational components corresponding to excitation
of Franciscé® of 10.16 eV, suggesting that this value is closeof the symmetric bending mode. This is because the com-
to the computational limitlevel of correlation and basis set puted change in bond angle upon ionization is siffaB° at
size. The RCCSDT)/cc-pVQZ VIE obtained using the ex- the QCISD/6-311G(@) levell. It is of interest to note that
perimental geometry of the neutral ground state is 10.24 eVthe strongest vibrational component is i@ 0, 0-(0, 0, 0
which agrees very well with the experimental V(&hich is ionization and the AIE coincides with the VIE. This vibra-
equal to the AIE of 10.26 eV. Inspecting the computed val- tional pattern is significantly different from that of the first
ues for BrQ and BrQ [Tables Il to V], it seems that it is band in the Hel photoelectron spectrum of Gl@Where the
the computed minimum energy geometries for both the neumost intense component is the second vibrational compo-
tral and cationic ground state which require a higher level ohent. However, the computed Bs@nvelope matches rea-
calculation. This is also reflected in the best IFCA geometrysonably well that of the 10.26 eV band observed in the
derived for the cationic ground state and this will be dis-O+Br, photoelectron spectrum.
cussed in Sec. IVD 3. Employing the experimental geometry of=1.644 A
Calculations have also been carried out on the lowesand 6,=114.3 (from Ref. 3§ for BrO,(X ?B;), the IFCA
triplet state of Br@ in order to confirm that the lowest sin- procedure was performed by varying the cationic geometry
glet state is the ground cationic state and to assist the seartt obtain the simulated spectrum which matches best with
for higher bands of Br@ The results are shown in Tables VI the experimental Hel photoelectron spectrum. The best simu-
and VII. The optimized geometry of tf&>B, state seems to lated spectrum is shown in Fig(l8. An estimated experi-
be reasonably stable with respect to the levels of calculatiomental resolutiorifull width half maximurm) of 65 meV was
used and corresponds to a large change in both the Br—@sed with a Gaussian line shape in this simulation. The IFCA
bond length and the OBrO bond angle on ionization to thisgeometry used for the cationic state to produce Fig) &
state; this would give rise to a broad photoelectron band.=1.6135A and #,=117.5°. Although the vibrational
showing structure in both the symmetric stretching and bendeomponents due to excitation of the bending mode were not
ing modes. It is expected that of the levels of calculationresolved in the experimental spectrum, the simulations sug-
used to compute frequencies the QCISD/6-81@&rmonic  gested that the slightly asymmetric band shape observed in
frequencies are the most relialjlEable VI], with the highest the Hel photoelectron spectrufon the high ionization en-
stretching frequency computed to be700 cml. From ergy (.E.) side; see Fig. @l)] almost certainly arises from
Table VII, it can be seen that the computed AIE and VIEcontributions from excitation of the bending mode, and the
values are very sensitive to the levels of calculation usedoond angle change on ionization was obtained by matching
Nevertheless, at the highest levels of calculation yse® the asymmetry of the first two observed vibrational bands.
and RCCSDT)/cc-pVQZ], the AIE and VIE to this triplet The uncertainties in the IFCA derived ionic bond length and
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TABLE V. Computed adiabatic and vertical ionization energies of TABLE VII. Computed BrGQ (2 3B,)«BrO,(X 2B;) ionization energies/

BrO,(X 2B;) [BrO; (X A;)—BrO,(X ?By)]. ev.

Method AIE VIE Ref. Method AIE VIE Ref.
MP2/6-31G 9.29 this work MP2/6-31G 11.57 this work
QCISD/6-31G 9.98 this work MP2/6-311+G(3df )//MP2/6-31CG 12.37 this work, G2
QCISD/6-311-G(2d) 10.11 this work MP4/6-311G//MP2/6-31G 11.22 this work, G2
QCISD/6-311G(3df) 10.39 this work MP4/6-311G*/IMP2/6-31G 11.55 this work, G2
CCSDOT)/6-311+G(3df) 10.16 this work MP4/6-311G(2l,f )//IMP2/6-31G 11.71 this work, G2
G2 10.33 this work G2 11.59 this work
RCCSOT)/cc-pvQz// 10.16 this work QCISD/6-31G 10.47 this work
QCISD/6-311G(2) QCISD(T)/6-311G //IMP2/6-31G 10.70 this work, G2
CCSOT)/6-311++G(3df)// 10.16 20 RCCSOT)/cc-pVQZ/IQCISD/6-31G, 11.56 this work
CCSOT)/6-311G(Alf) 6-311G(a)

RCCSOT)/cc-pVQZ/lexpt. geom. 10.24  this work RCCSOT)/cc-pVQZ/lexpt 11.71 this work
Expt. 10.26 10.26  this work

(b) Triplet BrBrO and triplet BrOBr states, with ionization
bond angle, based simply on the matching between the simu-  to the lowest doublet and quartet ionic states. These

lated and observed spectra at®.0010 A and+1.0°, re- calculations were performed because the3R)(
spectively. The rather large uncertainty in the bond angle is + Bry(X 125 ) reaction is expected to proceed on a trip-
due to the unresolved bending mode contributions in the ex-  let surface and may yield triplet BD as the final prod-

perimental spectrum. However, because of experimental un-  uct. These open-shell triplet states lie higher in energy
certainties in the relative component intensities and the un- than the corresponding closed-shell singlet states.
certainty in the experimental, for the neutral state, the )

errors inr, and 6, in the ionic state are estimated 4€§.005 In all cases the computed envelopes did not match that
A and =2.0°, respectively. Comparison between gheinitio of the envel_ope of the band seen at 10.26 eV from the
computed geometrical parameters and the experimentally d&+Br reaction. Hence, only the results of tti, BrOBr
rived values suggests that there is an overestimate in thghdCs BrBrO calculations will be presented here.
decrease in the bond length and an underestimate of the in- 1he optimized geometries and harmonic vibrational fre-

crease in bond angle upon ionization in the theoretical valguencies of both structures of & have been computed by
ues. Lee,” employing the CCSIX)/TZ2P level of calculation.

More recently, Kolmet al3® reported a combined matrix iso-
lation infrared spectroscopy arab initio study on the pho-
4. Ab initio calculations of vibrational frequencies toinitiated isomerization between these two structures. In
and ionization energies of Br  ,0 both studies, the BrOBr structure was found to be lower in
As already stated, the band at 10.26 eV observed in thénergy and the ground electronic states of both structures are
O+ Br, reaction can be unambiguously assigned to ionizatiorflosed-shell singlet states. Also, in Ref. 39, the vertical ex-
of BrO,(C,,). However, computed results obtained for dif- citation energies from the closed-shell ground state of both
ferent isomers of BO will now be presented to show that structures to their low-lying singlet and triplet states were
these cannot be assigned to the 10.26 eV band. The coriomputed by the MCQDPT2 method. To our knowledge, no
puted positions and envelopes may well be of use in identiab initio calculations have been performed on the cationic
fying products of future experiments. states of BrOBr or BrBrO. Since the BrOBr is the more
Calculations were performed on stable, it may be expected that BrOBr would be the product
) S when BpO is produced. However, BrBrO has a computed
(@ Cp, BrOBr andC; BrBrO singlet states, with ioniza- amonic vibrational frequency of 793 cthfor the BrO
tion to the lowest doublet ionic states. Singlet BrOBr gyatch#® which is close to the vibrational separation ob-
(Cz) is 3I;nown to be lower than singlet BrBrO by gerneq for the 10.26 eV band observed from theBd, re-
~0.7 ev: action, whereas the vibrational frequencies of BrOBr are all
lower[the symmetric stretching mode in BrOBr is 525 ¢
see Table VII|.
Using the methods adopted in the Br®@alculations,
minimum energy geometries and harmonic frequencies were

TABLE VI. BrO,a 3B, calculated optimized geometries and harmonic vi-
brational frequencies.

Method HF/6-31G"  MP2/6-31G  QCISD/6-31G computed at several levels of theory with different standard
Parameter basis sets, for the ground electronic states of both the neutral
OBY/A 1.733 1.728 1.757 and cationic states of both structures.
OBrO/deg 101.5 104.4 104.7 The optimized geometries and harmonic vibrational fre-
Sym.str/icm* 685 849 695 quencies computed in this work are summarized in Tables
Sym.bend/cm? 312 297 271

VIII-XI. For BrOBr, the results obtained agree very well
with the CCSIOIT) values of Le&’ [see Table VIII, suggest-
The dominant configuration of BEJ¥a °B,) is - - - a3 b}. ing that in this case both the ECP basis set and the B3LYP

Asym.str./cmt 666 722 537
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0 TABLE VIIl. Optimized geometries and harmonic vibrational frequencies
[TTTTTTTTT 2v,0<- (0,00 of theX A, state of BrOBr(,,).
0
I I I I I l I | l | (1,\,2-,0) <- (0,0,0) Method BrO/A or° vi(ay) wvo(ay) wva(by)
0. MP2/lan12iz+2d? 1.880 111.7 516 181 647
[TTTTTTTTI (0.v,',0) <- (0,0,0) B3LYP/lanl2iz+2d® 1.873 1145 526 178 598
B3LYP/6-311G(3If) 1.854 114.7 535 183 616
QCISD/lan12iz+2d 1.869 113.3 535 181 664
CCsOM)/TZ2P 1.865 112.9 513 180 613
Microwave 1.83786 112.249
IR Ard 525.3 622.2

aThe 6-31G(2d) basis set was used for O; see text.
PReference 40.
‘Reference 11.
dReference 39.

method used are reasonable alternatives for the more de-
manding all-electron basis sets and traditional correlation
methods, respectively. When comparing with the available
experimental values for BrOBrX(*A;) [Table VIII] and
L/\_J BrBrO (X 'A’) [Table X], agreement is good except for the
BrO bond length of BrOBr, where the computed values are
71T 1 1t 1T+ 1T _ r 1 consistently too large. For BrBrO, and the ground cationic
10.0 102 104 106 108 11.0 1.2 states of both structures, the demand on theory seems to be
(@) eV higher, as the computed results vary with different levels of
calculation. In particular, the MP2 level seems inadequate
L for the X 2B, state of BrOBf, where thev; mode has an
0 imaginary value.
In relation to the assignment of the 10.26 eV photoelec-
(v,,0,0) <- (0,0,0) I tron band in the G Br, reaction, the computed vibrational
0 frequencies of the ground cationic states of the two structures
are particularly relevant, as no experimental values are avail-
able. From Tables IX and Xl, it was concluded that the
QCISD values should be reasonably reliable. Based on these
computed vibrational frequencies, the energetically less
stable BrBrO structure is favored for the assignment of the
10.26 eV photoelectron band over BrOBr, as for BrBrO
the BrO stretching mode has a calculated harmonic fre-
quency of over 700 cit, while all the calculated vibrational
frequencies of BrOBT are significantly less than the ob-
served vibrational spacing of 820 ¢th
In Table XllI, the computed first AIEs of both structures
are summarized. For BrOBr, we have also computed the first
AIE at the RCCSDT)/cc-pvQZ level, with the
QCISD/6-331 G(2d) and experimental geometries for the
cation[Table IX] and neutra[Table VIII], respectively. At
this level of calculation, an AIE of 10.37 eV was obtained,
10.0 10.2 10.4 10.6 10.8 11.0  Which can be compared with the first AIE of 10.34 eV, ob-
(b) eV tained at a similar level of theory for Br(RCCSOT)/cc-
pVQZ at CASSCF/MRCI geometri¢sA very similar com-
parison can be obtained when the results at the G2 level of
FIG. 8. (a) Simulation of the first Br@ band using results of calculation are also considerddr BrO, a G2 first AIE value
QCISD/6-311G(2)) calculations. Gaussian vibrational envelopes with a of 10.37 eV was reported in Ref).8Therefore, based on the
FWHM of 10 meV were used in this simqlatiajﬂee text for further detals  computed AIEs, the first bands of BrOBr and BrO would be
(b) Simulation of the first band of BrQusing the IFCA procedure and the o, 0 0tad to coincide, while that of BrBrO4s0.44 eV lower
experimental equilibrium geometry of Ref. 38. Gaussian vibrational enve-, .
lopes with a FWHM of 65 meV were used in this simulati@ee text for N energy(at the G2 level, see Table XlIWith the measured
further detailg. first AIE of 10.46 eV for BrO from PES, these values lead to

(v',1,0) <- (0,0,0)
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TABLE IX. Calculated optimized geometries and harmonic vibrational fre- TABLE XI. Calculated optimized geometries and harmonic vibrational fre-

quencies of th& ?B, state of BrOBF¥ (Cy).- quencies of th& ?A’ state of BrBrg (Cy).
Method BrO/A a°  wvi(a) va(ay) wvs(by) BrO/ BrBR/ v v, U3
Method A A 6° (BrO) (BrBr) (bend
UHF/6-31G° 1.807 122.1 443 177 514
CASSCR5,5/lanldz+2d 1.887 116.5 422 166 566 UHF/6-31G° 1.740 2.281 102.8 632 332 214
MP2/6-31G 1.740 120.8 785 244 846 CASSCF(7,7)/6-316 1.700 2.288 106.5 693 326 209
MP2/lan12iz+2d? 1.738 121.1 793 240 1005 CASSCHR7,7lan12iz+2d® 1.784 2.398 101.7 536 274 176
B3LYP/6-31G 1816 120.4 542 203 639 MP2(full)/6-31G 1.701 2.288 106.1
B3LYP/lan12iz+ 2d? 1.814 1212 548 198 622 MP2/lan12iz+2d? 1.678 2.239 106.8 700 300 200
B3LYP/6-311G(3if) 1.797 121.7 546 200 639 B3LYP lan1ziz+2d? 1.662 2.357 1105 779 281 195
QCISD/lan12iz+2d 1.823 119.7 538 192 545 B3LYP/6-311G(3If) 1.651 2.300 109.9 806 204 206
QCISD/6-31G" 1835 119.3 535 191 555 QCISD/lan12iz+2d 1.687 2.368 108.3 729 275 188
QCISD/6-311G(2) 1812 119.6 535 194 542 QCISD/6-311G(2) 1.677 2342 1086 738 286 194
&The 6-31G(2d) basis set was used for O; see text. 8The 6-34 G(2d) basis set was used for O; see text.

PThe five componentd Gaussian functions were used instead of the default
size components.

°The “i” indicates an imaginary frequency. lope of the 10.26 eV band of a single progression showing

only two vibrational componen{$ig. 6(d)]. The simulations

an expected AIE of 10.02 eV for BrBrO, while the measuredshow that structure in more than one vibrational mode is
value from the G-Br, photoelectron spectrum is 10.26 eV. observed in the first photoelectron bands of BrOBr and

In view of these considerations of the AIE positions, theBrBrO, in accordance with the computed changes in equilib-
assignment of the 10.26 eV band to eith@,BrOBr or  rium geometry upon ionizatio(iTables VIII-XI). Based on
CBrBrO cannot be made—one is expected to&15 eV  these simulations, it is clear that the first photoelectron bands
higher while the other is=0.29 eV lower than the observed of BrOBr and BrBrO would not have a simple band enve-
value. Although in the case of BrO, it has beenlope, as is observed for the band at 10.26 eV in theBD,
demonstrateGthat extrapolation of CCS() calculations to ~ reaction. This photoelectron band cannot therefore be as-
the basis set limit gave the best theoretical estimate of théigned to ionization oC,, BrOBr or Cg BrBrO.
AIE, which agreed with the experimental value to within

+0.02 eV, such an extrapolation to the basis set limit forg, Tripjet BrO.Br and OBr.Br, and their cationic states

Br,O is beyond our present computational capacity. . .
z 4 P P pacty A large number of low-lying open-shell triplet neutral

5. Spectral simulations for Br ,0—C,, BrOBr and and quartet/doublet cationic states were investigated. Most of
C. BrBrO them were found to have one short and one long Hor@l0
S . .
| simulati iod lovi h A) for both the neutral and cation. To achieve spectral as-
c gpectrla S'mg apon; vyﬁreh c?rne %Ut employing t esignment, only the lowest states are considered here.
QCISD values, obtained with the largest basis sets (el Geometry optimization of the lowest triplet state of

Tables VIII-XI) for both BrOBr and BrBrO. The simulated g, g at the MP2/6-3:G* and QCISD/6-316 levels led
spectra for theC,, and theCq structures are shown in Figs. to both bent C,) and linear C..,) structures. The lowest
9 and 10. It can be seen that the simulated vibrational envee'nergy minima aréA” and 311 vwhich are very close in

lopes for the first bands of both BrOBr and BrBrO are muchenergy with the3A” state lower than théll state. These

more complex than the rather simple observed band enVegaieg are almost certainly part of the same triplet surface.

Both minimum energy structures have sheetl.77 A) and
TABLE X. Calculated optimized geometries and harmonic vibrational fre-1ong (=2.70 &) Br—O bonds. Spectral simulations performed
quencies of thé A state of BrBrOC,). for the ionizations BrO.Br(*A’, *A”)—BrO.Br(*A”) gave
in each case a Franck—Condon envelope consisting of one

Vethod B;&O/ Bfr/ " (B”rlo) (B‘;ér) (b’;] g  broad band with vibrational structure irj(~210 cm ) and
HF/6-31G* 1.691 2.315 108.4 669 332 194
CASSCF(8,7)/6-316 1.711 2.548 113.3 774 131 179  TABLE XII. Computed first adiabatic ionization energigs eV) for BrOBr
MP2/6-31+G* 1.659 2.466 113.85 1035 238 170  and BrBrO.
MP2/lan12iz+ 2d?2 1.656 2525 113.9 1030 228 160
B3LYP/lanl2iz+2d® 1.687 2.489 112.4 801 240 166 Method X 2B, BrOBr* X2A"BrBrO*
B3LYP/6-311G(3If) 1.669 2.434 111.9 844 253 175
QCISD/lan12iz+2d  1.710 2.483 1104 719 246 161 HP/6-31CG 9.80 8.20
QCISD/6-311G(®)  1.693 2.470 111.6 737 247 165 MP2(full)/6-31G* 10.41 9.75
ccsO)/Tz2PP 1.690 2.510 113.1 793 215 153 MP2/lan12iz+2d* 10.48 10.20
IR (Ar)° 804 235.8 B3LYP/lan12iz+2d? 10.01 9.78
IR (Ar) 804.6 B3LYP/6-311G(If) 9.97 9.59

QCISD/lan12iz+2d? 10.07 9.57

#The 6-31G(2d) basis set was used for O; see text. QCISD/6-311G(2) 9.42
PReference 40. G2 10.37 9.93

‘Reference 44.
‘Reference 39. 8The 6-34G(2d) basis set was used for O; see text.
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FIG. 9. Simulated first photoelectron band 6§, BrOBr using QCISD
computed values for the neutral and ionic states involved. Gaussian vibr
tional envelopes with a FWHM of 10 meV were used in this simulatsse
text for further details

aEIG' 10. Simulated first photoelectron band ©f BrBrO using QCISD
computed values for the neutral and ionic states involved. Gaussian vibra-
tional envelopes with a FWHM of 5 meV were used in this simulateee

text for further details

vs(~76cm ), showing very poor agreement with the en- The rapid reactior(7) competes with reactior6), and Br

velope of the band at 10.26 eV seen in the Br, reaction.  4toms were observed in this work as a secondary product of
Similar results were obtained for OBr.Br. At the e O+Br, reaction.

Q3C|SD/6'3HG* level, the lowest energy state3® ", with  jore recently it has been propogédhat BrO, is produced

a“A" state slightly higher in energy, and the lowest energy,y reaction of vibrationally excited Br®rO") with itself or

ionization is expected to be OBBr(X 1) with thermalized BroO, i.e.,

—OBr.Br(X327). One highly structured broad band is

computed for this ionization, consisting of overlapped series BrO™+BrO'—BrO,+Br, ®)

in the Br—Br stretching modevf~95cm ) for excitation

to v=0, 1, 2, and 3 in the Br—O stretching mode; (

~740cm1). Again, very poor agreement was obtained with

the envelope of the 10.26 eV band observed from tHeB©
reaction. In our experiments, although BgQvas clearly seen in the

The conclusion from all these simulations is that theO+Br reaction, it was not observed in the BD; reaction
10.26 eV band observed in thet®r, reaction system is the €ven when BrO was clearly present. These observations may
first photoelectron band of BrO be explained by noting that ground-state Brf@acts with
Although BrO, is clearly produced, its production mecha- ©zone very slowly but vibrationally excited BsGs at least
nism is not well established. There have been two Suggeghree orders of magnitude more reactive toward ozone than
tions in the literaturé>** The first involves the reaction ground-state Br@ If BrO, is produced via reaction@) or

BrO'+BrO—BrO,+Br. 9

sequencé! (9) in the Br+0O5 reaction mixture, its partial pressure is kept
low because Br@is produced vibrationally excited and is
O+Br,—BrO+Br, (5 removed by reaction with ozone. We feel, therefore, that as
O+BrO+M—BrO,+M, 6) proposed in Ref. 21, reactioit8) and(9) represent the most

likely reactions for Br@ production in the G-Br, reaction
O+BrO—Br+0.,. (7) sequence.
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