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Abstract

The observation, that absorption of light by concentrated sulphuric acid at wavelengths near 193 nm apparently tends to zero as the a

is progressively purified, is supported by ab initio calculations of the energies of the three lowest excited states of mon8@ericid
electronic-structure calculations indicate that the lowest excited state is not accessible by single-photon absorption for light of wavelengtt
>150 nm. This limit includes a generous allowance for error; the calculated energy of the transition corresponds to a wailemgih
Previous observations of photoluminescence and photo-oxidation of CO in sulphuric acid aerosols are attributed to multiphoton processt

caused by internal focusing of the incident light by the aerosol droplets. This finding does not rule out the occurrence of significan

photochemistry of sulphuric acid aerosols in the stratospheres of the Earth and Venus, because of the likely presence of transition-me
ions as impurities in the atmospheric aerosols. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction sume that the significant impurity which is being removed
is sulfur dioxide, in which case this absorption should not
The photochemistry of tropospheric aerosols contain- have been important for the aerosols in Refs [1-3], because
ing dilute sulphurous and sulphuric acids plus traces of they were generated by mixing gaseous sulfur trioxide with
transition-metal ions has been shown to be unexpectedlyexcess water vapor in the absence of,SThe theoretical
rich and diverse [1]. Aerosols consisting largely of concen- work described here was prompted by the two uncertainties
trated sulphuric acid are present in the upper atmospheregegarding the extent of light absorption by pureS®, at
of Earth and Venus, and it seems reasonable to assume that93 nm and the nature of the primary photodissociation
the chemical consequences of ultraviolet irradiation of these process following light absorption.
aerosols should be included in atmospheric models. Previ- This paper presents new ab initio electronic structure
ously, photoluminescence [2] and photo-oxidation of CO calculations of the excited electronic states of monomeric
to CO, [3,4] have been observed in sulphuric acid aerosols H2SOy. It is obvious that electronic-structure calculations
irradiated with unfocused 193 nm radiation from an ArF for clusters and agglomerations 0p&04 molecules in the
laser, and these observations were attributed to secondaryiquid phase are needed for a proper understanding of experi-
processes following single-photon absorption at 193 nm. ments on the photochemistry 06HO, aerosols. Neverthe-
However, difficulty was encountered in identifying the pri- less, because the results of our calculations for the monomer
mary process, and our subsequent attempts to measure thare unequivocal as far as the question of singlet—singlet
amount of light absorption by concentrated sulphuric acid absorption by sulphuric acid at 193 nm is concerned, and
near 193 nm have been frustrated by the observation thatbecause there are no previously published results for the
this absorption, which is initially very weak for analyti- excited states of the monomer, we believe that the present
cal reagent grade acid, tends towards zero as the acid igalculations represent a useful starting point and are worth
progressively freed of dissolved gases by pumping. We pre-publishing at this stage.
Both, semi-empirical and ab initio methods have been
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optimization was the primary aim of most of the previous
work, results relating to torsional modes [8] and electronic
properties [11] were also reported. Early semi-empirical
CNDO/2 calculations predicted overall,£&symmetry for

the molecule [5] and were consistent with existing assump-
tions about its geometry. However, Kuczkowski et al. [12]
showed experimentally that theoHO, molecule belongs

to the G point group, and that not even the sulfur—oxygen
framework of the molecule can be characterized as.C
More recent theoretical work has given results in accord
with these experiments [7,9,10,11] and there is now a gen-
eral agreement as to the molecule’s structure in the ground
state. So far, no calculations have been reported for excited
electronic states of the 450, molecule, and experimental
data for the excited states is non-existent. There have been
several attempts to measure the UV absorption of gas-phase
monomeric sulphuric acid, motivated by the fact that
some atmospheric models have involved photochemistry of
H,SO, at wavelengths >150 nm, but the only definite result
we are aware of is that of Burkholder et al. [13], who found
that the molecular absorption cross section @SBy in

the gas phase is10-2Lcn? molecule! at wavelengths
>195nm. Here, we report the first excited-state calculations Fig. 1. Visualization of the strongest one-electron excitation contributing to
for the H,SO, molecule, where our findings are in accord the first excited state of ¥$Oy given by CIS calculations. We qualitatively

ith the work of Burkholder et al. and some implications characterize the transition asnbonding— o*.Note that the excited state
wi W . u . ! imphicat antibonding character is localized on the O—H portions of the molecule.
of our results will be discussed.

oscillator strengtli=0.0093. We also characterize this tran-
2. Method sition asnonbonding— ¢*, this time with both, O—H and
S—0 having an antibonding character. Our calculations give
We used the Gaussian 94 program [14] to run ab initio an oscillator strength of zero for the transition to the third
calculations with a 6-31 G* basis set of atomic orbitals. excited state, so it is regarded as inaccessible. Transitions
Configuration interaction was included for single excitations to higher excited states require a vertical excitation energy
(CIS), and the calculations were restricted to singlet states.of 11.7782eV or more. A summary of results for the C
The G geometry adopted for these calculations was the conformer is given in Table 1.
experimental one, determined by Kuczkowski et al. [12] We  Two important limitations apply to our computed results.
used the OpenMol program [15] to visualize the orbitals First, the CIS method cannot predict any excited state whose
generated by the calculations. dominant electronic character corresponds to a two-electron
excitation from the ground-state reference configuration.
However, such states would not have a large oscillator
3. Results strength for direct excitation from the ground state. The sec-
ond limitation relates to the accuracy of the calculated verti-
The MP2 total energy computed for the ground-state cal excitation energies. The CIS method gives excitation en-
H,SO; molecule with the specified ££Lgeometry was  ergiesthattypically are in error by (1-2) eV, and occasionally
—698.89402au. We qualitatively characterize the low- by as much as 3eV. Our reported values should, therefore,
est singlet excited state as being accessed primarily bybe regarded as having a maximum uncertainty-8feV.
a nonbonding— o* transition, where the antibonding* Before Kuczkowski et al. [12] convincingly demonstrated
character is localized on the O—H orbitals. Fig. 1 shows a the G nature of sulphuric acid’s structure, it was thought that
visualization of the dominant orbitals involved in the transi- the overall symmetry of the molecule wagJ16-19]. If
tion. For this first excited state, our calculations give a ver- there were a significant equilibrium population of molecules
tical excitation energy of 11.1775eV (from the @round with Cyy symmetry, then vertical transitions from the hy-
state at the experimental geometry of Kuczkowski et al. pothetical G, conformer of HSO4 could give rise to sig-
[12]) and an oscillator strength=0.0046. Fig. 2 shows the  nificant absorption. However, our calculations indicate that
two strongest one-electron excitations in the configuration the G,, conformer of Holland and Castleman [5] is about
interaction expansion contributing to the second excited 170 kJ/mol higher in energy than Kuczkowski's €on-
state. The vertical transition energy is 11.2592 eV, with an former. This is well beyond the reach of thermal excitation,
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Fig. 2. Visualization of the two strongest one-electron excitation contributing to the second excited stat8Q@f diven by CIS calculations. We
qualitatively characterize the transition msnbonding— o*.Note that the excited state antibonding character is localized on the O-H and S-O portions
of the molecule.

Table 1

Excited State ab initio calculation results fop €onformer of HSO;?

Excited state Transition energy (eV) Oscillator strength (IT) Transition character

1 11.1775 0.0046 nonbondirg o* (O-H)

2 11.2592 0.0093 nonbondirg o* (O—H, S-0)
3 11.5916 0.0000 nonbondirg o* (O-H. S-0)
4 11.7782 0.0170 nonbondirg o* (O—H)

aState geometry used was that reported by Kuczowski et al [12].

so absorption by the£ species is not likely to be important, for such absorption to be observable as it is in the case of
either in the laboratory or in planetary atmospheres. Here, SOy, the triplet state would need to be close enough in en-
we present results only for the experimentalsfructure. ergy to the lowest singlet state for the two states to mix, but

the calculated energy of the singlet state is much too high

for such a mixed state to be accessible at 193 nm. This argu-
4. Discussion ment is weakened when the uncertaintytg eV is applied

to the calculated energy, but is not invalidated. We stress

The results of our calculations are consistent with the ex- that this result may not be trivially extended to the behavior

perimental finding of Burkholder et al., [13]. The vertical of H,SO4 in aerosol droplets. Condensed-phase calculations
excitation energy of 11.1775 eV for the first excited state of are needed to put the matter entirely beyond doubt. Neverthe-
the experimentally observed,@onformer corresponds to  less, it seems highly unlikely that liquid-phase interactions
light of wavelength 110.92 nm, so this lowest lying singlet could generate the sort of red-shift needed to produce ab-
excited state is not energetically accessible at the 193-nmsorption at 193 nm, and this is consistent with our experi-
laser wavelength. Even if we assume that the calculated tran-mental observation that pure, liquickB0Os does not absorb
sition energy is too large by 3 eV, we still find that light of significantly at» ~195 nm (molar base-lO absorption coef-
wavelength<150 nm is required to access the first excited ficiente < 0.5 at the bottom end of the wavelength range of
singlet state. Thus, it is clear that single-photon absorption a standard laboratory spectrophotometer; Burkholder et al's
via a spin-allowed transition cannot initiate photochemistry gas-phase upper limit for the cross section corresponds to
in pure sulphuric acid vapor irradiated at 193 nm. The oc- € <0.3).
currence of significant singlet-triplet absorption at 193nm  Next, we consider the primary photochemical process that
can probably be ruled out on the theoretical grounds that, follows excitation. As already noted, the first excited state
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of HoSQy involves significant antibonding character on both [22], and there is evidence for the presence of iron salts at
O-H bonds of the molecule. Within the Franck—Condon re- lower levels in the clouds of Venus [23], in which case the
gion, we would expect the excited potential energy surface photo-oxidation of F&& to Fé!' might help to account for

to be repulsive along the O—H bond coordinates, and thethe observed very low abundance of @ove the clouds.
forces exerted along these coordinates should lead to an ini+urther work is in progress.

tial lengthening of these bonds. Assuming that the resulting

trajectory evolves diabatically along one O—H coordinate
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C», these transitions are allowed for both one-photon and

two-photon absorptions. However, two-photon absorption at
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