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The geometries, vibrational spectra, and relative energetics of fHBdtners have been examined using
various ab initio and density functional [MP2, CISD, CCSD(T), and B3LYP] methods. The results show
interesting trends for the HBrdsomers. The HOBr@isomer is found to be the lowest energy structure
among the isomers, with an estimated heat of formation of 12.6 kcal'rabD K. We have examined the
implication of the formation of the HBr@somers from the atmospheric cross-reactions of the &@ BrO
species.

I. Introduction of the current understanding of the destruction of stratospheric
ozone by OH, HQ, NO, NO,, CIO, and BrO radicals during
the Stratospheric Photochemistry, Aerosols, and Dynamics
Expedition (SPADE). Their conclusion has motivated several
studies during the past two years to obtain a better understanding
of bromine and bromine oxide compounds and their reactivity,
photodissociation rates, and reaction pathways in atmospheric
chemical processes that perturb ozone profiles.

The reaction of bromine atoms with ozone yields bromine

The importance of chlorine in the destruction of ozone has
been well established for many years, since 1970. Chlorine is
primarily introduced in the stratosphere by means of CFCs
(chlorofluorocarbons) which are used in refrigerants for space
cooling, in fire extinguishers, in foam applications, and in
aerosols. In 1975, Watson et al. first recognized that bromine
could perturb stratospheric ozone in a manner similar to chlorine.

Bromine is present in atmospheric aerosol particles, precipita- . . )

tion, seawaﬁer, and organisf)ms in seawatzr. Othef gaspeousox'de (Br_O), as first propos_ed by Wofsy e_t“al?l'he reaction

sources of bromine that can reach the stratosphere (i.e., are no?'c Bro W'th oxygen atoms is the I"."St step in the catalytic loss

removed from the troposphere by rainout, reaction with OH mechgnlsm for ozone as th.e bromlne atom Is regenerated. The

radicals, or photolysis) are methyl bromide (used as soil ;(I?]l(;llplll-lan} ?;g;sa?sr;)rgngez);'rgesx;zg%g:%zzgslgh Zsrti(gltilar

fumigant), tetrabromobisphenol A (used as fire retardant in . y . S part
importance. There has been recent interest in this catalytic cycle

circuit boards), and trifluoromethyl bromide (used as fire involving bromine that was also originally suggested in 1980

(r;ts:iz?g %ﬂﬁyﬁi:gggg?@&; @rzggztnikiﬂpj ZZL?Cf et?se ?r(leaisn(?)llj "Sut was dismissed as unimportant because the rate constant for
the reaction (based on the first kinetic study of that reaction)

due to oceanic biological processes. . . L
Once released into the atmosphere, the chlorine and broming™/2S 100 slow in the atmosphere to contribute significantly to

species are effective not only in destroying ozone but also in ozone dgpletloﬁ. A critical reaction that coup[es Brand HO‘.
inhibiting ozone formation by sequestering oxygen atoms in the Species 'S the above cyclde for t?].e deStrUCt'Or;] oflgz_one s the
halogen forms. Yung et &lfound that there can be a synergistic reaction between Bro an HQT IS process should Increase
effect due to the coupling reaction of chlorine and bromine the.recycllng of bromine radlcaI§ and C.OU|d be gﬁ|9|gnt In
oxides, which can be a potent ozone destroyer. This Synergisticreglons where the OH concentration profiles are significant.

reaction greatly enhances the power of bromine compounds to Br+ O.— BrO+ O )
destroy ozone. 3 2
BrO + CIO— Br + Cl + O, (1) BrO + HO, — HOBr + O, 3)

Despite the fact that bromine compounds are more than 2 HOBr + hy — OH + Br 4)
orders of magnitude less abundant than chlorine compounds in
the stratosphere, it has been estimated that such chemistry OH+ O,— HO, + 0, (5)
involving bromine species is responsible f625% of the ozone
loss observed during the Antarctic ozone hole evant up to net: 20,— 30, (6)

40% of the loss over the Arctic in wintér.In 1975 Wofsy et

al# suggested that bromine atoms could be more effective than
chlorine atoms in destroying stratospheric ozone. When
atmospheric bromine chemistry is compared to chlorine chem-
istry, it can be seen that much more bromine is present in the
active forms Br and BrO (due to the long length of bromine’s
free radical chain termination) than chlorine is present in its th
active Cl and CIO forms. Consequently, bromine concentrations
as small as 1 part in 1b(v/v) have a greater potential to destroy gy + HO, — HOBr + O,

stratospheric ozone than does chlorine. Wennberg ®alab o 1
arrived at such a conclusion and presented a detailed analysis AH’, 5= —45.1 kcal mol ™ (7)
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New experimental results have suggested that the reaction 3
proceeds at a substantially faster rate than had been indicated
by previous measurements and may indeed play a major role
in ozone-related chemistry of bromine compounds.

The reaction between BrO and H@reaction 3) has two
ermodynamically feasible channels:



HBrO3; Isomers

BrO + HO, — HBr + O,
AH®, ,6g=—7.7 kcal mol™* (8)

The first study of this reaction was performed by Cox and
Sheppard using the molecular-modulation UV absorption tech-
nique® BrO and HQ were produced by photolysis ofs;Gn

the presence of BrH,, and Q and analyzed directly by UV
absorption. The rate constant was obtained indirectly by

computer modeling of the experimental data and was determined

as 5x 10712 cm3 molecule®! s1 at 303 K and 760 Torr total
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model. From their study of the latitudinal variation of the BrO
concentration, Garcia and Solonidroncluded that the HO
+ BrO reaction could not have a significant yield of HBr.
Recently, Li et al® performed experimental studies of the
reaction of BrO with HQ@ over the temperature range 233
348 K using discharge flow/mass spectroscopy. They found
that, at 298 K, the rate coefficient was (1.730.6) x 10711
cn?® molecule’t s7t with excess H@and (2.05+ 0.64) x 10711
cm? molecule’® s71 with BrO in excess.

In this paper we raise the question of the possibility of stable
HBrO; adducts that could be formed from the reaction of,HO

pressure. A similar value of the rate constant was suggestedyith BrO radicals. There have been no experimental studies

by Baulch et af. for use in atmospheric modeling. This was
based on analogy with the reaction of CIO with H®hich

that have isolated an HBgOntermediate, although it has been
suggested to exidt. It is important to consider the possible

had been fairly extensively studied over a wide range of pressureexistence of such an intermediate (and its isomers) because the

and temperature and had a room-temperature value«f 612
cm® molecule® s71. A more direct study was performed by
Poulet et af by means of the discharge flow-mass spectrometric

HBrOs intermediate, if present in a stable form, could act as a
long-term or temporary reservoir of inorganic bromine. There
are four types of plausible connectivities for HBr@8omers:

method. The rate constant was determined under pseudo-first-(l) HOOOB, (2) HOOBIO, (3) HOBrg and (4) HBrQ. In
order conditions monitoring BrO by mass spectrometry as a the present work we examine the structure, vibrational spectra,

function of reaction time in the presence of excess,HOhe
only product they observed at 298 K was HOBr. The rate

and energetics of the HBg@somers, to determine the relative
order of stability among the isomers. Such a study should shed

constant measured for this reaction was much higher (by a factorpeyy light on the intimate details of the chemistry of the BFO

of 6) than that given by Cox and Sheppérd:he higher value

of the rate constant has been confirmed by flash photolysis and

UV absorption studies of BIO3/Cl,/CH;OH/O,/He mixtures
carried out by Hayman, Danis, and Thofhasd Bridier, Veyret,
and Lesclau¥® at 298 K and 760 Torr total pressure. The fair

agreement between these three recent determinations sugges

a value aroundk = 3 x 10 cm® moleculel st atT = 298
K for the BrO + HO, reaction. Larichev et daft used the

discharge flow-mass spectrometric technigue to investigate the

kinetics and mechanism of the HO- BrO reaction in the
temperature range 23344 K and observed that HOBr was
the major product. They obtained a rate constant value of (4.7
+ 0.32) x 1072 cm?® molecule! st and observed a negative

7

temperature dependence suggesting the presence of ansHBrO

complex, since previous studies conducted on the €180,
reaction by Poulet et &k showed negative temperature depen-
dence and concluded the formation of an Helmplex.
Other experiments performed by Elrod et&teported a much
smaller value of the rate constant (144 0.3) x 10! cm?®
molecule’l s~ at 298 K. Elrod et at2 did not find any evidence
for non-Arrhenius behavior below 243 K, as suggested in the
previous temperature dependence study.

Mellouki, Talukdar, and Howatd tried to measure the yield
of the HBr-forming channel. They determined an upper limit
on the yield of HBr from the reaction HOF BrO — products
by measuring an upper limit for the rate coefficient of the reverse
reaction HBr+ O3 — HO, + BrO. They employed a discharge
flow reactor with laser magnetic resonance (LMR) for the
measurements of the HOadical concentration. The limits
measured at 300 and 441 K were extrapolated to low temper-
atures to determine that the yield of HBr from the H®© BrO
reaction was negligible throughout the stratospher@.01%).
An upper limit for the rate coefficient of the reaction of HO
with HBr was also determined to be very low3 x 10717 cm?
molecule’* s™1 at 300 K, and low<3 x 10716 cm® molecule’®
s 1at 400 K. Mellouki et ak* observed a negative temperature
dependence for the Bré® HO;, reaction, suggesting the presence
of an HBrQ; complex. It was postulated that if a stable complex
was to be formed, it would be one with the oxygen on the,HO
bound to the Br or O atoms on BrO. Garcia and Solothon
have reported a theoretical analysis of the BrO atmospheric

HO, reaction.

[I. Computational Methods

Ab initio molecular orbital calculations are performed using
e GAUSSIAN 927 and GAUSSIAN 94 program¥. All
equilibrium geometries are fully optimized to better than 0.001
A for bond distances and O.for bond angles. The MP2
(second-order MgllerPlesset perturbatiody,CISD (configu-
ration interaction theory using single and doubles excitati#hs),
CCSD(T) (singles and doubles coupled-cluster theory including
a perturbational estimate of the effects of connected triple
excitations! and B3LYP (Becke’s nonlocal three-parameter
exchange with LeeYang—Parr correlation function¥ density
functional methods are used with the 962(d)/6-311G(d), TZ2P
(triple-¢ double polarized), and the large 6-31-3G(3df,3pd)
basis sets. The harmonic vibrational frequencies and intensities
of all species are calculated at the B3LYP level of theory in
conjugation with the 6-31t+G(3df,3pd) basis set, using the
geometry calculated at the B3LYP level of theory with the same
basis set. For estimating the vertical energies of low-lying
excited electronic states, the configuration interaction singles
method (CIS3 is used with the 6-31&+G(3df,3pd) basis set
using the B3LYP/6-311+G(3df,3pd) geometries. The heats
of formation of HOOOBr are determined using isodesmic
reactions and are compared to the heats of formation estimated
using G1 and G2 theories. Details of the methods are described
elsewheré*25

lll. Results and Discussion

A. Structural and Energetic Properties of HBrO3 Species
1. Equilibrium Geometries of HBr{lsomers. There has been
no previous computational work on the isomeric forms of
HBrOs. To identify the lowest energy isomer on the hyper-
surface of the HBr@potential energy, we performed calcula-
tions at various levels of theory. Four local minimum-energy
structures were located. The optimized structural parameters
are given in Table 1 and illustrated in Figure 1.

From computations, the straight-chain structure for HOOOBr
is skewed (Figure la). The HOOWlihedral angle at the
B3LYP/6-31H+G(3df,3pd) level of theory is 75°8and the

measurements database using a two-dimensional photochemicaDOOBr dihedral angle is predicted to be 80.9The skewed
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TABLE 1: Computed Equilibrium Geometries (A and deg) for HBrO 3 Isomers

TZ2P 6-311+G(3df,3pd)
species coordinate MP2 CISD B3LYP CCSD(T) B3LYP
HOOOBr [e]e] 1.425 1.381 1.385 1.420 1.378
O'Br 1.867 1.822 1.909 1.888 1.897
(0]6) 1.430 1.389 1.434 1.445 1.425
HO 0.967 0.953 0.970 0.968 0.970
OOBr 109.4 110.5 111.7 110.1 111.7
000 107.5 107.8 109.2 107.7 109.0
HOO 100.7 102.7 101.9 100.7 102.0
OOO0Br 79.4 81.8 80.8 81.5 80.9
HOOO 7.7 79.3 4.7 77.5 75.8
HOOBrO BrO 1.919 1.804 1.945 1.923 1.916
BrO' 1.635 1.634 1.674 1.673 1.663
(0]0) 1.453 1.408 1.418 1.453 1.415
HO 0.966 0.952 0.969 0.966 0.969
OBroO 112.4 109.0 111.8 1111 110.5
OOBr 108.7 110.1 112.0 109.6 112.0
HOO 100.1 102.0 102.4 100.6 102.4
0OO0Bro 78.1 77.9 T 77.8 78.1
HOOBr 97.3 101.9 93.7 96.4 95.6
HOBrO; OBr 1.844 1.759 1.844 1.842 1.844
HO 0.972 0.957 0.973 0.971 0.973
BrO 1.601 1.579 1.611 1.615 1.611
BrO' 1.593 1.586 1.619 1.622 1.619
HOBr 102.4 106.0 104.5 102.5 104.5
OBro 100.9 101.3 104.2 104.0 104.2
OBrO 103.9 103.7 101.7 101.3 101.7
HOBrO —90.5 —79.6 —90.2 —89.7 —89.5
HOBrO 25.1 35.0 25.8 26.1 25.8
HBrOs HBr 1.471 1.447 1.497 1.475 1.497
BrO 1.587 1.570 1.604 1.605 1.604
HBro 103.5 104.0 103.4 103.5 103.4

1017

Figure 1. Minimum-energy structures for HBgdsomers (a) HOOOBt,
(b) HOOBTrO, (c) HOBr@, and (d) HBrQ. The values given are at

the B3LYP/6-311#+G(3df,3pd) level of theory. See Table 1 for the

complete list of geometrical parameters.

compare the ©0 and G-O' bond lengths in HOOOBF of 1.425
and 1.378 A, respectively, with the-@D bond in HOOBr of
1.405 A28 The bonding between the two species is quite
similar. Using the B3LYP method, the HOO and ®Dangles

are predicted to be 102.@nd 111.7, respectively. The OO0
angle (109.9) is smaller than the OBr angle (111.7) due to

the greater amount of repulsion between the lone pairs of
electrons on bromine with those on oxygen, compared to the
repulsion occurring between the lone pairs of electrons on the
two oxygen atoms. The HO bond length (0.970 A) is much
smaller than the ©0 and O-O' bond lengths, because there
is a larger overlap between the 1s orbital of the small hydrogen
atom and the 2p orbital of oxygen, compared to the overlap
between the 2p orbitals of the two oxygen atoms. On the other
hand, there is poorer overlap between the 3d orbitals of the large
bromine atom with the 2p orbital of the oxygen atom, compared
to the overlap between the 2p orbitals of two oxygen atoms,
making the O—Br bond length larger than the-@ and O-O'
lengths. It is interesting to compare the-O bond length of
HOOOBr with that of the stratospherically important molecule
HOOOCIZ"28 Qur calculations using the B3LYP method
yielded an G-O' bond length of 1.378 A, which is smaller than
the O-0O' bond length in HOOOCI (1.404 A) calculated by
Francisco and Sand@using the MP2/6-311G(2df,2p) level of
theory.

The second isomeric form we considered is HOOBrO. This,
too, is a straight-chain structure but with the oxygen as the
terminal atom. Like in the HOOOBr structure, we found the
planar conformers to be rotational transition states. The
minimum-energy structure for HOOBrO is a nonplanar skew
structure (Figure 1b). The dihedral angle between the HOOBr
atoms is 95.6 while that between the OOBtGs 78.. The
OBrO angle (110.9) is a little smaller than the OOBr angle
(112.0). As in the case of HOOOBY, the HOO angle (102.4
is much smaller than the OOBr angle (112,@ue to the greater
degree of replusion between the two lone pairs of electrons on

structure was verified to be the minimum-energy structure with bromine with those on the oxygen. The-BD bond distance
It is interesting to predicted at the B3LYP/6-311+G(3df,3pd) level is 1.916 A,

no imaginary vibrational frequencies.
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TABLE 2: Total and Relative Energies for HBrO ;3 Species

level of theory HOOOBr HOOBrO HOBro HBrO3
total energies (hartrees)
MP2/TZ2P —2798.44486 —2798.42092 —2798.45519 —2798.34685
CISDITZ2P —2798.17805 —2798.13741 —2798.16038 —2798.05110
CCSD(T)/ITZ2P —2798.36006 —2798.32961 —2798.35215 —2798.24375
B3LYP/TZ2P —2800.32389 —2800.29338 —2800.31065 —2800.19632
B3LYP/6-311+G(3df,3pd) —2800.28705 —2800.26254 —2800.28768 —2800.17572
CCSD(T)/6-31#+G(3df,3pd)// B3LYP/6-31%++G(3df,3pd) —2798.31875 —2798.29460 —2798.32687 —2798.22118
CCSD(T)/6-31#+G(3df,3pd)//CCSD(T)/TZ2P —2798.31861 —2798.29443 —2798.32687 —2798.22126
relative energies (kcal mot)a
MP2/TZ2P 0.0 145 -7.0 60.2
CISDITZ2P 0.0 25.0 10.6 81.0
CCSD(T)TZ2P 0.0 18.6 45 74.3
B3LYP/TZ2P 0.0 18.5 7.8 78.8
B3LYP/6-311+G(3df,3pd) 0.0 14.9 -0.9 68.6
CCSD(T)/6-31#+G(3df,3pd)// B3LYP/6-311++G(3df,3pd) 0.0 14.6 -5.6 59.9

CCSD(T)/6-31#+G(3df,3pd)//CCSD(T)/TZ2P 0.0 14.6 -5.7 59.8
@ Relative energies are corrected for zero-point energy using B3LYP/6-8&K3df,3pd) frequencies.

while at the B3LYP/TZ2P level it is a little larger (1.945 A). presented in Table 2. At the MP2/TZ2P and B3LYP/6-
This bond length is influenced by basis set effects. There is 311++G(3df,3pd) levels of theory, the relative stability for
also a similar trend in the BrO’' bond length with increased  HBrOsisomers from most unstable to most stable is (1) HBrO
size of the basis set. Other structural parameters such as th¢2) HOOBrO, (3) HOOOBr, and (4) HOBHO However, at
H—O and O-O bond lengths are not vastly influenced by the CISD/TZ2P and the B3LYP/TZ2P levels of theory the
enlargement of basis set. TheH@ length (0.969 A) is smaller  relative energetic stability of the HBel@somers is (1) HBr@,
than the G-O length (1.415 A) due to better overlap between (2) HOOBrO, (3) HOBrQ, and (4) HOOOBr. The relative
the small 1s orbital of the hydrogen atom with the relatively stability of the isomers is sensitive to electron correlation and
larger 2p orbital of oxygen. For different levels of theory used, basis set effects. For example, the difference between MP2/
the Br—O lengths are greater than the-BY' lengths. The lone  TZ2P and CCSD(T)/TZ2P relative energies between the HOOO-
pairs of electrons on the terminal oxygen atom sometimes tendBr and HBrQ structures is 14.1 kcal mol. The relative
to enter into resonance with the-BD' bond pairs, due to which  energetic stability of HBr@isomers is also sensitive to the type
the Br—O' bond attains a partial double-bond character. This of basis set used. For example, comparing the skewed-chain
resonance effect is not observed with the oxygen atom that is structure of HOOOBTr with the hypervalent HBf@he B3LYP/
sandwiched between the hydrogen and the bromine atoms. ThusTZ2P relative energy between the two structures is 78.8 kcal
the Br—O' bond with its partial double-bond character is smaller mol~1. Using the large 6-31:t+G(3df,3pd) basis set with the
(1.663 A) than the BrO single bond (1.916 A). B3LYP treatment, the relative energy decreases by ca. 10 kcal
The third isomeric form is HOBro(Figure 1c). There are  mol™.
noticeable structural changes that occur as a result of increasing The two lowest energy structures on the HBr@btential
basis set size. The OBf@ngle decreases by 2.@hen going energy surface across all levels of theory are the HQEnt@i
from the TZ2P to the 6-31t+G(3df,3pd) basis set. TheBr the HOOOBT skewed-chain structure. With both the TZ2P and
bond (1.844 A) is much larger than the bonds formed between the 6-311+G(3df,3pd) basis sets the HOBsGtructure is the
bromine and the terminal oxygen atoms. This is because thelowest energy structure, and it is more stable than HOOOBr by
lone pairs on the terminal oxygen atoms enter into partial 7.0 and 0.9 kcal mol, respectively, at the MP2 and B3LYP
resonance with their immediate bonding electron neighbors, thuslevels. At the CCSD(T)/6-31t+G(3df,3pd)//B3LYP/6-
rendering a partial double-bond character to the bonds formed311++G(3df,3pd) level, the HOBr@isomer is more stable by
between bromine and the terminal oxygen atoms. only 5.6 kcal mot™,
The fourth isomeric form is HBrg) possessings, symmetry At the B3LYP/6-311-+G(3df,3pd) level the HOOOBt
with the three oxygen atoms forming the base of the pyramid HOOBrO relative energy, at 0 K, is 14.9 kcal mal This
(Figure 1d). The BrO bond in HBrQ is the shortest of the  energy difference is significantly smaller than that found for
isomeric forms. This is due to the resonance associated withthe analogous chlorine compouf?$19.3 kcal mot?, 0 K),
the B=O multiple bonding characteristics of HBgOSuch an which is consistent with an earlier observation that bromine
effect does not occur for HOOOBr and occurs only for the hypervalent oxide compounds are less stable relative to their
terminal oxygen atoms of HOOBrO and HOBrOResonance  chlorinated counterpar#3. On the other hand, the HBg@somer
plays a much stronger role in HBg@han it does in HOOBrO is predicted to be 68.6 kcal nidl (0 K) less stable than
or HOBrQ,, making the B=0O double-bonded character more HOOOBTr, which is a much larger energy difference than that
pronounced in HBr@than in HOOBrO or HOBr@ The Br-O found?82° for HOOOCHHCIO; (42.7 kcal mot?, 0 K). The
bond distance of 1.604 A at the B3LYP/6-3%+G(3df,3pd) much higher energy for the HBg@somer is due to the loss of
level of theory is shorter than the terminal-BD bonds in the very strong HO bond.
HOBrO, of 1.611 and 1.619 A and that in HOOBrO of 1.663 The accuracy of the relative energetic data provided in Table
A. There is greater repulsion between tielectrons of the 2 can also be assessed by calculating the heats of formation of
Br=0O bond in HBrQ and the lone pairs of electrons on each of the HBr@isomers. There are two methods that provide
bromine, those on the oxygen atoms, and the electrons of thereasonable estimates of the heats of formation of the isomers
Br—O bond. The overall structural values obtained by the that are not computationally prohibitive. The first method
B3LYP calculations are in good agreement with those obtained employs isodesmic reactions, and the second method uses G1
at the MP2, CISD, and CCSD(T) levels of theory. and G2 theories to estimate the heats of formation. Isodesmic
2. Relatve Energetics of HBr@lsomers Calculated relative reactions, which have been used to obtain heats of formation
energies for the four minimum-energy isomers of HB@e for many molecules, are those in which the reactants and
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TABLE 3: Isodesmic Heat of Reaction and Heat of Formation of HOOOBr

rel energieAHY o (kcal mol™)

total energies (hartrees) HOOOBr+ 2HOH
level of theory HOH HOBr HOOH HOOOBr — 2HOOH+ HOBr HOOOBr

CCSD(T)/TZ2P —76.31200 —2648.31861 —151.31751 —2798.360 06 21.2 20.0
B3LYP/6-31H+G(3df,3pd) —76.46451 —2649.95629 —151.61319 —2800.287 05 23.1 18.1
CCSD(T)/6-31#+G(3df,3pd)//  —76.33742 —2648.23807 —151.36111 —2798.31875 23.0 18.2

B3LYP/6-31H+G(3df,3pd)
CCSD(T)/6-31#+G(3df,3pd)// —76.33746 —2648.23805 —151.36097 —2798.318 61 23.1 18.1

CCSD(T)/TZ2P

TABLE 4: Heats of Formation (kcal mol 1) for HBrO 3 Species

CCSD(T)/6-31%+G(3df,3pd)//

species Gl G2 B3LYP/6-3%1+G(3df,3pd) B3LYP/6-311+G(3df,3pd) CCSD(T)/TZ2P
HOBIO, 6.5 5.7 17.2 12.6 12.4
HOOOBr 13.2 13.6 18.1 18.2 18.1
HOOBrO 25.8 26.2 33.0 32.8 32.7
HBrOs 722 716 86.7 78.1 77.9

products contain the same types of bonds (i.e., the number oforder of stability for the HBr@isomers, as does the CCSD-
bonds broken and formed is conserved). Such a scheme of(T)/6-3114++G(3df,3pd)//CCSD(T)/TZ2P method.

reactions requires that the heats of formation of all the molecules The analysis provided here suggests that the lowest energy
involved in the reaction be known, with the exception of the HBrOs; isomer is HOBrQ. The skewed-chain HOOOBr
heat of formation of the particular isomer. Because of this structure is higher in energy by 5.6 kcal mbl The two species,
property, errors in the energy that might occur due to defects HOOBrO and HBrQ, are higher in energy by 20.2 and 65.5
in the basis set and electron correlation cancel to a large extentkcal mol?, respectively. The HBr@isomer possesses the
The isodesmic scheme used here is HOOGB2HOH — highest energy and thus has the least stability. The stability of
2HOOH + HOBYr. In the calculation of the heat of formation the HBrG; isomers is consistent with the order of stability for
of HOOOBr from the isodesmic scheme, literature values for HCIOs isomers determined by Francisco and Sarider.

the heats of formation of HOH«(57.10=+ 0.10 kcal mot?),3! A comparison of the heats of formation of the HBri€omers
HOOH (—31.02+ 0.05 kcal mot?),3t and HOBr (-10.93+ 1 with the HBrQ, isomeric formg® at the CCSD(T)/B3LYP level
kcal mo%)32 are used. Using these results, we are able to Of theory shows that the heats of formation of the HpsPecies
calculate the heat of reaction for the isodesmic reaction. The a@re, in general, higher than those of the HB&pecies. The

results appear to be insensitive to both basis set and electror€at of formation of HOOBr at the CCSD(T)/B3LYP level of
correlation effects, as shown in Table 3. calculation is 8.6 kcal mot, and it increases almost by a factor

" ; X
For HOOOBFr the heat of formation is predicted to be 18.1 Efet\%v(()eekrﬁlhéngi V;Eegngng;[g;rm%xé?g;sagmH (')Sorgfct(;d :Ce

kcal mol? at the CCSD(T)/6-31++G(3df,3pd)//CCSD(T)/ Y9 . : 9w

TZ2P level, while it is 18.2 kcal mot at the CCSD(T)/6- HOOOBr. The same trend in increasing heat of formation is

. seen when an oxygen in placed in between the oxygen (attached
therelative energles in Table 3 along with the heatofformation (@ 1€ drogen) and bromine n HOBIO to give HOOBIO. The
of HOOOBTr determined using the isodesmic results for the heatsheat of formation of HBrQis the highest among the HB5O

of formation of the HBrQ isomers, we obtain a value of 17.2 isomeric forms (63.7 kcal mof). If another oxygen atom is
' : attached to the bromine atom of HBrQhe heat of formation
kcal mof* for HOBrO,, 33.0 kcal mot! for HOOBrO, and B

increases by more than 10 kcal mbto form HBrQO; with a
86.7 kcal mot! for HBrOs. To assess these results further, we 78.1 kcal mot? heat of formation. Thus, the HBEGsomers

have G1 and G2 determinations of the heats of formation for having lower heats of formation relative to the HBriomers

HBrO; isomers, given in Table 4. The G1 result for the heat 51 more stable. The addition of another atom of moderate size
of formation of HOOOBY is 13.2 kcal mot, and considering  ffects the internal bonding pattern and thus the stability of the
the G1 method uncertainties of 3 kcal mylthe isodesmic and species quite remarkably.

G1 results deviate by 5 kcal m6l To improve the heats of B. Spectroscopic Characterization of HBrG; Isomers The
formation, we have determined values using the G2 method. cgjculated vibrational frequencies and intensities for the four
The G2 results show that the heat of formation of HOOOBYr is jsomeric forms of HBrQ@ are provided in Table 5. All
13.6 kcal mot*. The deviation is still quite large, being 5 kcal  yibrational frequencies noted in the table are calculated at the
mol~t. The G2 heats of formation for the other isomers are B3| YP level of theory using the 6-3%4+G(3df,3pd) basis set.
also separately listed in Table 4 along with the heats of formation  |n the prediction of the vibrational frequencies of HOOOBT,
of the HBrG; isomers determined by using the B3LYP/6- the most intense bands are predicted to be théHstretchy;
311++G(3df,3pd), CCSD(T)/6-31E+G(3df,3pd)// B3LYP/6- (3713 cnml), and the HOOO torsion;; (395 cntl), while the
311++G(3df,3pd), and the CCSD(T)/6-311G(3df,3pd)/ least intense bands are (584 cntl) andwvg (131 cnl). The
CCSD(T)/TZ2P methods. A comparison of the values of the Br—O' stretch (517 cm?) occurs at a lower frequency than the
heats of formation obtained by the G2 method with the values H—0O and OG-0 stretches and is consistent with the-&’ bond
obtained by the other methods shows that the G2 heats oflength being larger than the lengths of the-@ and G-O
formation are not reliable estimates. The G2 results proved to bonds. The harmonic frequencies of HOOOBT are very similar
be unreliable for the XBr@isomers (X= H, Cl, Br) 26 because to those obtained by Francisco and Saftéor HOOOCI,

the geometry is poorly represented at the UMP2/6-31G(d) level except that the BrO stretch is predicted to occur at a lower
of theory. We note that the G2 method values predict the samefrequency than the €lO stretch and the BrOO bend is predicted
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TABLE 5: Vibrational Frequencies (cm~1) and Intensities 80 ——
(km mol~1) for HBrO 3 Isomers | HBIO,
B3LYP/6-31H-+G(3df,3pd) ]
species mode no. mode descriptn freq int 70 T
HOOOBr 1 HO str 3713 57 4
2 HOO bend 1398 43
3 0Ostr 914 53 s
4 OO str 743 34 60
5 00O bend 584 4
6 BrO str 517 16 _ nE
7 HOOQO torsion 395 70 %
8 BrOO bend 285 26 s 50 +—
9 BrOOQO torsion 131 5 g
g — HCIO,
HOOBrO 1 HO str 3724 66 g
2 HOO bend 1396 4 £
3  0Ostr 899 44 s 40T
4 BrO sym bend 845 95 E- e
5 BrO asym str 481 4
6 H-wag 405 86 30 —— HOOBO
7 BrOO bend 281 1
8 OBrO bend 208 14 1 _—
9 torsion 105 4 Hooco
HOBrO, 1  HOstr 3708 106 2T e
2 HOBTr bend 1086 55 .
3 BrO asym str 952 140 -
4 BrO sym str 898 38 10 —— HOBrO,
5 OBr str 549 122 e —
6  OBIO bend 382 27 € Hooed
7 OBrO bend 322 24 Thoco.
8 OBrO bend 278 13 o L :
9 H-wag 121 73 Figure 2. Relative energies of HX@Qisomers (where X= Cl, Br).
HBroO 1 HBr str 2154 21 . .
: 2 BrO sym str 863 16 least intense is _thgg bfanql (278 cm?). The modes that are
3 umbrella 388 41 most useful in distinguishing HOOBrO from HOOOBT experi-
;1 E'g) gsbym C;Str ggg' 1129 mentally arev, andvs. HOOOBT can be clearly distinguished
rO ben '
6 OBIO bend 242' 17 from HOBrG; by the v, mode.

For the HBrQ isomeric form, the most intense band is the

Br—O asymmetric stretch occurring at 966 ¢in The least

to occur at a lower frequency than the CIOO bend. Both of intense band is the HBrO bend occurring at 880-tmThe
these observations are consistent with the larger mass of theH—Br stretch has a much larger frequency (2154 &nthan
bromine atom relative to the chlorine atom. The modes the Br—O symmetric and asymmetric stretches, since the length
involving bromine in HOOOBr are smaller in their IR intensities  of the H-Br bond is smaller than the length of the-BD bond
compared to the analogous modes involving chlorine. ithe (Table 1). The H-Br stretch in HBrQ is comparable to the
mode (HOO bend) is similar to the HOO bend in HO&H.  H—Br stretch in the HBr@isomer6 The BrOOO torsion mode

The BrOO bend,vs, agrees quite well with the torsional in HOOOBr (131 cr?) is the mode that can clearly distinguish
frequency of HOOH? This information should be useful in  HBrO; from HOOOBT.

the assignment of the experimental spectrum of HOOOBI.  anqther spectroscopic property that is useful and important
However, it also points to some potential experimental problems ., the characterization of the electronic spectrum of HBroO

that could hinder the assignment of the HOOOBT spectrum. If o rsis the vertical excitation energy for each of the isomers.

HOOH s used as a precursor to produce HOOOBY, the Configuration interaction with all singlet excited determinations,
gbsorptlon bands;; andvs, of HOO.H could overlap the most .. CIS, has been shown to be an effective method of surveying
Intense b_ands of HOOOBr and, in that process, obscure ItSthe excited states of closed-shell molecules with reasonable
identification. The band that would allow HOOH to be clearly experience for polyatomic molecul& However, we note that

distinguished from HOOOBF igy. Y
The harmonic frequencies of the HOOBrO and HOBrO the (.:IS results are at be_st ql_JaI_ltatlve, but nevertr_leless,_they
provide an avenue for identifying the most distinguishing

isomers are somewhat lower relative to their chlorinated i . . o
counterparts (HOOCIO and HOCHD This is probably due to featurgs among thg isomeric forms. The CIS v_ertlcal excitation
the fact that the chlorine or bromine atom is involved in most €M€rg1es _and oscillator strengttis) (for HBrOs isomers are

of the normal modes due to its almost central, multibonded provided in Table 6.

position in these isomers. For HOOBrO the most intense bands Examination of the predicted electronic spectra of the two
predicted at the B3LYP level of theory arg (845 cnt?) and lowest energy HBr@structures, HOBr@and HOOOBY, reveals

ve (405 cnTY), and the least intense band is the BrOO bend at that there are certain features that could allow these two species
v7(281 cn1l). The H-O stretch (3724 crmt) has a much larger  to be characterized. For HOOOBT the first excited state located
frequency than the BrO stretch, since the HO bond is much at 3.8 eV has a 0.0002 relative oscillator strength and conse-
shorter than the BrO bond (see Table 1). For HOBt@ most quently should be quite weak, but the singlet state with the most
intense bands are; (952 cnt!) andvs (549 cntl) while the oscillator strength is the excited state located at 6.7 eV. A

a A single prime denotes a double degenerate mode.
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TABLE 6: Calculated Vertical Excitation Energies and Oscillator Strengths? for HBrO 3 Isomers and a Comparison with
HCIO; Isomers

state 1 state 2 state 3
species AE (eV) F(rel) AE (eV) F(rel) AE (eV) F(rel)
HOOOCI 5.3 0.0 5.8 X 1074 7.6 3.94x 1072
HOOOBr 3.8 2x 1074 4.6 5x 104 6.7 2.2x 101
HOOCIO 4.1 3x 104 6.2 0.0 6.4 1.86< 1072
HOOBrO 3.6 4x 1074 4.9 2x 10 5.4 6.3x 1073
HOCIO, 7.1 6.59x 1072 7.8 1.99x 1072 8.4 2.2x 1073
HOBrO, 6.2 3.86x 1072 6.9 1.29x 102 7.1 24x 103
HCIOs 9.2 0.0 10.1 0.0 10.3 1.772 101
HBrO; 6.9 0.0 7.5 6.2 1073 7.5 6.2x 1073

@ Obtained at the CIS level of theory using the B3LYP/6-3#1G(3df,3pd) geometries with the 6-3t#G(3df,3pd) basis set for HBO
b Data for HCIQ taken from ref 30.

comparison of the oscillator strengths of HOOOBr with their reaction pathways. Mellouki et #l.in their analysis of
HOOOCI shows that the relative oscillator strengths for the HO, + BrO reaction assumed that the forward and reverse
HOOOBTr are greater than those for HOOOCI. The first excited processes occurred as elementary reactions. Their studies
state of HOBrQ@ that should have a strong absorption band is showed a negative temperature dependence for thetHBrO
located at 6.2 eV. The first excited state for HBr® located reaction and suggested the possibility that the process may be
at 6.9 eV; however, this state has zero oscillator strength anda complex reaction. For example, if the bi&nhd BrO reactants
thus should be very weak. The second and third excited statesformed a long-lived [@H.BrO] complex that reacted with O
of the HBrG; isomer appear to have the same relative oscillator to form HBr+ O, + Oz products, the overall processes would
strengths. For HBr@isomers there is a tentative shift toward be a sequence of two elementary steps. However, this scheme
the red region in the electronic spectrum relative to the HCIO seemed unlikely, as it was doubtful that the Hénd BrO
isomers. It appears that bromination red-shifts the electronic radicals would form a long-lived complex. They then concluded
features. This has important atmospheric chemical implications that a complex with the oxygen on the KBound to the Br or
in that photolysis may be an important removal process for these O atoms on BrO, [H@BrO], would seem to be the most stable
compounds. arrangements. Larichev et'dlalso considered the formation

C. Comparison of Relative Stability of the HXOs Isomers of a complex with different possible structures for the B+tO
(Where X = CI, Br). Figure 2 shows a comparison of the HO, reaction:
relative energetic stability of the HBe&dsomers with that of
HCIO;3, calculated by Francisco and Sané®rSuch a com- Bro + HO, — BrOHOO or HOOBrO or HOOOBr (9)
parison clearly indicates that the most stable isomer is HQCIO
with a 4.2 kcal mot? heat of formation, and the least stable Mellouki et al24 suggested that HOBr may be produced either
isomer is HBrQ with a 78.1 kcal mot* heat of formation. The  from the BrOHOO adduct via a simple hydrogen atom transfer
next in stability after HOCIQis HOOOCI. Itis very important mechanism or from the HOOBrO adduct after a five-membered
to consider the form of bonding within each isomer and the ring formation. The cyclization of the HOOOBr complex would
types of linkages in which each isomer is involved to gain a have to be necessary to produce HBr. It is clear from the
proper insight into the relative stability and instability among observed negative temperature dependence of the HOBr channel
the isomers. In general, when a bromine atom replaces athat the potential energy surfaces are qualitatively similar to
chlorine atom, the higher 3d orbitals of bromine play a major the chlorine system. In this study of the reaction pathways on
part in the process of bonding and impart a greater amount of the HBrG; potential energy surface, we found a new channel.
energy to the molecule, thus lowering its stability. Chlorine The new channel
has no 3d orbitals to affect its bonding process with other atoms
lying next to it within the molecule and only uses its 3p orbitals HO, + BrO — [HOOBrOJ* — HO + BrOO—
(which possess much lower energy than 3d orbitals). Thus, in
general, the HCI@isomers are more stable than the HBrO HO+ O, + Br (10)
isomers. The HOBrgisomer lies above the HOC|Gsomer may be a direct source of bromine atoms. The pathway to

on the energy scale, since the isomer becomes less stable aﬁroduce HO+ BrOO is exothermic by 3.7 kcal mol. The
the chlorine atom is replaced by the bromine atom. It is BrOO radical is bound by about 2.0 kcél mal Ass.uming

relatively easier to break apart the-Br bond than it is to break . - .
: o that the excess energy goes into BrOO, the heavier fragment, it

thel_?;]CI tbc;r;d, sot_the _H?OBr?bllsother t(x\"tngégﬁjg keal is enough to break the weak BO bond to produce Br atoms

mol”* heat of formation) is less stable than the ISOMET and @. Thus, the HOBr formation channel (reaction 3) may

1 .
(25.3 keal mor” heat of formation). The overlap between the not be the only channel for the formation of bromine atoms.

2p orblta(IjSt Ofththe Ox¥geg z’g\?ms Iti q;'te st':_rtor|19 |fn HOOOC_It,h The bromine atoms produced by reaction 10 can reenter into
compared 1o Ihe overlap between the p orbrtals of 0Xygen with catalytic ozone destruction cycle.

the 3p orbitals of chlorine in HOCI§ and thus the HOOOCI
isomer possesses higher energy than the HQ@@mer. In _
general, the HBr@isomers are unstable relative to their chlorine HO, + BrO—HO + O, + Br
analogues. AH® ,4=—1.7 kcal mol* (11)
D. Comparison with Experiments. There have not been
many experiments conducted on the HB€dmers to determine  To our knowledge there is no experimental evidence that this
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HBrO,

65.5

HO + OBrO

HO, + BrO

355 HOOBrO

HO + BrOO

202

235

y
HOBr + 0O,

Figure 3. Relative energy diagram for HBgQeaction pathways, as
calculated at the CCSD(T)/6-3+H-G(3df,3pd)//CCSD(T)/TZ2P level
of theory.

pathway occurs. We note that this pathway is unlikely in the
HO, + CIO system, because it is endothermic by 9.4 kcalhol
The relative energy diagram for the HBy@omer reaction
pathways is shown in Figure 3. The most likely dissociation
products for the HOBr@isomer are the HO and OBrO radicals.
The HOOOBTr isomeric form is quite stable, and its process of
dissociation would require 14.2 kcal mél energy. The
dissociation products for the HOOOBr isomer would most likely
be HO+ BrOO rather than H@+ BrO, since the formation of
the HO+ BrOO radicals requires less energy than the formation
of the HO + BrO radicals. If the HOOBrO isomer was to
dissociate, it would most likely produce H@ BrO rather than
HO + OBrO radicals, since it is energetically unfavorable to
break the strong ©0 bond. The HBr@ isomer is the least
stable of all the isomers with a 65.5 kcal mbenergy relative
to HOBrQ..

IV. Summary

The equilibrium structures, vibrational and electronic spectra,
relative energetics, and heats of formation of the HEsOmers
have been investigated with the MP2, CISD, CCSD(T), and
B3LYP ab initio electronic structure methods in conjugation
with the TZ2P and 6-31t+G(3df,3pd) basis sets. The
HOBrO, structure is found to be the most stable among the
isomers, while the HBr@isomeric form is found to be the least
stable. Due to the thermal stability of HOBy@nd HOOORB!,

it is possible that these isomers may play roles in the atmospheric

cross-reactions of HCand BrQ species. A comparison of the

J. Phys. Chem. A, Vol. 102, No. 11, 1998079

relative stability of the HBr@ isomers with the isomers of
HCIO3?° shows that the HBr@isomers follow the same pattern
of stability among themselves, as do the HgI€bmers.
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