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The molecular absorption spectra of hypochlorous, hypobromous, and hypoiodous acids have been studied
by multiconfiguration self-consistent field (MCSCF) calculations with linear and quadratic response techniques.
The complete form of the spirorbit coupling (SOC) operator is accounted. The singtaplet transition to

the lowest triplet statéA” — X!A' is shown to be responsible for the weak long-wavelength tail absorption
and photodissociation in these molecules. The transition is polarized along-tkebond (X = Cl, Br, 1)

and has an oscillator strength equak6l05, 8 x 1075, and 2x 10~* for hypoclorous, hypobromous, and
hypoiodous acids, respectively. The second singl@let transition3A’ — XA’ comes to the region of the

first singlet-singlet A" <— X!A' absorption and contributes significantly to the total cross-section at
wavelengthst ~ 300—320 nm (X= CI), 4 ~ 340—360 nm (X= Br), andA ~ 400 nm (X=1). In the last

case the singlettriplet transitionA’ < XA’ produces predominant contribution to HOI absorption in the
visible region. All states are dissociative, so the singtaplet absorption contributes to the yield of photolysis

in the important near-UV and visible region close to the intense solar actinic flux. Contributions to the removal
mechanisms for atmospheric HOCI, HOBr, and HOI species are shortly discussed. The minor loss process of
ozone in troposphere because of the HOI reservoir sink is getting evident on the ground of this calculations.
The importance of SOC accounting for atmospheric photochemistry problems is stressed.

. Introduction 0+0;—/0,+0, (6)

During the last 2 decades it has become increasingly evident

that halogen-containing compounds have a great impact on e . . .
stratospheric 0zone. The monoxides of the halogens, X& (X termination reactions that remove the chain carriers Cl and CIO;

Cl, Br, I) are central to the chemistry that occéifsHypochlo- the most important of these reactions are the formation of
rous, hypobromous, and hypojodous acids, HOCI, HOBr, and CIONC:z (from CIO and NG) and the formation of HCI (from
HOI, play an important role in the atmospheric chemistry of atomic chIonnel and methane). The_se prqducts are reservoirs
the halogen oxide radicals and in the ozone deplétidf2The for active chlorine rather than the final sinks, because other
role of these molecules in photochemistry of upper atmosphere€2ctions can release catalytically active species &gain.

is highly dependent on their photolysis in the long wavelength _ Similar processes are connected with HOBr photofysis.
region ¢ = 300 nm). For example, the photodissociation of Recent measurements indicate that the ozone depletion potential

The chain length of the cyclic processes 3 and 5 is limited by

HOCI for bromine is even greater than that of chlorine (on a per
molecular basis)® Hypobromous acid is produced in the
HOCI 4 hy — HO@II) + CI(%P) 1) atmosphere both by gas-phase reaction
leads to an effective ozone depletion processes through the HO, + BrO—HOBr + O, (7)
chaint-67
and by heterogeneous reactions involving the hydrolysis of
OH+ O;—HO, + 0, 2 BrONO, on aerosol particles in the night time stratosphere
Cl+0;—CIO+ 0, 3) H,O + BrONO, — HOBr + HNO, (8)
and a recombination of the produqts of the reactions 2 and 3 p gjmilar reaction between water vapor and CION®alogous
reproduces hypochlorous acid again species generate HOCI molecule in the stratosphere. Together
HO. + CIO — HOCI + O. (4) with reaction? this reaction complex constitutes an important
2 2

source of atmospheric hypochlorous atfdmportant sequence
of these reaction schemes is that hypobromous acid can couple
ozone destructive cycles involving bromine with those involving
chlorine and OH radicals?

Clo+0—CI+0, 5) The number of investigations of the final member of this

series, HOI, is far fewer; although, the hypoiodous acid too is

provide a route for consumption of odd oxygen that can treated as an important species in the chemistry of atmospheric
significantly add to the direct Chapman reaction iodine1°-13 Significant levels of CHl in the troposphere are a
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Thus the net reaction 20~ 30, occurs. The reaction 3 together
with the process 5
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result of oceanic algal activity Atmospheric iodine is almost ~ hypobromous acids absorption spectra is difficult to elimi-
exclusively of biogenic origin. The Cilis rapidly photolysed nate*29.67For example, many experimental studieé&18have

by solar radiation, so that the potential exists for IO chemistry used the same basic method for generating gaseous HOCI; this
to play some part in tropospheric processes. The solar radiationis an equilibrium mixture of dichlorine monoxide and water
that has not been absorbed in the Hartley band of ozone, that isvapor

a part of visible region (386430 nm) which penetrates to the

troposphere, can induce important photochemical processes with H,0 + CI,0 — 2HOCI (12)
iodine containing compounds. The analogous reaction of reac-

tions 4 and 7 for the iodine oxide radical was proposed as a The problem is that the equilibrium constant of this reaction is

source of HOR4 very low (0.08-0.09 at 298 K)}:>18 As a result of the limited
pressure of water vapor, the complete conversion e©Qb
HO, + 10(°I1,,,) — HOI + O, 9) HOCI cannot be achieved at normal temperature. The presence

of Cl,O contaminates the absorption spectrum since the dichlo-
The continual production and photolysis of gaseous hypoiodousrine monoxide is a very strong absorber in the UV region where

acid by the reaction sequence egsl4d vapor of hypochlorous acid also absorbs. Molina €t’and
Knauth et al® recorded the absorption spectrum of dichlorine
HOI + hv — HO(Tl,,) + I(*Py.,) (10) monoxide and subsequently added water vapor to the optical
cell. After equilibration was attained, the spectrum of the mixture
I(*Py),) + O;— 10(*I1,,) + O, (11) was recorded and any changes relative to the pure spectrum of

Cl,O were attributed to HOCI formation. The equilibrium
is believed to provide a minor loss process for ozone in the constant for reaction 12 and the absorption cross-section for
troposphere. The GiHimay also be sufficiently long lived for ~ HOCI were determined simultaneously by varying the concen-
some transport up to the stratospheteAs with bromous tration ratio for the reagent. Though the equilibrium constant
analogous, the inorganic reservoirs of HOI and IQN&®De has larger effect on the HOCI spectrum in the short wavelength
rapidly photolyzed. The influence of iodine photochemistry on region, it still influences the absorption measurements at
ozone concentrations in the lower stratosphere has been300 nm, which is particular important for interpretation of the
considered by Solomon et &kthey stressed the important role  present theoretical study.
of reaction 9 and the possible reactions of 10 with other halogen  The reported spectra of HOCI molectlé® 1820 are quite
monoxides. different in the whole region of wavelengths and in particular

Since reactions of the type (1) for all molecules HOCI, HOBr, at the UV-A tail,A = 320 nm. Molina et af. obtained a very
and HOI are the rate-determining steps of the chain, an accurateveak shoulder starting at= 400 nm which strongly depends
determination of the UV absorption cross-section of hypochlo- on the equilibrium constant of the reactiérthis shoulder
rous, hypobromous, and hypoiodous acids is necessary foralmost disappears in the spectrum presented by Mishalanie et
assessing the role of these molecules in the photochemicalal.’®> The uncertainty depends on some additional products which
reaction cycles in the atmosphére’ That is why the UV could occur in the reactiohBurkholder have combined the UV
absorption spectrum of HOCI has been the subject of many absorption spectra recorded following photolysis of the same
experiment&>-71520 and theoreticdlP28 studies. Spectro-  equilibrium mixture$? with the infraredv, band intensity
scopic data on hypobromous acid are sparse, although recenmeasurement in the HOCI molecule; therefore, the HOCI
studies by Orlando and Burkhold&and by Barnes et dlhave concentration was calibrated by the IR spectfinthe UV
provided an accurate measurements of its absorption in the nearabsorption spectrum from Burkholder's measurements displayed
UV and visible region. The gas phase ultraviolet and visible a maximum at 242 nm with a cross-sectior= (2.1 + 0.3) x
absorption spectrum of HOI has been studied by Jenkin during 1071° cn? and a secondary peak at 304 nm= 0.6 x 10719
the modulated photolysis of flowing 4, + I, mixtures?14 cm?. This spectrum was in excellent agreement with that of
The UV—vis absorption spectrum of HOI has also been studied Knauth et al8 but was in poor agreement with other measure-
in the aqueous phaseThe infrared spectrum of hypoiodous ments®151°The cross-sections of Permien et'ahave been
acid was recently investigated in gas phase in d&tad. adopted by the NASA as the recommended values for strato-

The HOCI and HOBr molecules have intense absorption in spheric modeling.Some recent measurements presented in ref
the near-UV region. The maxima at= 240 nm (HOCI) and 2 are in agreement with the Burkholder’s d#&tat should be
=~ 280 nm (HOBr) are much stronger than the longer wavelength stressed that Burkholder assigned a larger absorption cross-
peaks atl = 300 nm (HOCI) andl = 350 nm (HOBr)? In section in the long-wave region 34380 nm and presented
contrast to the spectra of hypochlorous and hypobromous acidssome weak irregular absorption features in that part of the
the absorption spectrum of HOI molecule has an intense first spectrun?®
peak in the visible region at 410 nm and the weaker second Analysis of the long-wave tail absorption in all three
peak at 335 nm:14 Behind these very prominent qualitative molecules would be worth to start with the hypobromous acid
differences, there are some very weak absorption features inspectrum. Orlando and Burkhold&were able to minimize the
the long wavelength tails of HOCI and HOBr molecules, which problem of HOBr absorption spectra contamination by careful
are of principal importance for the proper interpretation of the background subtraction; they obtained an accurate absorption
electronic spectra of the whole halogen-hydroxide series. cross-section even for the overlapping spectral region—240

A big difficulty in recording the electronic absorption spectra 400 nm. Barnes et &P have used an alternate method of
of HOCI and HOBr molecules is determined by interference recording an absorption-like spectrum of photodissociating
from strong absorption bands of O and BpO radicals, molecules. They monitor the yield of a particular (OH)
respectively. These species are typically present in large photogragment while scanning the wavelength of the incident
concentrations as part of the source chemistry required to light. A new absorption band400—-500 nm) of hypobromous
generate such unstable molecules as HOCI and HOBY; thus, theacid centered at 440 nm was detected by this method and
contribution of C4O and BgO radicals to the hypochlorous and tentatively assigned to a triplet state of HOBAlthough the
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peak absorption cross-section is very wegly ~ 10721 cné, comparative analysis of HOBr and HOI spectra with particular
its influence on the photochemical lifetime of hypobromous acid attention to the role of the-ST transitions in photodissociation
is great due to proximity of the 440 nm region to the peak of of hypochlorous, hypobromous, and hypoiodous acids. It will
the solar actinic flu¥. The model of sudden ozone depletion in  be shown that absorption by the first and second excited triplet
the Arctic troposphefeincludes uncertainties in the HOBr  states of hypohalous acids makes a nonnegligible contribution
photolysis rates; this hampers the assessment of the bromingo the overall atmospheric photochemical activity of these
chemistry contribution to Arctic ozone loss. An additional molecules. By taking into account the importance of TheS
important contribution of the singletriplet long wavelength  transitions in ozone itsef-36-38 the involvement of the triplet
absorption to HOBr photolysis rate may have serious implica- states in the chemistry of the recombination and photodisso-
tions for the ozone depletion model. ciation processes 3= O + 0,,%° one can make the general

The singlet-triplet absorption of HOCI at the long wave- con(;lusion that phqtpchemﬁstry of the triplet states ;hould be
length tail ¢ = 350 nm§-23is of similar importance. Theoretical ~@n important, additional, issue in the stratosphenc_ ozone
results for singletsinglet transitior®=23 and some early problgm. The present results suggest th_at atmospher_lc photo-
measurements®15 indicate negligible HOCI absorption at phgmlstry of.the heavy halogen (bromine and, particularly,
wavelengths longer than 300 nm. The ozone molecule itself hasiodin€) containing compounds would strongly depend on the
a sufficiently strong absorption &t < 300 nm3233 f the radla_\tl_ve_ and nonradiative smg’rellrlp!et transitions; therefore,
conclusion of ref 21 is correct, the HOCI molecule would be 'elativistic effects should be taken in proper account.
stable to photodissociation if it is formed in the lower and middle
stratosphere (below 50 km) where the solar UV radiation is
attenuated by ozone at wavelengths shorter than 300 nm. In  The multiconfigurational self-consistent field (MCSCF) cal-
that case HOCI would be an inert reservoir for stratospheric culation in a complete active space (CAS) is a general
chlorine?! A significant fraction of stratospheric chlorine might  background of the computational schefiié® implemented in
indeed be found in the form of HOCI if the reaction 4 is faster the present work. The correlated MCSCF reference wave
than the photolysis reaction 1 and other reactions of HOCI with function is used for the response theory treatment of the singlet
OH, Cl, and O radical&!® The rate constant of reaction K, singlet (S-S) and singlettriplet (S-T) transitions. The SS
= (4—-6) x 10712 cm¥molecules, is higher than the rate transitions are calculated by linear response (LR) methéH.
constants of HOCI decomposition reactions with radiédfs.  The poles of the response funct8give the excitation energies
The stratospheric photodissociation rate of reaction 1 estimatedand the residues at the excitation frequency give thesS
by Jaffe and DeMor¥ is sufficiently fast to make HOCI|  transition moments to the corresponding excited states. Fie S
unimportant as an inert reservoir for stratospheric chlorine. This transitions are forbidden in the nonrelativistic approximation,
is in accord with the absorption cross-section measurements bybut spin-orbit coupling (SOC) mixes the spin multiplicity and
Molina et al®’ and by other®1820indicating that absorption  gives rise to a nonvanishing transition dipole moment. There
beyond 300 nm is sufficiently strong. has been a number of ab initio studies of theTStransition

Ab initio calculationd*27 of the HOCI photoabsorption cross- ~ Probabilities, see, for example, refs-486. A typical approach
section are in semiqualitative agreement with the experifiént. nas been to describe the spiorbit coupling perturbation in
From calculations of Nanbu et At follows that the singlet terms of a selected set of intermediate states and performing
singlet absorption spectrum of HOCI consists from an intense eXPlicit summations over the intermediate states. BpeT;
peak at about 250 nm (mostly th&2 — 1A’ transition, with transmon_dlpole r'_nomgnt (_:onnected with a particular spin
a calculated vertical excitation energy of 5.16 eV) and a shoulder Sublevekis determined in this case by the well-known equation
with a maximum at about 300 nm (théAt’ — 1'A’ transition, I
with a calculated vertical excitation energy of 4 eV). All M (T) = HIr'|ITiT=

Il. Method of Calculations

theoretical studiés_?.l*%v28 predict that the first singletsinglet [ﬁ|rl|sz[]]$|Hzo|T‘f0[j [ﬁ H|§0|Tﬁ0[m'ﬁ’10|rl|'|'lfo|:]
1IA" < 1IA transition probability is significantly smaller than 2” + zm

that for transition to the A’ state. It is important to stress E(T(l)) - E(Sg) E($ - E(Tom)
thatthe calculateéf27 singlet-singlet absorption intensity at (13)
290-330 nm (the 3A" < 11A' transition) is significantly lower

than the experimental measured cross-secti®r® 20 |t was where HS, is the kth componentk, | € x, y, 2) of the SOC

claimed recentl8? that the second singletriplet transition operator {7 and T; denote the zero and first order wave
produces an important additional contribution to the UV functions of perturbation theory). Itis useful to employ Cartesian
absorption cross-section in this region. The most recent andtriplet components (zero field splitting, ZFS-spin functions)
accurate theoretical calculations of the singkihglet absorption ~ which are related to the spherical components (high external

cross-section in the UV-A region (32@00 nm¥>~27 are in magnetic field, HEMF-spin functions) by the irreducible tensor
agreement with measurements of Mishalaine et dbut transformatiof?
contradict the spectra recorded by Knauth ééahd Burkhold- I IR
er?0 |t seems that the agreement is accidental; the results of ref x_1 " -T 5 T +T ,_ T

. S ; X T=——"r— T=i—=-T= (14)
15 underestimate absorption in the UV-A region, and theoretical J2 V2

studied>27 consider only the singletsinglet transitions. The

authors of the ref 28 tried to assign the weak absorption in the Each spin sublevel of the triplet staf& is associated with a
range 366-380 nm recorded in some experimental stutfié20 specific S-T transition probability.

to the first singlet-triplet transition of hypochlorous acid. Since It was noted*4"46that convergence of the-g transition

the papet® has been published, some new important results have moment row, eq 13, in configuration interaction (Cl) treatment
been reportetf* 3> for the HOCI molecule. In this paper we is very slow. Many terms in the sum-over-state expansion, eq
shall briefly recapitulate the results of the HOCI molecular 13, are of similar magnitude but of different sigiig’” Vahtras
study?® with some new additional calculations and present et al#2 have proposed to use the response theory and demon-
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strated® that the matrix element of eq 13 is associated with the

residue of a quadratic response (QR) function at the excitation O
frequency of the ST transition. The sum-over-state expression, @ H o]
eq 13, in MCSCF QR theory of the-S transition moment is

replaced by solutions of sets of linear equatithSince these ® O

solutions can be determined using direct iterative techniques

of the response equations, large dimensions and therefore large

orbital and configuration space MCSCF wave functions can be

considered. Therefore, errors from truncation of the slowly

converged expansions, employed in conventional procedures,

is completely avoided. The method used is fully analytical and

can be seen as an analytic analogue of a finite field calculation

of the dipole transition moment from an MCSCF linear response H o z

calculation where the spirorbit operator represents the applied (@

field. The MCSCF QR method employs the operators associated

with describe the effect of an external perturbattérBy

allowing the orbitals to relax in the response to the external X =Cl, Br,1

field, the requirements to the CI expansion is reduced. Both Figure 1. (a) Choice of axes for the HOCI, HOBr, and HOI molecules;

orbital excitation operators and configuration excitation operators (b) the biradical structure of the equilibrium lowest triplet state.

describe correlation. Conventional configuration interaction

approaches use only the latter, and call for more elaboratefor all HOX molecules (X= Cl, Br, ) is given in Figure la.

calculations to obtain an equal correlation level. The restricted At the equilibrium ground state geometry the Hartré@ck

Cl method also leads to size-consistency errors when +He S electronic configuration (Sadlej basis set) of HOCI molecule is

transition dipole moment is studied as a function of vibrational

displacements or as a function of reaction coordinate. Different 1'A’(HOCI) =

molecular geometries can lead to different sets of configuration (core)?(6ad)%(7d)?(84)%(2d")%(9d)*(104)%(3d’)? (15)

state functions and also to different patterns of summation in

the truncated row (eq 13). The corresponding ground state configuration of HOBr and HOI
Calculations of spectral properties of HOCI, HOBr, and HOlI molecules look like the following

molecules have been performed by MCSCF QR method with

account of few basis sets and complete active spaces (CAS)llA’(HOBr) =

patterns. The correlation-consistent basis sets of Dunning'®t al. (corey(124)%(134)%(144)%(5d")*(15d)*(16d)*(6d’)? (16)

have been widely used for HOCI molecule. The polarized

valence doublé- (cc-pVDZ) basis set was formerly imploied and

in photodissociation and-ST transitions intensity calculations

of HOCI molecule?® Basis sets of Sadf®jand Ahlrichs et al. 1*A'(HOI) =

(VDZ and VTZ)! and Dunning’s triple (cc-pVTZ) basis set, 8 2 2 20 2 2 2, N2

as well as the augmented (aug-cc-pVDZ) basis set, are also used(coref (184)(194)(20a)"(8a")"(214)"(22&)"(94")” (17)

for comparison for geometry optimization and for spectral_ In all MCSCEF calculations the core orbitals were set inactive.
properties study. It was found here that the aug-cc-pVDZ basis £ fe\y trial sets of MCSCF calculations all other occupied

set is adequate for the both singlétiplet transitions study in MOs (five orbitals of & symmetry and two orbitals of"a
the HOCI molecule. I_:or HOBr molecule the basis set of S_%Iej symmetry) and three empty MOs (2,1) have been included in
and VDZ set szAhIr'ChS et dl.as well as the 3-21G basis set  yhe complete active space (14 electrons in 10 orbitals) which
of Pople et ab? were employed. The HOI molecule was .,responds to 7232 determinants '8¢ symmetry for the

calculated with the 3-21G basis Seonly. For comparison of  eference ground state. Here and in the following the notation
the vertical excitations in both molecules we shall concentrate (n, m) refers to the number of orbitals of (a&’) symmetry in

attention on the results obtained in the Sadlej's and Ahlrich’s o complete active space. Exclusion of the lowest occupied
VDZ basis sets. Though the VDZ basis set of Ahlrichs étal. valence orbital (6aMO in HOCI, 124 MO in HOBr, and 184

is quite moderate (for light atoms) and overestimates bond \10 in HOI molecule) with low energy —1.39 au) does
lengths at MCSCF level of geometry optimization, it gives the practically not influence the results of spectral calculations. So
S—T transition moments in quantitative agreement with the amost all calculations were performed in a CAS with six MOs
results obtained with the cc-pVDZ and cc-pVTZ basis sets of 4f the & type and three MOs of the''aype (12 electrons in
Dunning et aft? for HOCI molecule?® The most intensd; nine MOs). This CAS (6,3) includes 3560 determinants for the
S transitions are obtained for thé spin sublevel; for all basis  yeference ground state. The extension of the empty MOs is very
sets studied in previous wdfkthese transition dipole moments | nreasonable from two points of view: the three lowest empty
are very close to values 0.008 and 0.002 au yoand z orbitals, included in this CAS, are pretty well separated in energy
polarization, re_spectivel%ﬁ. Finally, comparative anal)_/sis ofall  foma large group of quasi-degenerate MOs which occur in all
hypohalous acids (HOCI, HOBr, and HOI) spectra is made on pasis sets. The same trend is seen from the natural orbital
the 3-21G level of theory, which is shown to be relevant for gccupation numbers obtained by MP2 calculations. Furthermore,

Semiqua"tative purposes. The-$ transitions intensity is well attempts to increase CAS by extension of a number of empty

reproduced on the 3-21G level in comparison with much more grpijtals lead to physically unreasonable Btransition moments

flexible basises. of about 1 au (may be because of a poor balance from different
A full form of the spin—orbit coupling operatof? including guasi-degenerate state contributions). Transition energies to the

one- and two-electron terms, was employed. The choice of axesnine lowest excited states calculated by MCSCF linear response
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method are quite close in all the tested CAS spaces and are  -534.70 " ; - :
similar to results of other recent calculatioi?s.

We have used the same approximation for estimation of the
absorption cross-sectian(v) which was introduced in ref 21.
Only the O-X bond length dependence (X Cl, Br, 1) of the
transition moments is taken into account. -534.80

o(v) =
8.7'[31/3 n
3hc &

Energy, a.u.

Ry LW (1o sOMI(ro )W, (o) drg |2
| (18)

-534.90 |

Herev is the frequency of the transition (cr), Ef is an energy
of the final (upper) dissociative stat&g, is the upper state A
continuum wave functioriyl is the electronic transition dipole
moment between the initial (ground singlet state) and the final
triplet Tk state determined by eq 1%, is a vibrational wave O-Cl distance, A
function of the ground staté;,, is the fraction of ground state  Figure 2. O—Cl bond length dependence of the total energies for the
molecules in theth vibrational level. The limits of integration ground and few excit_ed states in the HOCI m_olecule calculated by the
are in angstroms. MCSCF LR method in the aug-cc-pVDZ basis set.

At frequencyv the upper state turning poing is defined as 0.010
the value ofro_x (X = Cl, Br, 1) which satisfiesr = E¢(ro) —
E., whereEx(ro) is the energy of the final state relative to the
ground state equilibrium geomet#y The MCSCF-calculated
energy gradients are used for numerical estimations of the
integral 18 with an account of the Airy function approd&éh.
The leading term in this expansion is simply the “reflection”
approximation for bound-continuum transitioisThe Boltz-
mann-averaged cross-section at 300 K is given in the following
discussion.

Formally determined oscillator strengtf) for the T— S
absorption calculated with the electronic transition moment of
eq 13

1.8 2.0 2.2 24 2.6

-535.00 :
1.6

0.008 -

0.006

0.004 - J
M,(T)

Transition moments, a.u.

0.002 - v

2 ——

8&vmev— .. LN I

Z|'V||(-|—k)|2 (19) CoIeEmTT T W™

3he 0.000, == e 20 22 2.4 26
O-Cl distamce, A

fi=

yvithout an account qf nuclear wave functions is also_ presented Figure 3. O—Cl bond length dependence of tie — S transition

in the tables. Assuming that the FrargRondon factor is equal  gipole moment in the HOCI molecule calculated by the MCSCF QR

to unit for the vertical T— S transition from the bound to the  method in the aug-cc-pVDZ basis set.

dissociative state, this formally determined oscillator strength

is a rough measure of the absorption intensity at the maximum molecule optimization in the same CAS. The results of the

of the T-S band. MCSCF geometry optimization in the ground and in the first
In addition to previous study of HOCI molecéfethe excited triplet state of the HOCI, HOBr, and HOI molecules

extended geometry variations for excited states dissociationgre presented in Tables 1 and 2, respectively, together with

reaction paths by grid points have been done here. The MCSCFexperimental and other theoretical data. For the ground state

QR and LR calculations with the experimental ground state a|| methods predict similar results which are quite close to the

geometry also have been performed and then the potentialexperimental bond lengths and infrared (IR) frequencies. The

energy curves, the singlesinglet and singlettriplet transition |R intensities of the ground state HOCI molecule obtained in
moments as functions of the €X distance at the fixed  this work in the basis set of Sadi®jre in a good agreement
experimental ground state geometric parameters foritH®X with the results of recent coupled cluster CCSD(T) calculations

angle and for the ©X bond length were studied. These of | ee53 A similar geometry of HOCI molecule has been
calculati_ons have been done with the (_aug-cc-pVDZ) ba_lsis Setoptimized by Nanbu and Iwaf8,but they obtained a rather
of Dunning et af® for HOCI molecule (Figures-24) and with strange bending vibration frequency (344 dn The basis sets
the Sadlej basis set for the HOBr molecule (Figure§h The  of Anlrichs et alf! slightly overestimate bond lengths and
3-21 basis set results are presented in Figurel0or the HOI  nqerestimate the IR intensity of the-® stretching vibration
molecule. in the HOCI molecule. Only very recent accurate CCSD(T)
calculations in a very big basfs*>give the G-Cl distance close
to the experimental value 1.695Aand also reproduce the
A. Energetics of the Ground and Excited States. Dissocia- [OHOCI angle. The dissociation energ®d of hypochlorous
tion Paths. Geometry optimization of HOCI molecules have acid in respect to ClPs) + OH(?I13/,) cleavage obtained with
been performed by the MCSCF method with CAS (6,3) in six the aug-cc-pVDZ basis set is equal to 51.3 kcal/mol; this should
different basis sets; three basis sets have been used for HOBbe compared with the recent very accurate predidiiprr 62.3

I1l. Results and Discussion
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dipole moment in the HOCI molecule calculated by the MCSCF QR dipole moment in the HOBr molecule calculated by the MCSCF QR

method in the aug-cc-pVDZ basis set.
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Figure 5. O—Br bond length dependence of the total energies for the Figure 7. O—Br bond length dependence of the — & transition
ground and the two lowest triplet states in the HOBr molecule calculated dipole moment in the HOBr molecule calculated by the MCSCF QR

by the MCSCF LR method in the basis set of Sadlej.

kcal/mol2® It is interesting to note that the MNDO CI mettSd
gives the heat of formation of HOCI molecule 16.98 kcal/
mol) in excellent agreement with experimental ddtand also
reproduces the ground state geometiy(= 0.95 A, roc) =
1.683 A, OHOCI = 106.7) quite reasonale (see Table 1).
MNDO CI results were used in this work for a preliminary study
and qualitative interpretation of the spectra.

The O—H bond in the hypobromous acid is slightly shorter

method in the basis set of Sadlej.

LR calculations for HOBr molecule is very similar to that
obtained before for HOCI molecufé?8 The five studied low-
lying excited states of HOCI, HOBr, and HOI molecules are
all bound with respect to the €H stretch. Our search by grid
points in LR MCSCF method (VDZ basis set of Ahlrichs et
al®1) indicates that the low-lying triplet statéa’ and3A’ must
dissociate to OHt+ X products (X= ClI, Br). Though the both

than in the hypoclorous acid; all methods reproduce this delicatetriplet states can dissociate, in principle, to théR)(+ HX

trend (Table 1). The ©Br bond is longer than the -©Cl bond

products (this asymptote is lower in energy than vertical

by 0.15 A; this difference is not so large in our calculations €xcitations, but slightly higher than the OH X limit for both

(0.06-0.1 A). The G-I bond is longer than ©Br bond by

molecules), the starting acceleration of fragments will prevent

0.157 A, and the 3-21G basis reproduces this difference prettythe O+ HX formation in a primary photochemical step. The

well (0.163 A). The lowest excited triplet statéAl’ and BA’
of all three molecules are repulsive in the Fran€ondon
region in the vicinity of the vertical excitation from the ground
1IA’ state. At the ground state internuclear distances*stie
state is bent, while th#A’ state is linear. The bending potential

lowest BA" triplet starts to dissociate in a bent structure, while
the second excited triplet statéAl, undergoes fast linearization
along the dissociation path. Similar behavior is obtained for HOI
molecule in 3-21G basis set calculations. At this point we do
not pay attention to different spirorbit components ratio for

is very soft in both triplet states. This angle dependence obtainedthe dissociation products OH{;):X(?P;); this work is under

by the linear response (LR) meti8dor HOCI molecul@® is

reproduced also for HOBr species in basis set of Sadlej. The

the progress.
MCSCF (aug-cc-pVDZ) potential energy curves for tha'1

dissociative behavior of the five lowest singlet excited states and EA'" states along the dissociation reaction coordinate
and of the two triplet states obtained in this work by MCSCF (elongation of the ©Cl bond at the fixed ©H distancero-y
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Figure 8. O—1 bond length dependence of the total energies for the O-I distance, A

ground and few lowest excited singlet and triplet states in the HOI Figure 10. O—I bond length dependence of tie — & transition
molecule calculated by the MCSCF QR method in the 3-21G basis dipole moment in the HOI molecule calculated by the MCSCF QR
set. The!A’ states are denoted by solid lines, th¢ states are denoted ~ method in the 3-21G basis set.
by dashed lines, and the triplet states are denoted by dotted lines.
structure of this system is represented in Figure 1b. The relative
stability of the linear CIHO molecule in the triplet state could
be easily understood in terms of the arguments presented by
Goddard et a¥’ considering 37, and 37y electrons, as in the
O, molecule. Just the same result has been obtained by MCSCF
geometry optimization of the lowest tripleA’" state in the
HOBr system with larger basis sets than 3-21G (Table 2). The
last basis does not predict a bound triplet state. For this reason
the search for the triplet state geometry optimization in the HOI
molecule has not been performed, since the 3-21G basis cannot
reproduce weak intermolecular interaction in such systems
)l (Table 2). But we can anticipate that the bound radical pair |
+ HO" should also exist; a strong SOC contribution will produce
an additional stabilization of this heavy system. The predicted
XHO triplet structure near the dissociation limit hardly has any
importance for the photodissociation process since the X and
_ _ o8 OH fragments pass through this region with high velocity. But
O- distance, A this triplet state of the radical-pair-like structure (Figurelb) could
Figure 9. O—1Ibond length dependence of tiie— S transition dipole definitely be important for the recombination reactiorfiXy+
moment in the HOI molecule calculated by the MCSCF QR method OH and for the process described by eq 4.
in the 3-21G basis set. Triplet state collisions of two radicals occur more often
= 0.98 A and anglé]JHOCI = 100.8) are shown in Figure 2.  because of the statistical weights ratio (3:1) in comparison with
There is a very weak minimum on the lowest triplet state curve the singlet state. The weakly bound triplet radical pair (Figure
atro-ci = 3.75 A with a dissociation energ. = 0.06 kJ/ 1b) being formed at slow collision conditions in the cold
mol. The minimum is well seen on a large scale curve. This is Stratosphere is a metastable spin trap. It has few quasi-degenerate
not a real minimum on the triplet state potential energy States with very large spirorbit coupling (SOC) matrix
hypersurface (PEHS) since the angle and theHCbond were elements between the singlet and triplet counterparts. The
fixed (OJHOCI = 100.8); but still it indicates a tendency to  reactive singlet ground statéAl (Figure 3) is 0.022 eV below
arrange a weak associate between Cl and OH moieties as a triplethe stable 3A™ triplet radical pair. The SOC between these two
state radical pair. From Figure 2 one can see that the loweststates is zero; the second tripléAl state is 0.081 eV above
triplet curve is very flat at large ©CI distances so the system  the singlet and has a big SOC matrix element with both singlet
is getting flexible atro-ci = 2.1 A. Complete geometry and triplet states. For the BHO complex the SOC maitrix
optimization at the same MCSCEF level gives the ang@HO element (1A' |H5|13A'0= 964 cnt! as calculated by LR
= 18C, so the Cl atom migrates to the other side of the OH MCSCF method in VDZ basis. Both triplets are mixed by
radical when the ©Cl bond is getting weak (Table 2). Only  bending vibrations and by SOC. It means that the~T S
the 3-21G basis predicts a nonlinear triplet bound state with intersystem crossing can occur leading to the total enhancement
stretched G-Cl bond (2.47 A), Table 2. A similar result has of the recombination rate and yield.
been obtained on the HartreEock level earlieP® The MCSCF The disproportionation reactions (reactions 4, 7, and 9) must
geometry optimizations of the3A" state with flexible basis proceed on the triplet state PEHS since the products HOX
sets predict the linear structure with the chlorine atom wriggled O are in the total triplet state (HOX has the singlet ground
out of the oxygen bonding. This is a tightly bound radical pair state and @has the triplet ground state). The separated radical
ClI* + HO® with De = 2.6 kJ/mol. The CtH distance in this pair HO, + XO could be either in the singlet or in the triplet
triplet state molecule (radical pair) is about 3 A. The electronic state. The intermediate triplet state consisting from two triplet
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TABLE 1: MCSCF Geometry Optimization for the Ground Singlet States 1'A’ of the HOCI, HOBr, and HOI Molecules. r Is
the Internuclear Distance (angstroms),v Is the Vibrational Harmonic Frequency (cm™1). IR Intensities (km/mol) in Parentheses;
E, Is the Total Energy (hartree) of the nth State

method ro-n (A) ro-x (A) OHOXi v1,0—H va,bend 13,X—0 E, (hartree)
HOCI
3-21@ 1.0098 1.8705 99.62 3318.4(7.05) 1247.6(50.8) 596.2(3.8) —532.353270
AhlrichsVDZ2 1.0029 1.8941 100.41 3406(37.9) 1182.0(43.91) 567.7(1.8) —534.714626
AhlrichsVTZ2 0.9941 1.8690 102.2 3467.8(21.9) 1206.6(41.8) 578(0.66) —534.970471
cc-pVDZ2 0.9785 1.75175 100.65 3708(62.1) 1274.4(36.5) 668(0.02) —534.97653
aug-cc-pVD2 0.9761 1.7446 101.37 3719.7(59.9) 1288.9(38.9) 698.0(2.63) —534.992847
Sadle 0.9784 1.7450 1012 3718.9(60.5) 1284.5(38.5) 693(2.83)  —535.005587
MRCI 0.9640 1.6960 102.66 3804.3 1275.4 734.0 —535.44035
CCSD(T¥ 0.964 1.723 101.7 3802(63) 1274.0(41) 704(4) —535.33348
CCSsD(TY} 0.9641 1.6918 102.85 3618.8 1243.5 729.6 —535.46159
exptP 0.9644 1.6890 102.96 3794 1272 739.3
HOBr
3-21@ 1.0076 1.9410 101.92 3334.6(8.3) 1226.1(41.4) 534.5(3.5) —2635.115489
AhlrichsVDZ2 1.0002 1.9530 103.59 3434.4(52.85) 1185.5(33.4) 506.3(2.18) —2647.473917
Sadlef 0.967 1.849 102.82 3918.0(59.1) 1181.5(31.5) 603(2.3)  —2647.889613
CISD 0.955 1.842 102.8 3991 1233 653 —2648.01040
MRCISD 0.966 1.897 100.1 —2647.91641
CCSD(T) 0.964 1.884 100.9 3837 1180 573 —2648.06638
CCSD(Ty 0.964 1.853 102.3 3807 1197 608 —2648.22065
exptf‘ 0.961 1.834 102.3 3792 1194.2 629.7
HOI
3-21@ 1.0078 2.1044 103.73 3329.6(11.95) 1176.3(35.6) 484.6(3.6) —6962.380763
expth 0.964 1.991 105.4 3625.8 1068 575

aThis work. MCSCF in (633d’) CAS. P Reference 35. Multireference Cl in the aug-cc-pVQZ basis set of Dunning*®aagmented with
some diffuse AOs¢ Reference 53. Coupled-cluster method with singles, doubles, and partly triple excitations in the TZ2PRefsience 34.
Coupled-cluster method with singles, doubles, and partly triple excitations in the cc-pV5Z basis set of Dunnffi¢*&eference 35. Reference
3. 9 Reference 66" Reference 65.

TABLE 2: MCSCF Geometry Optimization for the Lowest Triplet States 13A" of the HOCI| and HOBr Molecule. r Is the
Internuclear Distance (A), v Is the Vibrational Harmonic Frequency (cm~1). IR Intensities (km/mol) Given in ParenthesesE, Is
the Total Energy (hartree) of the nth State

method ro-n (A) ro-x (A) OHOXI v1, O—H va,bend v3,X—0 E. (hartree)

HOCI

3-21¢ 1.0180 2.4678 93.39 3195.75(15.34) 497.93(150.38) 171.47(23.2) —532.2930882

AhlrichsVDZz2 1.0067 3.8552 0 3369(4.2) 161.8(161.3) 73.8(0.3) —534.666087

AhlrichsVTZ2 0.9991 4.09594 0 —534.921446

cc-pvDzZ2 0.9829 3.9834 0 3655.7(19.2) 121.4(123.6) 52.9(0.12) —534.907913

HF, 6-31G(d), 0.959 3.009 104.9 —534.83284
HOBr

3-213% 1.0173 8.9802 0 3171.27(32.62) —2635.03885

AhlrichsVDZz2 0.9763 3.9880 0 3761.8(42.09) 145.86(195.00) 59.39(0.15) —2647.37918

Sadlef 0.9852 4.0059 0 3358.2 138.2 52.3 —2647.80453

aThis work. MCSCF in (6934d’) CAS." Reference 56 This structure corresponds to the linear XHO complex withy ~ 3 A. d With the
3-21G basis set geometry optimization of the lowest triplet state leads to dissociation to EYH

molecules XHO and ©can play the role of a spin trap which B. Selection Rules for theT;—S, (1°A” — 11A") Transi-

finally passes through the ¥ S transition inside the XHO tions.In HOX molecules the tripletsinglet transitions to three

moiety in order to produce separated products of the reactionsspin sublevels of the triplet state have different intensities and

(reactions 4, 7, and 9). polarizations, which follows simple selection ruf8she triplet
Linear response calculations for the two triplet stata$ state spin sublevels, eqs-21, transform as irreducible repre-

and®A’ along the dissociation reaction coordinate (elongation sentations of rotations around the symmetry axes; ilCgyoint

of the O—X bond at the fixed @H distancero-y = 0.98 A group they do it in the following way:

and anglesIHOCI = 101° andJHOBr = 102 and[OHOI =

103.7) give physically reasonable solutions for all distances T“e A’ (20)
except for very long & X separations (for exampleg—¢c| = 3
A). In this region the LR method gives some nonregular T, T°e A" (21)

behavior. This region will not be treated here since it does not

contribute to the photoabsorption cross-section. The MCSCF The electric dipole momentM = €}ir;) transforms as a
ground state potential energy curves (PEC) in all three moleculestranslation along the axes:

are smooth along the whole reaction coordinate as well as the

singlet excited states PEC obtained by the LR method. We shall M, e A" (22)
use the quadratic response (QR) method for calculations of the
13A" — 11A" and BA’ — 1'A’ transitions dipole moments in My, M, e A’ (23)

the vicinity of the Franck Condon region.

Results are presented in Tables4and in Tables 56, So we have the following selection rule: I. Transitioi\l —
respectively. Summary for the whole spectra calculations is 1'A’ to thex spin sublevel ix polarized k axis is perpendicular
given in Table 7. to the molecular plane). Thespin sublevel of the triplet state
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TABLE 3: T; <— S Transition in the HOCI Molecule. MCSCF Quadratic Response Calculations of the Vertical Triplet-Singlet
Transition Moment My(TP) = [1tA'|eY;a|13A" (TP)O(in 1076 au) at the Averaged Equilibrium Geometry in the Ground State

fo-ci = 1.75 A, roq = 0.98 A, DHOCI = 100.8. AEs Is the Transition Energy, fa Is the Oscillator Strength for the T, — S
Absorption Polarized along thea Axis

Ma(TP) 3-21G cc-pvDZ cc-pVDZ aug-cc-pvVD2 Ahlrichs Sadlej
M(T) 110 73 81 18 167 4
My(T) 564 581 586 815 336 580
M) 179 8183 292 545335 335
My(T9) 6621 7713 7709 7788 8276 8591
MA(T?) 2424 2222 2217 2404 2493 2268

Transition Energy (eV) and Oscillator Strength

AEs7(eV) 3.23 3.01 3.01 3.36 3.22 2.91

fx 9.6 x 10710 3.7x 10710 45x 1071 2.7x 1071 8 x 1071 3x 10718

fy 3.5x 106 4.4x 106 45x 106 5.05x 10°© 5.4x 10° 5.3x 106

f, 4.4x 1077 49x 1077 49x 1077 4.8x 1077 5.1x 1077 3.7x 1077

frotal 3.94x 106 4.8x 106 49x 106 55x 10°¢ 59x 10°° 5.7x 106

aExtended CAS (7¢8d’; 14 electrons in 10 MOsY.Calculated at the experimental ground state geometry.

TABLE 4. T, & Transition in the HOBr Molecule.
MCSCF Quadratic Response Calculations of the Vertical
Transition Moment My(TP) = [11A'|eY;a|13A" (TP)O(in 106
au) at the Averaged Equilibrium Geometry in the Ground
Statero-g = 1.85 A, roq = 0.96 A, JHOBr = 102.3. AEs
Is the Transition Energy, f4 Is the Oscillator Strength for the
T1 — S Absorption Polarized along thea Axis

Ma(TP) 3-21G AhlrichsVDZ AhlrichsVD2 Sadlej
M(T9) 715 620 707 53
My(T) 2605 2122 1843 2904
MAT) 4137 6499 6866 1690
My(T9) 23477 3077 31542 31813
M(T?) 9888 11756 11888 10099
Transition Energy (eV) and Oscillator Strength
AEst(eV) 3.07 2.92 2.90 2.64
fx 3.84x 1078 2.74x 108 3.55x 1078 1.82x 10710
fy 419x 10° 6.8x10° 7.06x 10° 6.6x 107°
f, 6.63x 10® 1.29x 10°° 1.34x 10°° 6.78x 10°°
frotal 4.86x 10° 8.09x 10° 8.4x10° 7.28x 1075

aExtended CAS (7&3d’; 14 electrons in 10 MOs).

TABLE 5: T; — & Transition in the HOI Molecule.
MCSCF Quadratic Response Calculations with the 3-21G
Basis Set of the Vertical Transition MomentMy(Tb) =

1A’ €5 a 13A" (TP)O(in 1076 au) at the Experimental (exptl)
and at the o (opt) Equilibrium Geometry in the Ground
State. AEs 1 Is the Transition Energy, f, Is the Oscillator
Strength for the T, < S Absorption Polarized along thea
Axis

Ma(T?) (exptl} (opty (optpe
My(T?) 1005 1466 1121
My(T) 11174 10127 10242
MATY) 17733 11359 11495
My(T?) 50407 45466 45168
M9 26695 23631 23527
Transition Energy (eV) and Oscillator Strength
AEst(eV) 2.73 2.28 2.29
fy 6.74x 1078 1.20x 1077 7.05x 10°8
fy 1.78x 107 1.21x 104 1.20x 1074
f, 6.85x 1075 3.85x 10°® 3.84x 105
frotal 2.46x 107 1.60x 104 1.59% 1074

a Experimental equilibrium geometry in the ground state-, =
1.991 A ron = 0.9643 A,DHOI = 105.£. ® Optimized equilibrium
geometry in the ground states—; = 2.104 A rop = 1.0078 A, 0JHOI
= 103.73. ¢ Extended CAS (7&3d'; 14 electrons in 10 MOs).

has a zero spin projection on thexis, so both nonpaired spins
are precessing in the molecular plane. Il. Transitiofs''1—
1A' to they and z spin sublevels each have their particular

in-plane polarization. Our choice gf z axes is not arbitrary; it

is very close to the directions of the magnetic axes determined
by the zero-field splitting (ZFS) Hamiltonian, which accounts
for intramolecular magnetic interactions: spispin coupling
and SOC (in the second ordéf)The orientation of they and

z ZFS axes is slightly changed along the dissociation reaction
coordinate, but it is still close to that choice shown in Figure
la. This is important for analysis of the spin alignment in the
dissociation products.

C. T1—So (13A"" < 11A) Transitions in the HOCI, HOBr,
and HOI Molecules. The MCSCF QR results of the’A”" —
11A" vertical transition moment calculations in the HOCI, HOBI,
and HOI molecules are presented in Tables 3, 4, and 5,
respectively. The transition is determined mostly by the' 11a
— 3d' single-electron excitation in HOCI, by the 17& 6d’
excitation in HOBr, and by the 23a- 94’ excitation in HOI.
This is 0%_y — 75_y transition. Its singlet counterpart (the
A" — 1A’ transition) has a low intensity since thg_y
MO bears smals-character on oxygen and especially on the X
atom?” The T;—$ transition intensity depends mostly on the p
character of the_y, MO on the X atory’ since this quantity
determines spirorbit coupling with a number of low lying
singlet states. The transition moments dependence on-#t O
distance calculated in aug-cc-pVDZ basis set of Dunning €t al.
is given in Figure 3 for the HOCI molecule. These results are
quite similar to transition moments, presented befénehich
were obtained from the cc-pVDZ basis set at slightly different
geometry of OH fragment. (Equilibrium ground state-B bond
length and anglé1HOCI 102.96 were fixed along the dis-
sociation reaction.) The potential energy curves along this
reaction coordinate for HG- Cl dissociation are presented in
Figure 2. These PECs are very similar to the curves previously
obtained with the cc-pVDZ basis set and given in Figure 3 of
ref 28; the important difference is connected with the splitting
between thel, and S, states energy.

All transition moments for thél; — & absorption in the
HOBr molecule calculated from the basis set of Sadlej are given
in Figure 6; the vertical transition characteristics are presented
in Table 4 for few basis sets and active spaces used. The HOI
results (3-21G) are given in Figure 9 and Table 5.

We shall start with transitions determined by the selection
rule 11, since they are much more intense in all three molecules.
1. T—S (1%A" — 1IA) Transitions to the y and z Spin
Subleels From the above selection rules it follows that there
are four transition moments in this band: two for each spin
sublevel. It follows from Figures 3, 6, and 9 that for the studied
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TABLE 6: T, — & Transition in the HOCI Molecule. MCSCF Quadratic Response Calculations of the Vertical Triplet-Singlet
Transition Moment M,(TP) = [11A'|eY;a|13A"(TP)O(in 1076 au) at the Averaged Equilibrium Geometry in the Ground Statero_c

=1.75 A, ron = 0.98
Absorption Polarized along thea Axis

,OHOCI = 100.8. AEst Is the Transition Energy, f, Is the Oscillator Strength for the T, — &

Ma(TP) 3-21G cc-pvDZ cc-pVDZ aug-cc-pvVD2 Ahlrichs Sadlej
My(T%) 7853 9370 9485 8994 9309 10053
M%) 2096 2586 2630 2757 2171 2708
My(T) 2765 2824 3891 15252 9389 15907
Mx(T?) 1890 1151 1604 5797 4876 5516

Transition Energy (eV) and Oscillator Strength

AEst(eV) 4.59 4.10 4.11 4.39 4.33 3.90

fy 7.53%x 107 9.34x 1077 1.78x 107 2.86x 10°° 1.19x 1076 2.71x 10°°

fy 6.95x 10°° 8.81x 10°® 9.06x 10°° 8.69x 10°® 9.20x 10°® 9.66x 10°°

f, 4.95x 1077 6.72x 1077 6.97x 1077 8.17x 1077 5.00x 1077 7.01x 1077

frotal 8.2x 107 1.04x 107 1.15x 10°° 3.82x 10°° 2.16x 10°° 3.74x 10°°

aExtended CAS (7¢8d’; 14 electrons in 10 MOsY. Calculated at the experimental ground state geometry.

TABLE 7: T, — & Transition in the HOBr Molecule.
MCSCF Quadratic Response Calculations of the Vertical
Transition Moment My(TP) = [1'A'|eY;a|13A"(TP)O(in 10-6
au) at the Averaged Equilibrium Geometry in the Ground
Statero-g = 1.85 A, roq = 0.96 A, JHOBr = 102.3. AEst
Is the Transition Energy, f, Is the Oscillator Strength for the
T, — S Absorption Polarized along thea Axis

Ma(T?) 3-21G AhlrichsVDZ AhlrichsVD2 Sadlej
My(T9) 34317 40892 40677 40395
ML) 8001 8666 8646 10977
My(TY) 43932 72558 24173
My(T9) 23349 32871 7638
Transition Energy (eV) and Oscillator Strength
AEs(eV) 4.16 3.81 3.73 3.43
fx 2.52x 104 5.8x 10* 5.4x10°
fy 1.20x 10* 156x 10* 151x10* 1.37x10*
f, 6.53x 106 7.02x 10® 6.84x 10° 1.01x 10°°
frotal 3.78x 104 7.38x 10* 2.01x 10*

aExtended CAS (7&3d’; 14 electrons in 10 MOs).

range of the @X bond distances (1:62.7 A) the transitions
to thez spin sublevel are the most intense (see also Tabt€g.3
For these transitions to the spin sublevel, the absorption
probabilty is determined by integrals:

M(T?) = ELlA’|eZai|13A”(TZ)D (24)

wherea € y, zare in-plane axes. The singietiplet excitations
to bothy andz spin sublevels can borrow intensity from spin-
allowedn'A'—1'A’ transitions because of the SOC mixing
mA'[HE | 1°A" (T0)0 (25)
In eq 25b € y, z The most intense singtesinglet (S-S)
absorption in the near UV regioit (~ 240 nm) is determined
by the ZA'—1A’ transition which has polarization close to the
O—Cl axis in the HOCI molecule; similar results are obtained
for the HOBr and HOI molecules. Not only this transition but
also higher S'S excitations produce large contributons of the
same sign to the integral of eq 24.

Important contributions come also from the triptétiplet
(T—T) transitions 2A”"—mPA" by SOC induced interaction
between the ground singlet and theh excited tripletmA”
states

A [HE mPA" (T0)O (26)

whereb € y, z The largest contribution to the integral eq 24

and to the totall; <—— & absorption in all three molecules is
connected witla = y (polarization almost along the-€X bond)
and is determined by the intensity borrowing from tié'—
1IA’ transitions (se@ = 4 in Table 7) in the far UV region.

In the casen = m= 1, there is a particular contribution from
the difference of the permanent dipole momefisof the &
and T; states® The SOC integral eq 26n = 1, is equal to
160.9 cnt! (b = 2) and 37.8 cm? (b = y) for the equilibrium
geometry of the HOCI molecule; the corresponding SOC values
for the HOBr molecule are 891.5 cth(b = 2) and 217 cm?
(b = y). The appreciable admixture of the tripletAl'(T?)
character into the singletA’ ground state and vice versa could
lead, in principle, to a large contribution to the transition
momentt324 But the difference«(S)—u(Ty) is small ((S) =
1.65 D in the ground statey(T;) = 1.74 D in the triplet state
for the HOCI moleculeu(S) = 1.96 D andu(T;) = 2.09 D,
respectively, for the HOBr molecule. So these contributions
are small. Otherwise the transition moment should increase with
the O-Cl distance, since the energy gap between these states
goes to zero and the SOC integrals eqra6s 1, are still quite
large (untilro-x < 2.7 A). The reason for that the transition
moments1A’|eYir|13A" (THOalongy and z directions (solid
lines in Figures 3, 6, and 9) are descending functions of the
O—X distance is connected with the fact that the main
contribution to these integrals originate in the SOC mixing
between the triplet staf\" (T and the highly excited singlet
state 4A’. The verticalS—S, excitation energy is about 9 eV
with large transition momenly = (0.7—1) au. TheMy integral
increases until the distanag_x ~ 2 A is reached and then
decreases rapidly; this trend explains the behavior ofSthe
T} transition moment with the in-plain directions. One can see
that theM,(T?) component is about 3 times larger than e
(T component at the maximum point (solid lines in Figures 3,
6, and 9), which means that tM{T?) transition dipole moment
is oriented almost along the-€X axis. Only transitions to the
T? spin sublevel are the most intense in the vicinity of the
Franck-Condon region; up to the bond length-x = 2.6 A,
M(T? > M(TY) (Figures 5, 6, and 7). The vertical excitation
corresponds almost to the peak on the transition moment curve
in HOCI (Table 3, Figure 3) and also in HOBr (Table 4, Figure
6) and HOI (Table 5, Figure 9) molecules. This result determines
a comparative importance of tige—S, absorption in the near-
UV and visible region for the HOI, HOBr, and HOCI photolysis.
From Figures 3, 6, and 9 one can see that the most important
M,(T? transition moment is large even at long-®& distances:
atr = 2.6 A its value is 0.004 au in HO&land is about 0.02
au in HOBr and HOI species (Figures 6 and 9).
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By taking into account overlap of the ground state vibrational
wave function and th&; state nuclear continuum we can predict

a long tail of theT; — & absorption, this tail should be
especially long for the HOBr molecule since the vali-
(T9|2 is pretty big at large ©Br separation where the-S

Minaev

3. Angle Dependence of theF S (13A" — 11A') Transition

Moment and the Absorption Cross-Section. Comparison with

Experiment The BA"" — 1A’ transition moment is almost
parallel to the G-X bond (X = CI, Br, 1), and it follows this
direction when the bond angléHOX increases. There is only

transition energy is small and nuclear wave functions still have a rotation of the transition moment in tlge plane. The length
nonzero overlap. These findings are in good qualitative agree- of the vector is only slightly diminishedV?Z = 6.69 x 10°°

ment with the experimental data of Barnes etaA very long

weak tail of theT; — & absorption of HOBr spreads in the
visible region until 650 nm.Our results support the tentative

(aw®) atOHOCI = 100.8, M2 = 6.5 x 1075 (alf) at OHOCI =
12C°, andM?2 = 6.17 x 10°° (a?) at JHOCI = 130°. We can
easily neglect these changes in the FranCkndon region.

assignmeritand make it clear that the recent models of bromine Similar results are obtained for the HOBr and HOI molecules.

chemistry in the Arctic troposphéreneed more accurate
definition of the HOBr absorption in visible region.
2. i—% (13A" < 11AY) Transitions to the x Spin Subiel.

The calculated absorption cross-sectign) has a maximuna
= 3.6 x 102 cn? atv ~ 23 800 cnt! for the HOCI species
ando = 4.4 x 10729 cn? at v = 22 100 cn? for the HOBr

Intensity of this absorption with the out-of-plane polarization molecule (results correspond to the aug-cc-pVDZ basis for
is practically negligible in all three molecules. The reason for HOCI and to the basis set of Sadlej for HOBr). These are in
this is the following. The out-of-plane polarized intensity is semiquantitative agreement with recent measurements:4
determined by the transition moment: x 10721 cm? atv = 26 300 cnt? for HOCI moleculé& andomay

~ 9 x 10721 cn? atv = 22 700 cn1t for the HOBr moleculé.

In HOl 0 =7.6 x 1072 cm? atv = 21 400 cn1l. The approach
used for the estimation of the absorption cross-settisrvery
rough, and we skip the detailed presentation of these data. A
more sophisticated method of wave packet propag&tismow
under the progress. Some qualitative features could be mentioned
in brief. Since the most intendé,(T?) transition moment has a
comparatively large value even ms_c; = 2.5 A, the overlap

of the continuum nuclear wave functions in the upper state with
the exponentially decaying tails of the ground state vibrational
wave functions produces an appreciable contribution to the
cross-sectiond ~ 10722 cm?) even atv = 22 000 cnt? for the
HOCI molecule. For the HOBr molecule the weak tail stretchs
far in the visible region; av = 16 000 cnt?! the calculated
cross-section is about 1& cn?.

The HOCI molecule used in the experiments was not
rotationally coole#?20-58:5%hile the theory! has neglected the
rotational quantum number. The model of photodissociation of
a nonrotating molecule that treats the upper state dynamics with
J = 0 is not strictly physically correct since thle= 0— J =
0 transition is forbiddeR’ The nonrotating model is equivalent
to the assumption that the photodissociation dynamics are
insensitive to the direction of polarization of the incident light.
Although the dynamic model of photodissociation used here is
rather primitive and does not consider neither rotational nor
electronic orbital- and spin-momenta, the MCSCF QR calcula-
tions are of better quality and permit to make a qualitative
comparison with precise experimef$> The T; — S
absorption band borrows intensity mostly from the UV transition
h 41A" — 11A" which is very strong (Table 7) and has a

f, = 3.7 x 10-19. Similar quenching occurs in the HOBr and polarization along the ©CI bond direction (this is mostly the
X — . . %

HOI molecules. All values in the first row of Tables 3 and 4 Po-ci ~ 0o-ci €xcitation). Therefore thd; — & transition

are consistent with each other since they determine the absorp@s the same polarization. It is connected mostly withTthe

tion intensity which is, at least, 3 orders of magnitude lower SPIn sublevel (zero spin projection on the-& direction) of

than the absorption to other spin sublevels. the triplet state. These results are in perfect_ agreement Wlt_h
Although the transition dipole moment eq 27 increases along Fécent measurements of OH photofragment yields and of their

the dissociation path in the HOCI molecule (dotted line in Figure DOPPIer line shapes.Not only intensity of theT, — &

3) and also in the HOBr and HOI species (Figures 6 and 9), its 20sorption (the measured cross-sectio 4 x 1072 cn?* )

contribution to the cross-section of tiie— S absorption band but also polarization of the absorbing Ilght optamed. frqm the

is less than 107 cn? in the HOCI and HOBr molecules. Itis  Sub-Doppler spectroscopy (the-@l bond directiort) coincide

slightly larger in HOI (6 x 10723 cn?), but still remains ~ With our resullts.

negligible. So there is no measurable absorption in the Tirst The S—% (2'A’ — 1'A") absorption in the HOCI molecule

— & band with perpendicular polarization. T — & at 266 nm produces a spin alignment in favor of ¥flg,, state

transitions to other spin sublevels (most&), which have the of the OH fragmen?® This is theof_, < nc excitation. It

in-plane polarization, are much more intense (TableS§)3and really correlates with the lowest component of the OH doublet

overwhelm the perpendicular component. °[13;, when SOC is taken into account along the dissociation

M, (TY) = El.lA’|ezxi|13A”(TX)D (27)

It can borrow intensity from the singlesinglet ntA""—11A’
transitions because of the SOC mixing
A" H:1°A" (T T (28)
and from the triplettriplet transitions A" —m3A’ by SOC
induced interaction between the ground singlet and rife
excited tripletm®A’ state.
A [HE JmPA (T O (29)
The latter SOC integral for the second excited triplgtstate
(18A") with the vertical excitation energy 4.1 eV for the HOCI
molecule and 3.7 eV for the HOBr molecule is quite large (132
cm1in HOCI and 1063 cm! in HOBY). It is almost constant
in a wide range of geometry changes, being slightly increased
at longer O-X distances. But perpendicular transitions of the
A"—A' type (at low energiex9 eV) are not intense in both
molecules neither in the-SS nor in the 7T manifolds. One
of the most intense FT transitions, thel;—T, (13A"—13A"),
has a comparatively large transition dipole moment. It is equal
to 0.028 au in the HOCI molecule; its contribution to the integral
eq 27 is 2.5x 10* au (the second sum of eq 13 with= 2).
But even this contribution is quenched by other terms in the
row (eq 13) so the final result is almost negligitg(T) = 73
x 1078 au (Table 3, cc-pVDZ results for HOCI). This transition
dipole moment corresponds to a negligible oscillator strengt
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TABLE 8: T, — S Transition in the HOI Molecule.
MCSCF Quadratic Response Calculations with the 3-21G
Basis Set of the Vertical Transition MomentMy(Tb) =

(1A’ €3 ;a 13A'(TP)O(in 1076 au) at the Experimental (exptl)
and at the Optimized (opt) Equilibrium Geometry in the
Ground State. AEs 1 Is the Transition Energy, f, Is the
Oscillator Strength for the T, — Sy Absorption Polarized
along the a Axis

Ma(T") (exptl} (opty (optye
My(T%) 75639 73877 75374
M) 13875 13456 13713
My(T) 156405 138677
Mx(T?) 101633 91381

Transition Energy (eV) and Oscillator Strength

AEsT(eV) 3.58 3.12 3.13
fx 2.66x 1073 2.12x 1073
fy 5.02x 104 4.17x 104 4.36x 1074
f, 1.69x 10°° 1.38x 10°° 1.44x 10°°
ftotal 3.09x 1(T3 2.57x 1@3

a Experimental equilibrium geometry in the ground state:|, =
1.991 A ron = 0.9643 A,[JHOI = 105.£. » Optimized equilibrium
geometry in the ground states—; = 2.104 A rop = 1.0078 A,0HOI
= 103.73. ¢Extended CAS (7z3d’; 14 electrons in 10 MOs).

reaction path. Other features of the sparbit population ratio®
are in qualitative agreement with our SOC calculations.

D. T,—S (13A" < 1'A") Transitions in the HOCI, HOBr,
and HOI Molecules. The second FS transition in all
molecules is almost 1 eV higher in energy than the first one
(Table 9). So it comes to the region of the firstS absorption
and seems to be overwhelmed by tH&'1 — 1'A’ band. In
general the SS transitions are usually much more intense than
the S-T transitions. But this is not true for the, — S (1°A’
— 1'A") andS§, — S (1*A"" — 11A’) transitions in the HOCI,
HOBr, and HOI molecules. This is not an artifact of perturbation
theory and QR approach. Although the energies offth@3A’)
andS; (1'A") states are very close in the FrardRondon region
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ref 28. The energy gap in cc-pVDZ basis is only 0.017 eV and
perturbation treatment is doubtful at this point.) There is no
S—T crossing between thE (12A’) andS; (1'A") states in the
cc-pVDZ basis set calculations for HOCI presented in Figure 3
of ref 28, as was mentioned before. The vicinity of this point
(1.97+ 0.16 A) was excluded from the total intensity summa-
tion in cc-pVDZ basis set calculatiod%,since perturbation
theory could not be applied. At this point the calculated
transition dipole moment

M(T°) = ELlA'|eZXi|13A'(Tb)D (31)

(whereb ey, zare in-plane axes of spin quantization) was equal
to 0.037 au fob = y and to 0.026 au fob = zin the HOCI
molecule. These are the sharp maxima onNhEY?) curves;
the vicinity of the point (1.9% 0.16 A) is excluded from the
intensity summation procedure and substituted by the integral
1W/2001A |63 x| 1*A"[) by taking into account that both tran-
sitions § — & and T, — & share the same intensity at the
region of quasi-degeneracy where SOC mixes both states. This
sharing does not produce the total absorption intensity change
in the region of quasi-degeneracy of the two states. But in other
points of the dissociation coordinate tBe— S andT, — &
transition energies do not coincide; the<— S absorption has
its own contribution to the absorption cross-section. For vertical
T, — S transition (Table 6, cc-pVDZ basis) the considered
integrals (eq 31) are much lower than the transition moments
to other spin sublevelTf). The last values are determined by
intensity borrowing from A-A' transitions and perturbation
theory is perfectly applicable in these cases. These transitions
are considered in the next section.

The perpendicular polarizedT}” — S transitions are not
the most intense in all the region of geometry changes, except
the region of vicinity of the tight approach of tie (13A’) and
S, (1'A") potential energy. In the cc-pVDZ basis set this region

(Figures 2 and 8, see also Figure 3 of ref 28), the perturbation occurs at 1.97 A; in larger basis sets (aug-cc-pVDZ and Sadlej

theory is still applicable for almost the whole region of the
dissociation reaction coordinate, excluding very sherXond
lengths. The lowes$—T, energy gap for the vertical excitations
(400 cn1?) has been obtained in the HOCI molecule with the
cc-pVDZ basis set; it was getting very small (137 &yratr(O—

Cl) = 1.97 A28 This was comparable with the SOC matrix
elements

A" [HE13A/(TD)D (30)

which are equal 84.8 cm for z spin sublevel and 159.3 crh

for y spin sublevel, so the perturbation theory cannot be applied.

basis sets, where thE (12A') and S, (1'A") states quaside-
generacy does not occur in the spectroscopy important region
1.7-2.4 A) there are also secondary maxima in the cuigs
(dashed lines in Figure 4). At very short-@I distance (1.6
A) the M, transition moment starts to grow (Figure 4) because
the T, and S, potential energy curves are getting closer, but it
does not contribute much to the absorption cross-section. In spite
of the different behavior of thé,(T¥) component in different
basis sets, the total oscillator strength of the verticat—- S
transition in the HOCI molecule does not depend much on the
method used (Table 5).

The similar behavior is obtained for tidy transition dipole

The$,—Tz energy gap is much higher in the aug-cc-pVDZ basis moments in the HOBr molecule (dashed lines in Figure 7). The
set (and also in the HOBr and HOI molecules), so the problem growth atr(O—Br) = 1.6 A also occurs by the same process as
of applicability of perturbation theory does not occur for the that for the HOCI molecule, and two maxima are well seen for

equlibrium and longer ©X distances. Besides that, this SOC
mixing is only important for théVlx components of th&}*—S
transitions, which are less intense than other verficatS

longer O-X distances (2.15 and 2.35 A, respectively). The states
T, (1°A") and S (1A"") are well separated in this region in
HOBr, so there is no suspect for applicability of perturbation

transitions in the HOCI molecule (Table 6, 3-21G and cc-pVDZ theory. In the HOBr molecule the in-plane polarization of the
bases) and in the HOBr species (Table 6, basis set of Sadlej,T, — S absorption prevails over the out-of-plane polarization
Figure 11). Other results for thd«(T¥? components should be  in the whole region of the studied-Br distances. The total
considered with caution. transition dipole moment vector has almost constant orientation
1. ,—S (13A° — 11A) Transitions to the y and z Spin  (at least in the FranckCondon region); it comes out of plane,
Subleels According to eqs 2124, these transitions have the but has the largest projection along the-Br axis.
out-of-plane X) polarization and borrow intensity (partly) from In HOI molecule the growth of the perpendicular polarization
the ntA"” — 1A’ transitions. In the cc-pVDZ basis set components of thd,—% transition moment (dashed lines in
calculatior?® at the G-Cl distance near 1.97 A, thE (13A") Figure 10) at very short Ol distance (2.1 A) seems also to be
andS; (1'A") states are very close in energy. (See Figure 3 of artificial. The T, andS; energy levels are separated (Figure 8)
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TABLE 9: Vertical Excitation Energies (AE/eV) and Oscillator Strengths (in Parentheses) for the SingletSinglet and
Singlet—Triplet Transitions in the HOCI, HOBr, and HOI Molecules
HOCI
state aug-cc-pVDZ Sadlej 3-21G MRCI Clb exptF
13A" 2.95 (5.43x 10°9) 2.91 (5.7x 10°9) 3.23(3.94x 10°9) 3.47 3.26
13A 3.93(3.15x 10°9) 3.92 (3.74x 1079 4.59 (8.19x 1079 4.68 ~4.07
1A 4.08 (6.9x 10°%) 4.03 (6.1x 10°%) 4.56 (1.1x 1074 4.51 (1.9x 10°5) 4.02 4.07
2IA’ 5.18 (2.07x 1079) 5.13 (1.7x 10°79) 5.46 (1.55x 1073) 5.68 (1.7x 1079) 5.16 5.12
21A" 6.50 (0) 6.18 (0) 6.44 (0) 6.77
A" 7.24 (5.58x 1079) 7.17 (5.6x 10°79) 7.52 (5.37x 1073) 7.75 (6.2x 1079) 8.6
A 9.26 (0) 8.99 (0) 9.11 (0) 8.01
A 9.45 (3.80x 107?) 9.36 (3.2x 1072 9.69 (8.12x 107?)
HOBr
state AhlrichsVDZ Sadlej 3-21G cs MRCI? exptf
13A" 2.90 (8.4x 1079) 2.64 (7.28x 1075 3.07 (4.86x 10°79) 2.95 2.48 2.82
13A 3.73(7.38x 1074 3.43 (2.01x 1074 4.16 (3.78x 107%) 3.72 3.44 ~3.5
A" 3.86 (6.59x 107%) 3.69 (3.76x 107%) 4.00 (1.07x 1079) 4.16 (6x 1074 3.29 (1.8x 1079 3.5£
1A 4.89 (5.21x 10°79) 4.60 (1.74x 10°79) 5.22 (4.76x 1079 5.08 (5.50x 1073) 4.24 (1.00x 10°73) 4.43
21A" 6.13 (0) 6.78 (0) 5.65 (0) 6.77
A" 6.73 (7.15x 1079 6.82 (5.16x 1079 8.92 (0) 7.89 (8.90« 10°9) 5.57 (3.70x 1079
A 8.41 (0) 8.57 (6.8% 1072 8.05 (0) 8.01 8.34
4N 8.92 (2.99x 1079 8.94 (2.90x 107Y) 9.12 (2.44x 107Y
HOI
state 3-21G (expth) 3-21 (opt) expt
13A" 2.73 (2.46x 1079 2.28 (1.6x 1074
13A 3.58 (5x 1079) 3.12(3.09x 1079 3.1
1A 3.57 (2.4x 10°73) 3.03(9.03x 1074 3.1
21A! 4.60 (6.71x 1079 4.02 (3.64x 1079) 4.43
21A" 6.30 (1.18x 107?) 4.62 (0)
A" 6.79 (0) 5.18 (6.43% 1079)
A 8.27 (4.42x 107} 6.20 (0)
AN 8.73(0) 7.53 (2.90« 1071

aReference 3" Reference 25:Reference 207 Reference 5¢Two overlapping band$Reference 299 Reference 4" Calculated at the
experimental geometryCalculated at the optimized geomethRreference 2.

by 0.09 eV (726 cm?) at the ground state optmizaed geometry
(Table 9); this energy gap is comparable with the SOC intégral,
which is equal 1377 cri for b =y, so the perturbation theory
is not applicable. Starting from the poir@O—1) = 2.15 A, the
integral eq 31 has been substituted by/211A’|eY x| 11A" 0
= 0.08 au, by taking into account that both transiti®s— S
andT, — S share the same intensity when they are totally mixed
by SOC.

Besides this artificial large increase of thig(TY) integral at
short O-1 distances, thévl,(T¥) transition moment (solid line
in Figure 10) is pretty constant in the whole range of the
dissociation reaction coordinate studied in this work; it is about

section. Similar behavior is obtained for the HOBr molecule
(Figure 7) in Sadlej and 3-21G basis sets (Table 7). In HOI the
T, — & transition momentM(T*) is the largest one starting
with r(O—1) = 2.2 A (Figure 10). Thez polarization (O-H
bond direction) is less intense in all molecules (Figures 4, 7,
and 10, Tables €8).

As was mentioned before, the considered secbné- S
transition enters the region of the firSt — & absorption in
the HOCI molecule; in the HOBr molecule tfe state is lower
in energy than thes, one by 0.26 eV (Table 9, Sadlej basis
set). The intrusion problem of the quasi-degeneracy ofTthe
and$§; states is not so dramatic in the HOBr molecule as that

0.075 au. This result does not depend on shortcomings of thein the HOCI. At the same time the calculated oscillator strength

QR scheme and is quite reliable. Even tMg(T*) transition
moment provides a strong absorption intensity, so the out-of-
plane polarizedS, <— & band Mx = 0.11 au) in the HOI
molecule should be overlapped with the mixed polarizge-

for the T, — S vertical transition in the HOBr molecule is pretty
high f = 2 x 1074, Sadlej basis set) with 70% of the intensity
polarized along the ©Br axis. Although the in-plane/out-of-
plane polarization ratio strongly depends on the basis set used

S band; the total cross-section should be increased twice as(Tables 6 and 7), a strong in-plane component and C-Br

much, at least, independently on the possible artificial overes-
timation of theMy(TY) integral at short &1 distances.

2. T,—S (13A" — 1'A) Transitions to the x Spin Subiel.
According to eqs 2124, these transitions are in-plang ¢)
polarized. All calculations show (Tables-8) that this absorp-
tion has predominantly polarization and is oriented along the
O—Cl, O—Br, and O-1 axes. (Compare the solid lines in Figures
4, 7, and 10.) The transition momeMy(T*) for the HOCI
molecule (Figure 4) is on the order of 0.01 au in all basis sets,
which is on the order of typical spin-allowed-S transitions.
The transition momenily(T) for the HOCI molecule has its
maximum near the FranekCondon region (Figure 4), so it
produces a great contribution to tfig<— & absorption cross-

axes) is definitely present in the — & absorption. This is in
great contrast with th&, — & absorption which is entirely
out-of-plane polarized. So the first intense near-UV absorption
band, Amax = 304 nm in HOC}?° and Amax = 350 nm in
HOBr,*6%should consist of two transition$, <— S and S, —

S, with different polarization.

For vertical excitations th@, — & transition has a larger
intensity than the&s; <— & one in the HOBr and HOI molecules.
The only exception is obtained for the Sadlej basis set, Table
7. The exception is not unexpected since $he— & intensity
strongly depends on the-€X distance. For example, tHg —

S transition momentNly) increases with larger ©Cl separa-
tions (from 0.0007 au at the equilibrium point up to 0.03 au at
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ro-c1 =2 A, cc-pvDZ). This behavior determines a wide diffuse
absorption band in the HOCL spectruiifx = 304 nm) as a
shoulder of more strong peak &tax = 242 nm (theS; — &
transition)2%25 A similar trend (Tables 6 and 7) corresponds to
the UV absorption spectrum of the HOBr molecfléelhe S

— S transition moment is a widespread function of-Br
distance with a maximum value 0.09 aurgtg = 2.3 A. A
diffuse absorption band in the HOBr spectrutpdx = 350 nm)
determined by thisS, — & transition has a significant
contribution from theT, — & excitation. Both transition
moments are increasing functions of the-Br distance in the
Franck-Condon region. The functioM(T¥) is more steep
(Figure 7) than the SS transition moment function and has a
maximum at shorter distanee_g; = 2.06 A, which is closer
to the Franck-Condon region. Th&, — S transition moment
(Mx = 0.06 au) is comparable with the tofBl — S transition
moment (M| = 0.049 au) for the vertical excitations. Both
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tion prevails over the in-plane polarization if we shall take into
account the results of the largest (Sadlej, aug-cc-pVDZ) basis
sets (Table 6), and this is vice versa in the HOBr molecule. In
HOBr the total transition dipole moment vector has almost
constant orientation (at least in the Fran¢kondon region); it
comes out of plane, but has the largest projection along the
O—Br axis. In the HOI molecule the out-of-plane polarization
prevails over the in-plane polarization just for the vertical
excitation; the total transition dipole moment vector rapidly
comes to the molecular plane during first steps of the dissocia-
tion process. The in-plane component is almost parallel to the
O—l axis and is a slow declining function of the-distance.

3. Angle Dependence of the F & (13A" — 1%A") Transition
Moment and the Absorption Cross-Sectidhe perpendicular
component rapidly diminishes with increasing bending angle
in both molecules. For example, in the HOCI specieshhe
(™) integral falls from the value 0.0028 au at the equilibrium

transitions are almost equally important for the intensity of the (gHOCI = 100.8) to My(TY) = 0.0015 au at the angl@HOCI
absorption band at 350 nm in the HOBr molecule and produce — 11 and then tdvi,(TY) = 0.0002 au at the angl@HOCI =

a wide non-Gaussian contour with nonhomogeneous features.1 o (the cc-pVDZ results). A similar behavior characterizes
Comparison of the 304 and 350 nm bands in the HOCI and theM,(T?) component. So the intensity borrowing from tHA1

HOBr molecules, respectivelyclearly indicate that th&, —

— 11A transition becomes completely unimportant when the

S transition in hypobromous acid is much more perturbed by angle increases. At the same time the in-plane polarized

the overlappingl, < & transition than that in hypochlorous

transition intensity does not change much. There is only a

acid. This is in good qualitative agreement with the results of \gdistribution betweerM,(T) and M{T) components. The
Table 9 for both molecules (compare the 3-21G and Sadlej basisyansition momenM4(T) is almost parallel to the ©CI bond

set results for HOCI and HOBY).

and O-Br bond directions. Since the behavior of the main

The absorption spectrum of HOI molecule presented in ref 2 contribution [the 2A'(T¥) < 1'A’ transition moment] in relation
consists from two maxima: the first absorption band at 410 to the intensity does not depend on the bending angle, we have
nm is more intense than the short wavelength band with neglected the angle dependence in The— § cross-section.

maximum at 338 nm. (Th&; — & absorption seems to be

The O—H stretching vibration seems to be not important for

overlapped by a wide intense band with maximum at 410 nm.) the T, — &, transition intensity. Only the dependence on the

Both theT, — S andS; — S transitions come to the region of

O—X distance is here taken into account. This approach is

410 nm absorption band (Table 9). Comparison of the 3-21G questionable for th&, < S transition, especially in the HOCI
basis set calculations for all three molecules (Table 9) shows m0|ecu|e, so results have On|y Semiquantitative meaning_ The

that theT, — S transition is getting more intense in the row CI
< Br < I. A strong red shift of thel, — S band going from
X =Cl, Brto X =l is also reproduced (Table 9). The intensity

calculateds(v) function with the transition moment from Sadlej's
basis set has a maximum= 2.1 x 10720 cn¥ atv = 32 500
cm~1 for the HOCI molecule and = 7.9 x 1002 cn? atv =

increase of the 410 nm band in the HOI molecule is in 28 000 cn! for the HOBr species. Not only vertical transitions

qualitative agreement with the general trend of the-tiié
absorption spectra genesis of all three molectiles.

The calculated, — S (13A’ < 11A’) transition moment has
strong components along bottandx axes, so the result cannot

contribute to the absorption cross-section since the upper triplet
state is dissociative. An account of the geometry dependence
of transition dipole moments and the appropriate treatment for
the nuclear wave functions leads to broad peaks, which being

be considered as an artifact of perturbation theory. For example,combined with the SS absorptiof26produce better agreement

calculation of the vertical transition intensity in the HOCI

with experiments for the HOCI spectrum in the region 290

molecule in the cc-pVDZ basis set gives a rather small 320 nm?1820For the HOI moleculeg = 1.8 x 10719 cn? atv

perpendicular componem'li = 9 x 10°° but a very large
transition moment along the-GCl axis M; = 8.8 x 1075, It
means that the intensity is borrowed mostly from &' —
1A’ transitions (in part from th& <— S band at 242 nm). The
oscillator strengths for th&, — & (13A’ < 1!A’) transition in
the HOCI molecule calculated in the cc-pvVDZ and Ahlrichs-
VDZ basis sets (1.04& 107° and 2.15x 107, respectively)
are very close to thévalues presented in Table 9. The result

=~ 25000 cnrl.

E. Comparison of theT; — Sy Absorption in Hypohalous
Acids and in Water Molecules.lt is relevant to compare the
UV photodissociation of the ¥ molecule (the lightest member
of the series X= H) with the hypohalous acids (HOX, * Cl,

Br, 1) behavior. Recefit similar MCSCF QR calculations (aug-
cc-pVDZ basis) determined that the fiflgt— S (8®B1 — X'A;)
absorption in water molecules also contributes to the photodis-

is very stable with respect to the basis set and active spacesociation of HO at the UV long-wavelength tail (180190 nm).

expansion though the!A"” — 1'A’ transition intensity indeed

The @B; — X'A; transition dipole moment has its maximum

is quite sensitive to the basis set (Table 9, HOCI molecule) and yalue Min—piane= 0.003 au) just near the vertical excitation. It

to small displacements along the-@I bond length. This also

slightly increases along the dissociation coordinate (this is

indicates the applicability of the quadratic response method for analogous of the A" < 1A’ transition studied above) until

the BA' — 1'A’ transition intensity calculation. The new
calculations confirm the previous regfltfor the T, — &
absorption in both molecules.

Comparing theT, < & transition moments in all three

the distanc@o-n = 1.6 A and then decreases rapidly to 0.0005
au atro-y = 3 A. The out-of-plane polarizationM(T%) is
negligible as in all hypohalous acids. Suth— & absorption
might explain the surprisingly small OD/OH ratio in the

molecules, one can say that in HOCI the out-of-plane polariza- photodissociation of DOH at 193 nfA.This wavelength is at
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the long wavelength side of the water absorption spectiwx ( magnitude less intense than tg — & one. TheS — &

~ 165 nm); the cross-section is extremely small here. So any transition momentNly) increases with larger ©Cl separations,
small changes in the wave functions can give a dramatic effectand this behavior determines a wide diffuse absorption band
on the photodissociation of the,8 molecule in this region. (Amax = 304 nm) as a shoulder of a very strong peakatk =
Excitation at 193 nm accesses the upper singlet state PEC far42 nm & — S transition)22-25 Although the energies of the
away from the FranckCondon region of nuclear coordinates. 13A’' and A" states are very close in the FrargRondon
Therefore the absorption cross-section at 193 nm is determinedregion, there is no large intensity borrowing from the— S

by the tiny overlap of the continuum wave functions in the upper transition with perpendicular polarization in the HOBr molecule.
state with the exponentially decaying tails of the initial ground The calculatedT, < & transition moment has stronger
state nuclear wave function. Because of the lighter mass of thecomponent along thgaxis (O-Br bond direction), so it borrows

H atom, the OH stretches significantly further out into the intensity mainly from the strong second-S absorption band
H—OD channel than the OD bond does into the HD exit at Amax = 280 nm and from othen!A’ — 1A’ transitions in
channel. For these reasons, the ®D channel is easily excited  the far-UV region. The similar arguments are applied for the
by low-energy photons in comparison with the HD channel, HOCI molecule, but in this case the out-of-plane polarization
so the H+ OD/D + OH branching ratio in the photodissociation  slightly prevails over the in-plane (ECI axis) polarized light.

of DOH at low-energy photons (193 nm) should be very large So the intensity borrowing from th®& — S transition is more

as predicted by calculations which take into account only the efficient for hypochlorous acid. Such intensity redistribution
singlet-singlet absorptiof? The measured ratio is an order of between the SS and TS transitions seems to be a real
magnitude smaller than the theory prediét#long the same  physical effect which should be taken into account for the
lines the theory predicts that the absorption cross-section at 193jnterpretation of the long-wave absorption of the HOCI molecule
nm for H,O should be about 200 times larger than faiCy? since it leads to higher absorbance of the long-wave band (304
but experiment gives a value of only 64 853 All of these nm) and to significant changes in polarization and in distribution
striking discrepancies can be explained if the— S (°By — of the spin-orbit products OHI13/2,1/) + CI(3Py).

X1A;) absorption in water molecules is taken into account. I These effects are much stronger in the HOBr molecule. The

order to explain the observed OD/OH ratio, tHg < X'A; formally calculated oscillator strength for the fir§i — S
transition dipole moment of about 0.015 au was infeffaslhich transition (BA” — 12A’) is about 8x 1075, so it is easily

is in semiquantitative agreement with our prediction (0.00_3_au). observed in the absorption spectrum at 440%#iihe nextT,
A_ccount of theOOHOH angle variat_ion increases the transition __ S transition is more intense and enters also in the region of
dipole moment value (this work is undelr the progress). The ihe firstS, — S absorption {max ~ 350 nm) of hypobromous
gbove-menhone(_j features_coulql k_)e applied for isotope effeptsacid_s,4 The MCSCF QR calculations predict (2—7) x 1074

in hypohalous acids photodissociation. The calculated absorption,yhich js comparable or even larger than the oscillator strength
cross-section of th&; —— S transition in water at 193 nno(= of the S, —  transition itself. These findings qualitatively agree
3.2 x 1072 cn¥) is very similar to that of the hypochlorous ity intensity measurements of the long-wave absorption in the

acid at the first absorption band near 380 nm. HOCP and HOBr molecule$.The long-wave band (350 nm)
) of hypobromous acid is more intense and more wide than the
IV. Conclusions 304 nm band of hypochlorous acidt also demonstrates some

The following conclusions about the long wavelength absorp- nonhomogeneous feat.u.re which indicate that this absorption is
tion of hypochlorous, hypobromous, and hypoiodous acids have @ Mixture of two transitions.
been obtained in this MCSCF QR study, which could be  The calculated singlettriplet absorption in hypoiodous acid
important for the understanding the role of these molecules in is more intense than in hypobromous acid. Comparison made
stratospheric photochemistry. in the same basis set (3-21G) shows thatfthe- S transition

The first T, — S (13A” — 1A' transition in the HOCI is twice as much more intense in HOI than in HOBr. But this
molecule produces a weak diffuse peak (long-wave shoulder) transition in HOI is overlapped by a very intensive absorption
at Amax ~ (385—420) nm (depending on basis set used) with an band at 410 nm, which probably consists from $ie- & and
oscillator strength ~ (5—6) x 1076, which is about 2 orders Tz — S transitions. The HOI spectrum presented in ref 2
of magnitude less intense in comparison with the first singlet ~ consists from two maxima; in contrast to the spectra of
singlet absorption atmax ~ 304 nm. (The last band intensity ~hypochlorous and hypobromous acids, the absorption spectrum
strongly depends on basis set and geometry.) The- S of HOI molecule has an intense first peak in the visible region
absorption band borrows intensity from the UV transitions of at 410 nm and the weaker second peak at 335 Qalculated
the n!A’ — 1A’ type and has a strong polarization along the spectra (Table 9) qualitatively agree with such findings, although
O—Cl bond § axis) direction. It is connected mostly with the the great increase of the — & transition intensity seems to
z spin sublevel (zero spin projection on the-8 direction) of be overestimated by perturbation theory. A strong red shift of
the triplet state. These results are in perfect agreement withthe T2 — S band going from X= CI, Br to X = | is well
recent measurements of OH photofragment yields and of their reproduced in 3-21G basis.
Doppler line shapes.Not only intensity of theT; — & Absorption by the first and second excited triplet states of
absorption (the measured cross-sectios 4 x 10721 cn¥ 5) hypochlorous, hypobromous, and hypoiodous acids makes an
but also polarization of the absorbing light obtained from the important contribution to the overall atmospheric photochemical
sub-Doppler spectroscopy (the-@I bond direction coincide activity of these molecules. Accounting for the importance of
with our previous predictiof which is supported by the present  the TS transitions in spectra and reactivity of ozone it8éf3°

study. for the possible involvement of the triplet states in processes
The second’,; — S transition overlaps the energy region of 1—4 and in the similar reactions with the bromine and iodine
the first § — & absorption (the observethax ~ 304 nm). counterparts, we make the general conclusion that photochem-

Considering vertical excitations intensity one can say that the istry of the triplet states should be an important issue in the
T, — S transition in the HOCI molecule is an order of stratospheric ozone problem. The present results suggest that
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atmospheric photochemistry of the heavy halogen (bromine and,
particularly, iodine) containing compounds would strongly
depend on the singletriplet transitions and on account of
relativistic effects. Thermochemical ab initio calculations of
BrO— and 10— anion§*55 (possible products of the hypobro-
mous and hypoiodous acids dissociation and their isoelectronic
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