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We have measured and analyzed the infrared (IR), near-infrared (NIR) and vacuum ultraviolet (VUV) absorption
spectra of vapor-phase sulfuric acid,80,). Transitions associated with the fundamental vibrations and the
first and second OH stretching overtones of this molecule have been identified. Our measured vibrational
spectrum extends and complements those in the literature and agrees well with ab initio calculated spectra.
We have calculated the fundamental and overtone OH stretching intensities with the use of a simple anharmonic
oscillator local-mode model with ab initio calculated dipole-moment functions. Theory and experiment have
been used to investigate the OH stretching vibrational overtonesSftand indicate that the OH stretching

mode in HSQy, is an important aspect of the spectroscopy of this atmospheric chromophore. We have attempted
to measure the VUV spectrum of vapor-phase sulfuric acid and, in the absence of observed bands, give upper
bounds to the photoabsorption cross section. We conclude #&@,Hbsorbs in the IR and NIR regions,

with the OH stretching vibration playing the dominant role, and that the electronic excitatiosBal, Miill

only be significant at very high energies, well above those available from the sun in the earth’s atmosphere.

Introduction calculated fundamental vibrational frequencies and intensities.
We focused on developing an appropriate model for the OH

The fundamental spectroscopic properties of vapor-phase gy etching vibrations. Toward this end, we have calculated the
sulfuric acid are required to evaluate the role of this atmospheric o, stretching vibrational-band frequencies and intensities of

chro_mophore. The technical challenge of obtaining the_spec_t’astq with an anharmonic oscillator (AO) local-mode model.
of this molecule is twofold: the vapor pressure of sulfuric acid \ye \;sed experimental local-mode parameters and ab initio

is very low;" and spectra are complicated by the presence of calculated dipole-moment functions in our AO local-mode
SG; and HO, which are in equilibrium with B0, and absorb model.

radiation at similar energies. The low vapor pressure can be The large-amplitude motion associated with XH stretching
overcome by working at elevated temperatures,_and.subtractionvibrationsl where X is C, N, or O, has been well explained by
of the rejerence spectra of 3@nd HO can minimize the the harmonically coupled anharmonic oscillator (HCAO) local-
spectral interference. . mode model 10 CH stretching overtone intensities have been
Despite the importance of 230, in the atmosphere, only a  gyccessfully predicted with the use of vibrational wave functions
few experimental spectroscopic studies have been reported. Thgyptained with the HCAO local-mode model and ab initio
structure of HSQ, was determined by microwave spectroscdpy.  calculated dipole-moment functiods:5 Kjaergaard and Henry
The studies in the IR regiért have identified many of the  previously found that accurate absolute overtone intensities can
fundamental transitions of23Q,. For the S@(S=0) symmetric e optained with the HartreFock (HF) self-consistent-field
stretching vibration alone, the integrated absorption coefficient jethoqg, provided a reasonably sized 6-331G(2d,2p) basis
has been reportetThe electronic excited states 0§$0; vapor set is used® The hybrid density functional theory, B3LYP, and
have been elusive. The only previous UV study did not detect gyagratic configuration interaction including singles and doubles
any absorption that could be attnbu_ted to sulfurlc_ acid and set (QCISD) theory improve the calculated intensities primarily in
an upper bound_ for the 430, absorption cross section of 18 the fundamental regioH:18Here, we use ab initio calculations
cn? molecule in the 30 306-51 300 cn* range® performed at the HF, B3LYP, and QCISD levels of theory with
In this paper, we present experimental and theoretical studiesthe 6-31H#+G(2d,2p) basis set. The calculated OH stretching
of H2SO, vapor to complement and extend those available in frequencies and intensities are compared with experimental
the literature. We have measured the vibrational spectrum of results and confirm that the local-mode model provides an
vapor-phase sulfuric acid from 500 to 10 500 ¢nand have  appropriate description of the OH overtone vibrations of
assigned bands associated with fundamental stretching vibrationg4,S0,.
and the first and second OH stretching overtones. We have To search for the elusive electronic spectrum eS8, we

Compared our recorded SpeCtrUm with results of ab initio have extended previous measuremeintt® the vacuum ultra-
violet (VUV) region between 51 300 and 71 400 dmWe have
:Correspond;ng elluthgr. E-mail: vaida@colorado.edu. compared our measurements with calculations of th8Q4
University of Colorado. ; it ;
*On sabbatical at Cooperative Institute for Research in Environmental eleCtron.IC transition energ.g/ and. fo.und .agreemerllt in the
Sciences, University of Colorado. conclusion that the electronic excitations ig3® require very

8 NOAA. high energy.
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Theory and Calculations function as a series expansion in the OH displacement coordi-
natel>21
The geometry of K5O, was optimized at the HF, B3LYP,
and QCISD levels of theory with the 6-31#G(2d,2p) basis Q) = zﬁ_qi (5)
set. The vibrational transition intensities of the fundamental a5
normal modes were calculated with the B3LYP/6-3H1G-

(2d,2p) method and the harmonic-oscillator linear dipole- \herez; is 1f! times theith-order derivative of the dipole-
moment (HOLD) approximation within the Gaussian 94 suite moment function with respect tq. The coefficientsii; are

of programsz. We have used a simple AO local-mode madlel  optained from a least-squares fit to an ab initio calculated one-
to describe the OH stretching vibrational modes y$8s. The dimensional dipole moment grig(q).

coupling between the two OH stretching vibrations igSK The one-dimensional grid is calculated by displacing the OH
will split the two OH stretching vibrations into symmetric and  pong hy-+0.2 A from the equilibrium position in steps of 0.05
asymmetric vibrations. However, this coupling is small because A At each grid point, the energy and dipole moment is
of the significant spatial separation of the OH bonds. This ca|culated to provide botki(g) andzi(q). The dipole moments
splitting is not observed in our spectra; thus, we have neglectedyye calculated with the use of the generalized density for the
this coupling in our calculation of the OH stretching fundamental gpecified level of theory, which will provide dipole moments
and overtone transitions within the AO local-mode model. The hat are the correct analytical derivatives of the energies. The
reported intensities are the sum of two OH stretches, which is nine-point grid with a step size of 0.05 A provides good

the same as that seen in the experiment. _ convergence of the dipole-moment derivatives and force con-
The AO local-mode model Hamiltonian for an isolated OH  gants. The choice of grid and step size is based on previous
stretching oscillator can be written‘as work2124The optimized geometries and all single-point calcula-
. ) . tions in the grids were calculated at a specified ab initio method
(H = Eg/hc=vi> — (" + v)wx (1) with the use of Gaussian 94. The B3LYP optimizations and
single-point calculations were run with an increased integration
whereEpis the energy of the vibrational ground state @d  grid size (Keyword Int= 99434) to improve the convergence
and ox are the local-mode frequency and anharmonicity (in of the dipole derivative&
cm™) of the OH oscillator. The eigenstates of the AO  The excited electronic states of sulfuric acid were calculated
Hamiltonian are taken as Morse-oscillator wave functions and with the Gaussian 98 suite of prografise have used the
are denoted byv[Jwherev is the vibrational quantum number.  configuration interaction including singles (CIS) level of theory
The local-mode parameter®, and @Xx, can either be derived  with the 6-31#+G(d,p) basis set and the microwave-
from a Birge-Sponer fit to the observed local-mode peak determined geometi/Previously, a CIS/6-31G(d) calculation
positions or calculated from an ab initio calculated potential- had been reportelf; however, it has been shown that diffuse

energy curvé! The Morse-oscillator frequenay and anhar-  functions in the basis set are important in the CIS calculations
monicity @x can be expressed in terms of the reduced mass of of excited state®’

the oscillator and the second- and third-order ab initio calculated

force constant§; andFi; by Experimental Section
(F.G,)2 The absorption spectrum of;BO, vapor was measured in
=0 1T ) the IR, near-infrared (NIR), and VUV regions with two separate
2mc 2mcC instruments appropriate for the different energy regions studied.
hG (E.\2 The temperature-controlled cells used for the two experiments
ox=2X — i (i) (3) were similar. The cell used in the IR/NIR regions had been used
2nc  727%c\Fi previously® and the VUV cell was designed as a smaller version

of this cell. Each cell had four inlet ports, two for the reactants
where G;j is the reciprocal of the reduced mass. The force and two for purging the windows, as well as a fifth exit port.
constants are obtained from a least-squares fit to an ab initioThe windows were attached using Viton O-ring seals. The
calculated one-dimensional potential-energy cuwg) as a condensation on the windows was checked by carefully
function of the internal OH stretching displacement coordinate, monitoring the absolute light intensity on successive scans. The
g. We scale our ab initio calculated local-mode parameters to cells were wrapped with heating tape, insulation, and a layer
compensate for deficiencies in the ab initio metAbdhe of aluminum foil. The longer IR/NIR cell had a layer of copper
scaling factors were determined as the ratio of calculated to foil between the glass and the heating tape. Thermocouple
experimental local-mode parameters eCH*??The uncertainty ~ gauges were placed on the cell walls between the glass or copper
in ox will lead to a small variation in the calculated intensities. foil and the heating tape to monitor the external temperature.
The oscillator strengthf of a transition from the ground  The temperature of the gas inside the cell was measured by

vibrational statgOllto a vibrationally excited stateLis given inserting a thermocouple into the cell while gases were flowing
byl4.23 through at conditions similar to those used in the experiment.
Vapor-phase k50O, was generated in a 1:1 reaction of SO
f,o=4.702x 10 ‘[cm D ]9 4l 0l 4) and HO by titrating SQ with H,O through a heated side arm

of a temperature-controlled céllThe amount of vapor-phase
wherev, is the wavenumber of the transition aing = [@|x|00 H,SOy formed is a function of temperature. The temperature
is the transition dipole-moment matrix element in debye (D). determined the vapor pressure of3@,. High temperatures of
The calculated dimensionless oscillator strengths can be con-130—-150°C were required to allow a measurable concentration
verted to units of km mof' by multiplication by 5.33x 1Cf of H,SOy, to be present. However, at temperatures above 150
km mol1.14 The vibrational wave functions are determined by °C the reaction shifts to the reactants, reducing the amount of
the Hamiltonian eq 1, and we express the dipole-moment H,SO, present.
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SOz was acquired by distillation from fuming sulfuric acid TABLE 1: Calculated and Observed Bond Lengths (in A) of
(~25% SQ in sulfuric acid). The IR spectrum of the distilled H2S0s
SO; showed no impurities of D (<0.001 vol %) or S@ calculated
(<O.(_)1 vol %). HZO_ was doubly distilled. The samples were bond B3LYP QCISD*
kept in glass containers that allowed the flow of the carrier gas on 0.968 0.963 097
to pass over the sample or bypass the sample completely. The =0 1.429 1423 1422
carrier-gas flows were kept constant, even if o.ne.of thereactants g 1.609 1.593 1574
was left out, to ensure that the temperature inside the cell was
constant. The amount of $@nd HO introduced into the cell
was controlled by keeping the sample in a controlled-temper-

ature bath and could be varied so that different concentrations . e
of H,SQ, could be generated. 170 nm). Two different photomultiplier tubes from Hamamats_u
] . (R976 and R972) were used to cover the energy ranges studied.
IR and NIR Spectra. The vibrational spectra were collected 110 pressure inside the cell wag00 Torr and the temperature
using a Bruker 66IFS Fourier transform spectrometer (FTS). 45 130°C.
Light from the spectrometer was focused through the_heated Spectral interference from S@nd HO was a considerable
cell. The cell had a path length of 100 cm and an inner diameter ,,plem in the VUV region. Three separate measurements were
of 5 cm, which tapered to 3 cm at the windows. The cell was ecqrded in series, bracketed by background spectra, to facilitate
heated to 150C. This temperature was found to produce the o subtraction of the Sand HO reference spectra from the
maximum amount of kB0, while producing no aerosols. H,SO4 spectra. The first measurement was of pure.3QO
Spectra were recorded in the range of 500 500 cn! with was then added to the flow, and theS®, spectrum was
aresolution of 1 cmt using three different experimental setups. recorded. The S©flow was then shut off, and a pure,@
The IR region was studied using a Globar IR source and spectrum was recorded.
DLATGS detector. The NIR region was studied using atungsten  The absorbance of a sample containing multiple absorbers is
lamp and either an InSb detector or InGaAs photodiode. given by the sum of the absorbance of the individual samples.
Reference spectra of both $@nd HO were recorded with  |n the lower-energy spectrum recorded with thel@mp, there
the same resolution and were subtracted from $&®Q@dspectra.  was no detectable electronic absorption froaOHat energies
Between 8 and 20 separate measurements were made with eaddwer than 52 600 crt. Thus, the amount of SQin the
detector. Each measurement had a different amount8OH H,SO, spectra could be determined and an accuratg SO
present. Previously unassigned bands were related to thesubtraction made. #D was then subtracted from the spectra.
concentration of sulfuric acid by performing a linear regression |n the higher-energy spectra, recorded with the Xe and Kr lamps,
on the integrated absorbances of the bands and that of thethere were no regions where either the;3®the HO did not
fundamental OH stretch. The bands that had a linear re'ationShipabsorb_ A mix of the S@and HO reference Spectra was fit to
are reported here as belonging teSt;. the H,SO, spectra with a least-squares method. The residual
The vibrational-band intensities of the observed transitions spectrum was then considered to be th&®, spectrum.
in H,SO, were determined by integrating the area of the various  The concentration of $50, was determined from the change
bands. The band intensities are reported relative to that of thein SO; concentration in the initial S§&scan and the 80, scan
OH stretching transition with the use of a linear regression. The and the 1:1 reaction of # and SQ to form H,SOs. The SQ
values reported in this work are the slopes of these regressionsgoncentration is determined from the known cross sectfats
and the reported uncertainties are 1 standard deviation of the46 500 cntt. We used the k8O, concentration and the residual
slopes. Additional uncertainty will arise from the frequency absorbance in the430, VUV spectra with the BeerLambert
limits defined for the integration of each band. This is especially law to estimate an upper bound for the absorption cross section
important for overlapping bands. The frequency limits for the of H,SOy in the measured range.
integration of overlapping bands were selected to occur at the
point of minimum absorbance between the two bands. This will Results and Discussion
add uncertainty to the individual band intensities, although the  \ya have compared the ab initio calculated bond lengths for
combined intensities of overlapping bands should be very y,5o, with experimental values determined from microwave
accurate. spectroscopdin Table 1. The agreement between the theoretical
One of the advantages of FTS is the wide spectral range thatand experimental values is quite good and supports our choice
can be acquired during one scan. Because in FTS all frequenciesf computational methods. In Figures 465 (Supporting
are being measured simultaneously, the relative intensities thatinformation) we give the IR/NIR spectra 0,80y in the entire
are determined should be accurate to better than 1%. The actuajange from 500 to 10500 crh both before and after the
uncertainty reported is larger because of effects from overlapping subtraction of the kD and SQ reference spectra.
bands. Fundamental Transitions. Selected regions of the IR
VUV Spectra. Spectra in the VUV region were recorded with  spectrum of HSO, are shown in Figures 1 and 2. The
a 1-m Acton Research Corporation VUV monochromator. The experimental and calculated peak positions, assignments, and
slits on the monochromator had a width of &@n, which intensities are given in Table 2. The assignments and frequencies
resulted in a resolution measured using a mercury lamp of 0.5 of the Q branch of the fundamental vibrational transitions are
nm or 155 cm? at 60 000 cm®. The VUV cell had a path  in good agreement with previous resuit8. The experimental
length of 10 cm and was made of a glass tube with an inner and B3LYP/6-31%+G(2d,2p) calculated relative intensities of
diameter of 2.5 cm. The windows were either Suprasil quartz most of the fundamental vibrations are within 36% of each other.
or MgF,. The temperature-controlled cell was placed in a When band overlap is taken into account, the agreement
vacuum compartment separated from the monochromator by aimproves further, as will be discussed below. The agreement
LiF window. The lamps used in our experiments were a between the experimental and calculated relative intensities of
Hamamatsu RPlamp (>170 nm) and Opthos Instruments Xe the SOH bends and S@ymmetric stretching is not as good.

experimental

a Calculated with the 6-3Ht+G(2d,2p) basis seb.From ref 2.

continuum lamp (155180 nm) and Kr continuum lamp (140
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Figure 1. Vapor-phase IR spectrum of,H0, in the range of 506
1550 cnt. The spectrum was recorded at 18D with a path length

of 100 cm. The reference spectra afHand SQ have been subtracted.
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Figure 2. Vapor-phase IR spectrum of,HO, in the fundamental OH
stretching regionAwvon = 1. The spectrum was recorded at 18D
with a path length of 100 cm. The reference spectra &9 ldnd SQ
have been subtracted.
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the intensity for the rocking mode. If the calculated relative
intensities of these two bands are added together, the sum (0.23)
is close to the experimental value (0.26).

The S-0 stretching modes are labeled S(Q@Hiretch to be
consistent with previous work. Our position for the Q branch
of the S(OH) asymmetric stretch is 8 cm higher in energy
than previously reporte#! The assigned position in both of
the previous studies appears to correspond to the point of
maximum absorbance for this band. However, the higher
resolution used in our study has allowed us to observe the Q
branch at 891.4 crmt compared to the band maximum of 883
cmL. The P branch of this vibrational band has the largest
intensity. The bands assigned to the S(@s))mmetric (834.1
cm 1) and asymmetric (891.4 crh) stretches were resolved
despite a large overlap. We have not deconvoluted the band,
and thus the uncertainty in the intensity of each band will be
higher than what is reported. However, the combined experi-
mental intensity (2.01) is within 12% of the calculated intensity
(1.77).

The band assigned to the SOH bend has several maxima.
The intensity of the entire band scales linearly with the intensity
of the OH stretch, so it is unlikely that an impurity is
contributing to the absorbance of this band. In addition, none
of the impurities likely to be present in the spectra {®0H,0)
have transitions in this energy region. We have chosen the
highest peak at 1157.1 crhas the Q branch for the asymmetric
SOH bend in agreement with previous resgitsThe other
features are left unassigned. The combined calculated relative
intensity of the SOH bending modes is 80% greater than the
experimental value. The calculation shows that there is strong
mixing between the SOH bending modes and the S@metric
stretch, perhaps causing this discrepancy. The combined cal-

The frequencies of these three modes are calculated to be withirculated intensities of the bending modes and the §@metric
11 cnt? of each other while the experimental frequencies are Stretch (1.3) is within 16% of the combined experimental value

more than 60 cmt apart. This suggests that the modes are (1.54), suggesting that the three modes borrow intensity from
coupled and intensity is being shared between the three modes€ach other.

In the previous IR studies? both the S@ bending and

The S=0 stretching modes are labeled Ssiretch. The S©

rocking modes were assigned. In our study, we were unable toasymmetric stretch, at 1464.7 ch is at higher energy
find a clear feature to unambiguously assign the rocking mode. compared to the previously assigned values of 1450 and 1456

The position previously assigned to this mode (568 or 570%Em

cm~1.34 Similar to the S(OHy asymmetric stretch, we resolve

overlaps with the R branch of the bending mode. The reported the Q branch of this band at our 1-chresolution whereas the

intensity in Table 2 for the SObending mode might include

previous studies seem to be of lower resoluéiérwe found

TABLE 2: Observed Transitions in the IR/NIR Vapor-Phase Spectra of HSO;4

observed literature calculated
assignment viem™?t rel intensity Chackalackal Stopperké vicm?t rel intensity

SO, bend 550.5 0.26- 0.09 550 550 520 0.15
SO rock 568 570 530 0.08
S(OH), sym str 834.1 0.33-0.01 834 831 775 0.45
S(OH) asym str 891.4 1.68 0.06 883 882 831 1.32
SOH sym bend 1138 1141 1174 ™63
SOH asym bend 1157.1 0.540.04" 1159 1160 1184 0.35
SO, sym str 1220.1 1.08- 0.0 1223 1224 1185 0.32
SO, asym str 1464.7 1.34 0.07 1450 1456 1437 1.18
SOH bendAvson= 2 2278 1.940.2)x 102
SQ, sym str+ SO, asym str 2665 5.840.5) x 1073
OH str,Avon =1 3609.2 1 3610 3610 3769/3773 il

3820 1.9£0.1)x 102
OH str,Avon = 1, + SOH bend 4739 1.2/0.1) x 102
OH str,Avon =2 7060.7 3.4740.09) x 1072
OH str,Avon = 2, + SOH bend 8163 1.040.1) x 108
OH str,Avon =3 10 350.3 1.3£0.1)x 1073

a Calculated with the B3LYP/6-31+G(2d,2p) method within the Gaussian 94 suite of prograriifie uncertainty is the standard deviation
of the linear regression used to calculate the relative intensitRsference 3¢ Reference 4¢ This intensity may contain the intensity from the
SQ;, rocking. f These bands overlapThese bands are strongly couplé@hese bands overlapThis intensity contains intensity from the symmetric

bend.] Intensity set to 1.
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Figure 3. Vapor-phase NIR spectrum of ,8Q; in the first OH Figure 4. Vapor-phase NIR spectrum of,80, in the second OH

stretching overtone regiodvon = 2. The spectrum was recorded at  gyretching overtone regiodyvoy = 3. The spectrum was recorded at
150°C with a path length of 100 cm. The reference spectrum 6 H 150°C with a path length of 100 cm.

has been subtracted.
TABLE 3: Calculated and Observed OH Stretching
the experimental intensity of both the symmetric and asymmetric Local-Mode Parameters in SO,

SO, stretches to be somewhat higher than the calculated calculated

|nten_S|t|es. The Sgbymme_trlc stretch _observed at 1220.1ém HE B3LYP QCISD observed

was in good agreement with the previous values of 122224 —

o135 wlcm™t 3793.0 3771.2 3790.0 3768421.3
) axlcm™ 82.3 82.7 81.7 79504

We have observed and assigned a few combination bands.

The band at 2278 cmt is assigned to the first overtone or . : :'faéig% ggcto&sof%r%?nd éXLLe:PeCéi‘éegggée ofg%%oa?d 83987D
P or HF, 0. and 0. or ,and 0. and 0. or .

COFPlbmatlons_, of the SOH bend modes,_ and the band at .2665b Determined from a Birge Sponer fit to the observed transitioAson
cm* is assigned as Fhe SOsymmetric and asymmetric 1-3. The uncertainty given is 1 standard deviation.
stretches. We have assigned the bands at 3820 and 4739 cm
as combinations of the OH stretch with a low-energy torsional TABLE 4: Calculated and Observed Relative Intensities of
mode and the SOH bend, respectively. OH Stretching Transitions in H,SO,

Several of the bands, the S(QH)symmetric stretch and the observed calculatéd
OH stretch and its first overtone, show rotational structure.
Studying the rotational structure of these vibrational bands is
beyond the scope of the present work and would require higher
resolution spectra.

vicm™t  relintensity v/icm™!  relintensity rel intensity

v
1 3609.2 1.0 3609.2 1.0 1.0

2 7060.7 3.5< 1072 7059.4 34x 102 3.4x10°?
3 103503 1% 10°® 103506 1.4x10°% 1.0x10°

The _integrated absorption (_:oefficient has previouslyzbeen a Calculated with the experimental local-mode parameters from Table
detgrmlned for the S@ymmetrlc stretch .tO be 461.3 .50 cm 3.PCalculated with the B3LYP/6-31+G(2d,2p) dipole-moment
atn ! at 205°C.° The integrated absorption coefficient can be  ,nction.© Calculated with the QCISD/6-3#:+G(2d,2p) dipole-
converted to units of km mot by multiplying it by 0.3922° moment function.

This gives a value of 188 20 km mol ! for the SQ symmetric

stretch. The absolute intensity of the bands reported here canthe three methods are quite similar and abou82n1! higher

be obtained from our accurate relative intensities and the than the experimentally determined value.

literature value of the integrated absorption coefficient of the  The bond dissociation energy can be estimated from the local-
SO, symmetric stretch transition. Thus, the experimental mode parameters with the following equatidy ~ &%/4dXx.
intensity of the OH stretching band inBOy is 180+ 29 km Using the experimental local-mode parameters in Table 3, a
mol~! as we estimate an additional 5% uncertainty from the value of 46 400 cm?, or 133 kcal mot?, is obtained for the

overlapping bands (SCsymmetric stretch). bond-dissociation energy. This is reasonably close to the value

OH Stretching Transitions. The measured OH stretching  for a typical OH bond and supports our use of this model even
spectra of vapor-phase sulfuric acid corresponding ey = though the local-mode parameters were obtained from only three
1-3 are shown in Figures-24. experimental points.

The frequencies of the OH stretching transitions (3609.2, We have calculated the frequencies and intensities of the OH
7060.7, and 10 350.3 cr) were fit to a Birge-Sponer equation  stretching transition in B8O, with all three theoretical methods.
obtained from eq 1 to determine the local-mode parametersin Table 4, we compare the observed and calculated relative
given in Table 3. We have calculated the local-mode parametersOH stretching intensities. It has been shown that electron
with egs 2 and 3. The experimental and calculated local-mode correlation is required to accurately predict the intensity of the
parameters are compared in Table 3. We see that the B3LYP/fundamental transitions;'8and thus only B3LYP and QCISD
6-311++G(2d,2p) values®p = 3771.2 cm! and wx = 82.7 results are compared in Table 4. The agreement between both
cm™1, are quite good and would have predicted the OH the calculations and the observed relative intensities is very good
stretching transitions in $80, quite well. In fact, we used this  for Avoy = 2 and quite good forAvoy = 3. The B3LYP
calculated result to guide our search for the overtone transitions.intensity is somewhat higher and the QCISD intensity somewhat
The calculated local-mode frequencies vary by about 20'cm  lower than the observed intensity fwon = 3. The calculated
which would give rise to some uncertainty in the calculated transition frequencies fohvoy = 1—3 are in excellent agree-
peak positions of higher overtones. Kjaergaard has recentlyment with the observed frequencies, as is expected from the
found a similar result for nitric acf and concludes that the  low uncertainty on the experimentally determined local-mode
use of the scaling factors found for,@ is less suitable for parameters. This suggests that the Morse potential is a good
inorganic acids. The local-mode anharmonicities calculated with model for at least thes = 1—3 energy levels. In a previous
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TABLE 5: Calculated OH Stretching Oscillator Strengths in % 4x 1077
H,SO, 3
Q

v viem? HF B3LYP QCISD 2 3x107
1 3609.2 6.62 10°° 3.86x 10°° 3.94x 10°° "g

2 70594 9.8%107  1.33x10°  133x10° 2 2y 1077
3 10 350.6 3.50« 108 5.34x 108 4.07x 1078 ‘B
4 13482.8 2.0% 10°° 2.81x 10°° 2.28x 107° :f

5 16 456.0 2.04x 10710 2.13x 1071 2.18x 1070 § 1x1017
o

a Calculated with the experimental local-mode parameters from Table
3. Oscillator strengths given are for the two OH bonds p$@.. 0

55000 60000 65000 70000
study of HNQ, Kjaergaard found the Morse-potential energy viem™

levels to give good transition energies upAeon = 5. Figure 5. Vapor-phase VUV spectrum of $0The spectrum was

The experimental intensity of the fundamental OH stretching recorded at 136C with a path length of 10 cm.
band was determined to be 180 km mlwWe have calculated
the intensity of this band both with the HOLD approximation The VUV reference spectrum of $@ the 51 306-71 400
within Gaussian 94 and with the AO local-mode model. The c¢cm™! range is shown in Figure 5. We determined the3SO
HOLD-calculated combined intensity of the symmetric and concentration from the published cross sectidra 46 500
asymmetric OH stretches is 252 km mblvith the B3LYP/6- cm~L. This SQ electronic band has a maximum cross section
311++G(2d,2p) method. The values obtained with the AO of 3.6 + 0.8 x 10°17 cn? molecule! at 68 500 cmt. Cross
local-mode model are given in Table 5. With the B3LYP/6- sections from 51 300 to 71 400 care reported in Table 1S
311++G(2d,2p) method we get 205 km mé] which is in good (Supporting Information). We estimate the integrated absorption
agreement with the experimental value and significantly better cross section of the band by integrating half the band and
than the HOLD-calculated value. This suggests that the anhar-multiplying by 2 to be 3x 10-7 cm molecule?! or an oscillator
monic potential and nonlinearity of the potential is important strength of 0.3. In a previous study, the maximum cross section
even for the fundamental OH stretching transition isSBy. of this band was reported to be 2:610°17 cn? molecule’?;
With the QCISD/6-311+G(2d,2p) method, a value of 210 km  however, their band had strong interference from, 8sorp-
mol1is obtained also in good agreement with the experimental tion.3! We do not observe any signs of $® our spectra.
value. The HF calculation overestimates the intensity (353 km  We have calculated the electronically excited states of SO
mol™) as expected’ with the CIS/6-31%G(d) method. The first two electronically

In Table 5, we show a comparison of the absolute intensities excited states of SQvith nonzero oscillator strengths both occur
calculated with the HF, B3LYP, and QCISD theories and the around 66 300 cm, which is within 4% of our observed band
6-3114-+G(2d,2p) basis set. The results are fairly similar maximum. The combined oscillator strength of these two
between the three methods for the higher overtones and indicateransitions is calculated to be 0.07 compared to our experimental
the need for electron correlation for the fundamental and lower value of 0.3. The good agreement between the experimental
overtones’ The calculated intensities show the usual drop-off and calculated transition energies for $S€dipports the use of
with increasinge. this theoretical method for the calculation of the transition

On the basis of these results, we expect to be able to predictenergies of HSO,. _ _
the frequency and absolute intensity of the higher overtones, ~Previously, the excited electronic states oS, were
which are too weak to be measured experimentally, with the calculated with the CIS/6-31G(d) meth&dThis study found

AO local-mode model and a B3LYP/6-3t#G(2d,2p) calcu-  the first electronic transition with nonzero oscillator strength
lated dipole-moment function. to occur at 90 200 cri. It is known that the addition of diffuse

Both theory and experiment suggest that the OH stretchingf“”CtionS in the basis set improves the CIS calculations of

vibrations couple weakly to each other and to the other electronic excited statés. Thus, we have calculated the
vibrational modes. This is evident by the small number of €lectronic excited states of,BO, with the CIS/6-31%+G-

combination bands and the rapid decrease of the intensity of(d,p) method. We found the first excited state to occur at 81 800

these combination bands with increasing overtone. These result&™M * With an oscillator strength of 0.018. Although this energy
point to the importance of the OH stretch as the active mode in 1S S0mewhat lower than the previously calculated energy, it is
the spectra of BBOs. The lack of any local-mode combination significantly higher than the upper range of our experiment.

bands is a good indication of the very small coupling between ThL_Js, our calc_ulation supports the conclusion that there is no
the two OH bands in bSO, In 1,3-butadiene, local-mode  Major electronic absorbance for$, at energies lower than

combination bands are observed evemagy = 4.15 71 400 cn! and it is unlikely that any of the $$0, electronic

Electronic Transitions. We have obtained VUV spectra with transitions will extend into the range of our experiment.
number densities of $$0, that range from 4x 10 to 3 x
10" cm3. After the SQ and HO reference spectra were
subtracted, the residual absorbance was found to be within the We have employed a combined experimental and theoretical
noise levels of the measurements. Thus, no absorbance bandapproach to investigate the vibrational and electronic spectros-
could be attributed to 80,. We have estimated the upper copy of SO, vapor. In this context, we have reported the
bounds for the absorption cross section of 2@nm? molecule® experimental and theoretical frequencies and intensities for the
in the 51 306-58 800 cnT! range and of 10*8 cn? molecule’® fundamental and OH stretching overtone vibrational spectra of
in the 58 806-71 400 cn1! range. In the lower energy range gas-phase sulfuric acid. The observed frequencies and relative
30 300-51 300 cn1t, where little to no interference from SO intensities of the fundamental vibrational modes agree well with
and HO exists, the upper bound for the absorption cross sectionthose obtained from a HOLD calculation with the B3LYP/6-
has been reported to be 28 cnm? molecule’.6 311++G(2d,2p) method. We have used an AO local-mode

Conclusions
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