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ABSTRACT: The SO; molecule and its radical anion SO;~ are important 20v, ——EXP.
chemical species atmospherically. However, their thermodynamic properties and S0, L8 —FCFs
electronic structures are not well known experimentally. Using cryogenically v, (a,) z'_ \ \ | \

cooled anions, we have obtained high-resolution photoelectron images of SO;~ 15v,

and determined accurately the electron affinity (EA) of SO; and the bond \ 25v,
dissociation energy of SO;~ — SO, + O~ for the first time. Because of the large |[EA=2.126€V W‘M
geometry changes from the C;, SO;™ to the Dy, SO, there is a negligible Franck— 10{2 \ |
Condon factor (FCF) for the 0—0 detachment transition, that defines the EA of b 2% 3"0‘ H R 4}'0'

SO;. By fitting the high-resolution photoelectron spectra with computed FCFs
using structures from high-level ab initio calculations, we have determined the EA
of SO; to be 2.126(6) eV. By monitoring the appearance of the O~ signal in the photoelectron images at different photon energies,
we are able to measure directly the bond dissociation energy of SO;™(X?A;) — SO,(X'A;) + O~ (*P) to be 4.259 + 0.006 eV, which
also allow us to derive the dissociation energy for the spin-forbidden SO;(X'A;’) — SO,(X'A;) + O(’P) to be 3.594(6) eV. The
excited states of SO;™ are calculated using high-level ab initio calculations, which are valuable in aiding the interpretation of
autodetachment processes observed at various photon energies. The current study provides valuable information about the
fundamental molecular properties of SO, as well as the radical anion SO;~, which is known in redox reactions involving SO;*~ and
may also play a role in the chemistry of SO, in the atmosphere.

Binding Energy (eV)

Bl INTRODUCTION

It is well known that sulfur-containing compounds play
important roles in atmospheric chemistry and are major
precursors of the acid rain and atmospheric aerosels.'~* As one
of the key intermediates in the gas-phase oxidation of SO, to
form sulfuric acid,"” the sulfur trioxide (SO,) molecule has
attracted significant interest and has been extensively studied
experimentally’™'* and theoretically."' ~'* Sulfur is one of the
most abundant elements in the universe, and various sulfur
compounds, including SO,, have been detected extraterres-
trially and in the interstellar medium.">" Irradiation of SO, ice
has resulted in the formation of SO,"” suggesting that SO or
its anion may also exist in the interstellar medium. SO; is a
planar molecule with D3, symmetry in its ground electronic
state (X'A,’). Vibrational frequencies of SO, have been
accurately measured in the gas phase by infrared (IR) and
Raman spectroscopies.'*~>' The photochemistry and photo-
dissociation of SO; have been investigated in the ultraviolet
(UV) and vacuum ultraviolet (VUV) regions.”***

The radical anion of SO; (SO;7) is also important in various
chemical processes, from the aqueous redox of SO;*~ to the
environmental and atmospheric chemistry of SO,.*¥*°
However, in contrast to SO;, the spectroscopy and photo-
chemistry of SO;~ have been much less studied.”’ ™" UV
absorption spectra in aqueous solution’” and IR studies with
matrix isolation”” were reported. In the gas phase, the electron
affinity (EA) of SO; was estimated from collisional ionization
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methods (>1.7 + 0.15 €V)** and electron transfer experiments
(1.9 + 0.1 eV).”* Photoelectron spectroscopy (PES) of SO;~
at 355 and 266 nm was first reported in 2000 by Dobrin et al.**
A broad band due to a long progression in the v, umbrella
mode was observed as a result of the large geometry change
from the C;, SO;™ to the Dy, SO;. Dobrin et al. was only able
to report the vertical detachment energy (VDE) of SO;~ (3.41
+ 0.01 eV) and the observation of photodissociation of SO;~
— SO, + O at 266 nm. Recently, a photoelectron imaging
study of SO;~ was carried out by Anstdter and Verlet (AV),*
who reported the photoelectron angular distributions (PADs)
and energy-dependent anisotropy parameters.

PES of negative ions is an important technique to probe the
electronic structure, EA, and vibrational information of the
corresponding neutral species.‘?’s_37 However, it was not
possible to determine the EA of SO; in the two previous
PES studies”™*” because of the negligible Franck—Condon
factor (FCF) for the 0—0 detachment transition that defines
the EA. In addition, the limited experimental resolution and
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hot bands caused significant spectral broadening, making it
difficult to do FCF fitting in the previous PES studies.
Consequently, no EA for SO, was reported in the two previous
PES studies, and the 1.9 + 0.1 eV EA value quoted from ref 30
in the previous PES studies was, in fact, from an unpublished
result.”* Thus, the EA of SO, still remains poorly known.

One of the major motivations of the current study is to
determine the EA of SOj; using our high-resolution photo-
electron (PE) imaging apparatus equipped with a cryogenically
controlled ion trap.”® In addition to the good resolution of our
imaging system, vibrationally cold SO;™ anions are essential to
resolve a clean v, bending vibrational progression, which
would facilitate FCF fitting for the determination of the EA. In
addition, we are also interested in examining the photon
energy dependence of the SO;” — SO, + O dissociation
channel observed previously by Dobrin et al,*” in order to
estimate the bond dissociation energy in conjunction with
high-level theoretical calculations.

We have obtained high-resolution PE images and spectra of
cryogenically cooled SO;™ at a wide range of photon energies
and calculated the excited states of SO;~ using high-level ab
initio methods. The well-resolved PE spectra allowed us to
determine accurately the EA of SO; to be 2.126 + 0.006 eV
from FCF simulations. By monitoring the appearance of the
O~ signal, we are able to measure directly the bond
dissociation energy of SO;~(X*A;) — SO,(X'A;) + O™(*P)
to be 4.259 + 0.006 eV, which in turn allowed us to obtain the
dissociation energy of the spin-forbidden dissociation channel
SO,(X'A;") — SO,(X'A;) + OCP) to be 3.594 + 0.006 eV.
PES at different photon energies showed autodetachment
processes due to optical transitions to the excited states of the
SO, anion. All experimental observations are corroborated by
high-level ab initio calculations of the potential energy curves
(PECs) of SO;™ and its electronically excited states.

Experimental Methods. The experiment was carried out
using our high-resolution electrospray ionization-PES (ESI-
PES) apparatus equipped with a cryogenically cooled Paul
trap.”®*” The SO;~ anions were produced by electrospray of a
1 mM solution of sodium bisulfite (Sigma-Aldrich) in a mixed
solvent of CH;OH/H,O (~4/1 in volume) at pH ~ 3. Anions
generated in the ESI source were guided into a cryogenically
cooled 3D Paul trap operated at 4.6 K.** After being
accumulated for 0.1 s and thermally cooled via collisions
with a 1 mTorr He/H, (4/1 in volume) background gas,” the
anions were pulsed out at a 10 Hz repetition rate into the
extraction zone of a time-of-flight mass spectrometer. A small
amount of SO;™ anions were formed due to the decomposition
of bisulfite during ESI and were selected by a mass gate and
photodetached in the interaction zone of a velocity-map
imaging lens'® by a tunable dye laser (fundamental or
frequency-doubled output) or the fourth harmonic (266 nm)
of an Nd:YAG laser. The polarization direction of the
detachment laser was parallel to the imaging plane. Photo-
electrons were projected onto a pair of 75 mm diameter
microchannel plates coupled to a phosphor screen and
captured by a charge-coupled-device camera. The PE images
were inverse-Abel transformed and reconstructed using the
pBasex’' and BASEX" programs. The PE spectra were
calibrated with the known spectra of Au™ at different photon
energies. The kinetic energy (KE) resolution was 3.8 cm™" for
electrons with 55 cm™ KE and about 1.5% (AKE/KE) for KE
above 1 eV in the current experiment.””

The resolution of the PE images depends on the extraction
voltage on the imaging lens.”” Lower extraction voltages give
better resolution, but higher voltages are needed for the
detection of fast electrons. In the current experiment, the
extraction voltage used was 600 V for photon energies below 3
eV and 1000 V for photon energies above 3 eV. A higher
voltage (1400 V) was required to detect PE signals from the
O~ (*P) fragment in the dissociation threshold measurement.

Theoretical Methods. The electronic structures and
energetics of SO;~ and SO; were computed using highly
correlated ab initio multireference and single-reference
methods and large basis sets.*”** For the investigation of the
electronic structure of the SO; ground state, we used coupled
cluster theory with perturbative treatment of triple excitations
CCSD(T).**® Because of the diffuse nature of the negative
ions, the atoms were described using a diffuse basis set of aug-
cepV(X+d)Z (X = T and Q) quality.”** The potential
energies of the ground and the low-lying electronic states of
neutral SO; and the SO;™ anion along the S—O stretching
coordinates were computed with the highly accurate multi-
reference multiconfigurational methodology, that is, complete-
active-space self-consistent field CASSCEF**° followed by the
multireference configuration interaction with Davidson
correction MRCI + Q.°"*” In these calculations, the atoms
were described by aug-cc-pVTZ and extra tight d functions for
the sulfur atom. These calculations were carried out in the C
point group and with the full valence active space. In the
CASSCF procedure, two states were averaged per state
symmetry. For the excited-state calculations, the dissociation
limit was calculated at the CCSD(T)/aug-cc-pV(Q+d)Z level
due to the non-size consistency of the MRCI + Q method.
Finally, the calculated PECs were calibrated with the
dissociation limit, and the EA was calculated at the CCSD(T)
level. The reader may refer to our previous work*”** for more
information about the construction of the PECs for the
negative ion. For the optimized equilibrium geometries of the
lowest states, all configurations in the CI expansion of the
CASSCEF wave function having a weight larger than 0.001 were
considered.

B RESULTS

Photoelectron Images and Spectra of SO;~. The PE
images and spectra of SO;™ at five photon energies between
3.1608 and 4.1294 eV are shown in Figure 1. A broad
vibrational progression due to the v, umbrella mode was
observed between 2.5 and 3.8 eV. The PE images displayed
beautiful p-wave angular distributions, consistent with the o-
type SOMO (a,) of SO;~ (Figure S1). The broad FC envelope
agrees with the previous PES studies”™”’ but much better
resolved due to both the higher spectral resolution of the
current PE imaging apparatus and the cryogenically cooled
SO;™ anions. The positions of all the resolved vibrational peaks
(labeled from A to T in Figure le) are summarized in Table
S1. The average separation of the vibrational peaks for the v,
mode is measured to be 505 + 5 cm™}, compared to a value of
548 + 80 cm™! reported previously by Dobrin et al.>* and 517
+ 10 em™' by AV.>® The VDE defined by peak N was
measured to be 3.379 + 0.003 eV, compared to the previously
reported value of 3.41 + 0.01 eV** and 3.4 + 0.1 eV.” In the
spectra, as shown in Figure 1, the 0—0 transition was clearly
not observed. The lowest discernible peak A was at 2.563 eV,
which was much higher than the expected EA of SO;.
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Figure 1. PE images and spectra of SO;™ at (a) 3.1608, (b) 3.3129,
(c) 3.6709, (d) 4.0717, and (e) 4.1294 eV. The red arrow below the
image represents the polarization direction of the detachment laser.

In Figure 1d,e, a weak feature is observed on the high
binding energy side above ~3.8 eV. The PE images
corresponding to these signals (the central feature in the
images) displayed near-isotropic angular distributions. A
similar broad feature was also observed by AV for spectra
with photon energies above ~4 eV,** and they interpreted the
continuous signals as thermionic emission, that is, photo-
absorption to an anion excited state followed by conversion to
the ground electronic state of the anion accompanied by
electron emission from the highly vibrationally excited anion.

PE Images and Spectra of SO;~ at Low Photon
Energies. The PE spectra in Figure 1 showed very weak
signals below ~2.5 eV, which was still much higher than the
expected EA of SO;.°”*" Attempting to observe the 0—0
detachment transition and measure the EA of SO; we took
two spectra at lower photon energies (2.6678 and 2.7264 eV),
as shown in Figure 2. We expected to see the v, vibrational
progression extended to lower binding energies, approaching

(a) 2.6678 eV

(b) 2.7264 eV b7

LI B L L B B L L B
A ————- 21 2.2 2.3 24 25 2.6 2.7
Binding Energy (eV)

Figure 2. PE images and spectra of SO;” at (a) 2.6678 eV and (b)
2.7264 eV. Note the different angular distributions and vibrational
progressions in comparison to those in Figure 1.

the 0—O0 transition. Surprisingly, the spectra in Figure 2 display
completely different vibrational patterns. Two equally spaced
vibrational progressions are observed and labeled as peaks al—
a8 and bl—b7, respectively. The peak positions of the two
progressions are given in Table S2. The energy separation for
each progression is determined to be 530 + 15 cm ™', and the
separation between the two progressions is 215 + 15 cm™".
Furthermore, the PE images display isotropic angular
distributions, instead of the p-wave feature observed in Figure
1 at higher photon energies. Very weak signals could be
detected at around 2.2 eV, but a clear 0—0 transition was still
elusive.

PE Image and Spectrum of SO;~ at 266 nm. We also
measured the PE image of SO;™ at 266 nm (4.661 eV), as
shown in Figure 3, in order to compare with that reported by

O('D)

————— 24 28 32 36 40 44 48
Binding Energy (eV)

Figure 3. PE image and spectrum of SO;~ at 266 nm (4.661 eV). The
peak at 3.43 eV, labeled as O('D), came from the detachment of
O~(*P) to O('D) due to photodissociation of SO;~ + 266 nm —
SO,(X'A;) + O"(*P). Note the detachment channel to the O(°P)
ground state expected at 1.46 eV was not shown and not observed due
to the low extraction voltage on the imaging lens.

Dobrin et al.>* The broad v, vibrational progression was
similar to those observed in Figure 1d,e. However, an extra
intense peak at 3.43 eV, labeled as O('D), was also observed,
overlapping with the p-wave vibrational progression. The
angular distribution of the extra peak was clearly different from
that of the v, progression. This extra peak came from
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detachment from O~(*P) to O('D), as a result of photo-
dissociation of SO;~ — SO,(X'A;) + O~(*P) at 266 nm,
exactly as reported by Dobrin et al.>* The spectrum in Figure 3
was taken with an extraction voltage of 1000 V to optimize the
spectral resolution. However, it was too low for the
detachment channel to the O(*P) ground state (~3.2 eV KE
or 1.46 eV in binding energy). The weak continuous signals on
the high binding energy side are similar to those observed in
Figure 1d,e, and they are also likely due to thermionic
emission.

Theoretical PECs. The PECs of the ground and low-lying
excited states along the S—O stretching coordinate of neutral
SO, and the SO;™ anion were calculated at the MRCI + Q/
aug-cc-pV(T+d)Z level, as shown in Figure 4. The ground

O L L B B B B L B R |

SO,(X'A,) + O('D) 7.61

PRI AR R

SO,(X'A,) + O(P) 5.65

SO, (x2A ) + O(P) 4.55

——"S0,(X'A,) + O"(?P) 4.20

e v b b e b v b

(LA

NI AT AT AT ST AT AR

20 3.0 4.0 5.0
Rso (A)

Figure 4. MRCI + Q/aug-cc-pV(T+d)Z PEC of the low-lying
electronic states of SO; (black dashed lines) and SO;~ (red and blue
lines) along the S—O stretching coordinate. The remaining
coordinates were kept fixed at their optimized equilibrium geometries
at the CCSD(T)/aug-cc-pV(T+d)Z level.

state of SO;” is fully below the ground state of the neutral
because there is only a slight S—O bond length change from
the anion to the neutral, Rgo = 1.4748 A for SO;~ versus
1.4231 A for SO; at the CCSD(T) level (Table S3). The
ground state PEC of SO;™ correlates to the first dissociation
limit of SO,(X'A,) + O~(*P), which is below the first
dissociation limit of the neutral products SO,(X'A;) + O(C’P).
The first 1?A” and second 2*A’ excited states of SO;~ each
show a minimum in a relatively flat potential, which both
correlate to the same dissociation limit as the ground state.
They are crossed by the neutral PEC at Ryo = 1.499 A and Ry,
= 1.589 A, respectively. The equilibrium geometries of the
1’A” and 2’A’ excited states are given in Table S4. The
computed vibrational frequencies for the ground states of SO,
and SO;™ are given in Tables SS and S6, respectively.

For the first and the second excited states, we are interested
in the part of the PECs below the neutral potential. The region
above the potential of the neutral, that is, for Rgq < 1.499 A for
the 12A” state and Rgq < 1.589 A for the 2%A’ state, should lead
directly to autodetachment. Absorption of a photon to these
two states may also lead to dissociation to the SO,(X'A;) +
O~ (*P) products.

Analyses of the vertical excitation energy and oscillator
strength show that the 1?A” « XA, transition occurs at 2.75
eV (4509 nm), which is characterized by zero oscillator
strength and weak transition dipole moment of around 0.07
Debye. At the MRCI + Q/aug-cc-pV(T+d)Z level, the global
minimum of the 1*A” state in the multi-dimensional potential
energy surface is located at 1.61 eV above the ground state.
The 2°A’ < X?A, transition is calculated to occur at 3.84 eV
(322.9 nm) and is characterized by a relatively large transition
dipole moment of 0.99 Debye and oscillator strength of 0.01.
The third excited state 2*A” is located totally above the ground
state of the neutral, correlating to the SO, (X*A;) + O(P)
dissociation limit.

B DISCUSSION

Determination of the EA of SO;. The broad vibrational
progression between 2.5 and 3.8 eV in Figure 1 corresponds to
the vertical detachment from the ground electronic state of the
Cs, SO;7(X?A,) to highly vibrationally excited levels of the Dy,
SO5(X'A,’). Both the symmetric stretching v, (a,") mode and
the umbrella mode v, (a,”) (Figure S2) are FC active. Electron
addition to the planar SO; leads to the substantial geometry
changes. At the CCSD(T) level, the dihedral angle is changed
to 133.8 from 180° and the S—O bond distance is increased
from 1.4231 to 1.4748 A. Thus, the SO; neutral is far from
equilibrium upon vertical electron detachment from the SO;~
anion. The vibrational progression (Figure 1) should be due to
the v, umbrella mode with small contributions from the v,
mode. The VDE defined by peak N in Figure 1 was measured
accurately to be 3.379 + 0.003 eV. Using the well-defined
peaks of D to S in Figure 1, we obtained an average spacing of
505 + 5 cm™, in good agreement with the v, frequency (497.6
cm™") determined by gas-phase IR spectroscopy.”

In order to determine the EA of SO, we calculated the
FCFs for the detachment transition using our experimental v,
spacing and the theoretical geometries at the CCSD(T) level
(Table S3). The calculated FCFs are overlaid on the
experimental spectrum (at 4.1294 eV), as shown in Figure S

—— EXP. 20,
—— FCFs

15v,

2

10v.
\

L Ll
Tt T L
24 2.8 3.2 3.6 4.0
Binding Energy (eV)

Figure S. Comparison between the computed FCFs (blue sticks) and
the experimental spectrum of SO;™ at 4.1294 eV (red).

by aligning the peak with the highest FCF to peak N. The
FCFs are dominated by the broad v, vibrational progression
with small contributions from the v, mode. Due to the huge
geometry change, the VDE corresponds to v = 20 of the v,
mode. The first observable peak A in Figure 1 corresponds to v
=7 of the v, mode. We found that the FCF pattern is sensitive
to the v, frequency used. If we used the SO; fundamental v,
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frequency of 497.6 cm™, the FCF pattern fits poorly to the
experimental spectrum. The 505 cm™" frequency gives the best
fit, as shown in Figure S. Thus, the v, mode is fairly harmonic
likely with a small negative anharmonicity.

The FCF fit gives rise to a 0—0 transition at 2.126 eV, which
defines the EA of SO;. Considering the small anharmonicity,
we can determine with confidence the EA of SO; to be 2.126 +
0.006 eV, which agrees well with our calculated value of 2.16
eV at the CCSD(T)/aug-cc-pV(Q+d)Z level (Table S7). The
measured VDE of 3.379 eV is also in excellent agreement with
our calculated VDE of 3.36 eV at the same level of theory.

PE Angular Distributions. The differential detachment
cross section for randomly oriented molecules with linearly
polarized light can be expressed as™

1(0) = o7/4x[1 + pB(cos 6)] (1)

where oy is the total detachment cross section, (=1 < < 2)
is the anisotropy parameter that describes the PAD, P,(cos )
is the second-order Legendre polynomial, and 6 is the angle
between the ejected photoelectron and the polarization
direction of the detachment laser. # = 0 results in an isotropic
s outgoing wave, whereas § = —1 gives rise to an (s + d) wave
with the maximum intensity in the direction perpendicular to
the laser polarization. # = 2 represents a p-wave detachment
with the maximum intensity along the laser polarization.

The f parameters of the vibrational peaks in the spectra at
4.1294 eV are derived from the high-resolution image shown in
Figure le, as presented in Figure 6 (blue circle) as a function

2.0
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Figure 6. Measured f parameters compared with the calculated values
(solid line) as a function of electron KE.>' The measured values are
determined from the spectra at 4.1294 €V (blue circle), 3.3129 eV
(blue triangle), and 2.7264 eV (red diamond).

of the PE KE. The f values obtained from the spectrum at
3.3129 eV (Figure 1b) are also included to cover the KE below
0.4 eV (Figure 6, blue triangle). The experimentally measured
3 values are in good agreement with the calculations (solid line
in Figure 6) reported by Anstdter et al.”' The f parameter
displays a weak dependence on the electron KE on the low-
energy side.

For the PE spectra taken at photon energies higher than
~4.0 eV (Figures 1d,e and 3), a continuous and isotropic
feature ( ~ 0) above ~3.8 eV is observed. This broad feature
could not be due to an excited state of SO; by detaching an
electron from the HOMO of SO;~ (Figure S1) because the
computed first excited state of SO; (1°A’, as shown in Figure
4) is considerably higher in energy. Furthermore, the HOMO
with a, symmetry is primarily an O 2p lone pair and should

result in a (s + d)-wave PAD, rather than an isotropic PAD.
The broad and isotropic feature suggests that it should come
from a secondary process. It was attributed to thermionic
emission by AV.” This is plausible because the photon
energies are above the first two excited states of SO, (Figure
4). Most likely, this feature was due to excitation to the
optically allowed 2*A’ excited state, followed by conversion to
the ground state, resulting in electron emission from highly
vibrationally excited anions. Furthermore, autodetachment
from the 2*A’ excited state of SO;~ to the ground state of
SO;(X'A;’) could also contribute to this feature.

Autodetachment at Lower Photon Energies. The two
spectra, as shown in Figure 2, at 2.6678 and 2.7264 eV
displayed completely different vibrational structures as those in
Figure 1. The two vibrational progressions (al—a8 and bl—
b7) both have an average separation of 530 + 15 cm™', which
agrees with the in-plane bending mode v, (e’, Figure S2) of
SO, with a frequency of 530.1 cm™.>" Furthermore, these two
spectra exhibited isotropic PADs (f ~ 0, red diamond in
Figure 6), instead of the expected p-wave distribution. The
isotropic signals suggested indirect detachment processes, that
is, autodetachment from an excited state of SO;”. Our
calculations show that the vertical excitation energy of the
first excited electronic state of SO;~ (12A”) is around 2.75 eV
(Figure 4, Table S8), consistent with the photon energies used
for the spectra in Figure 2. Our calculations revealed that the
1’A” « X?A’ transition is optically forbidden, in agreement
with the very weak signals observed. The 1?A” excited state has
C, symmetry (Table S4); thus, the v, bending mode is FC-
allowed during autodetachment.

It is interesting to note that the first observable peak al at
2.248 + 0.009 eV is separated from the 0—O0 transition (2.126
eV) by 0.122 eV (984 cm™"). Considering the large uncertainty
in the binding energy of the weak al peak, this separation
almost exactly represents two quanta of the v, mode, that is,
the al peak is the v = 2 level of the v, mode. The bl peak at
2.289 =+ 0.007 eV is separated from the 0—0 transition by
0.163 eV (1315 cm™"), which is close to the known frequency
of the 13 mode (1391.5 cm™).”" Thus, the b1-b7 progression
is likely due to a combinational series with one quantum of the
vy mode, that is, 3'v,". These observations indirectly confirm
the validity of the derived 0—0 transition from the FCF fitting
discussed above.

Measurement of the SO;~ — SO, + O~ Dissociation
Energy. The O('D) signal in the 266 nm spectrum of SO;~
(Figure 3) is due to the detachment from the dissociation
product O~(?P), as first observed by Dobrin et al.** The
dissociative state is most likely the 2*A’ excited state of SO;~
via direct excitation to this state or internal conversion from
the forbidden 2°A” excited state (Figure 4). The observation of
PE signals from the O~ fragment anion provides a promising
way to directly measure the dissociation energy of SO;~ (X*A”)
— SO,(X'A;) + O (*P) by monitoring the O~ signals as a
function of photon energy.

To search for the dissociation threshold of SO;~ and avoid
the influence of the strong direct detachment signals of the
parent anion, we monitored the appearance of the O(°P)
ground-state signal from detachment from the O~(*P)
fragment. Due to the high electron KE (low binding energy)
of this detachment channel, we had to use a high extraction
voltage on the imaging lens, resulting in slightly lower spectral
resolution, as shown in Figure 7. The intensity of the O(°P)
signal at 1.46 eV is very sensitive to the excitation energy. It is
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Figure 7. PE spectra of SO;~ at 4.3125, 4.2643, and 4.2533 eV. The
baselines of the spectra at 4.2643 and 4.3125 eV are shifted by 0.25
and 0.5 (arbitrary unit), respectively.

relatively strong at 4.3125 eV, becomes very weak at 4.2643
eV, and disappears at a slightly lower photon energy at 4.2533
eV. Therefore, the dissociation energy of SO;” is between
4.2533 and 4.2643 eV, that is 4.259 + 0.006 eV, which agrees
well with the predicted value of 4.204 eV at the CCSD(T)/
aug-cc-pV(Q+d)Z level of theory.

Using the EA of SO; (2.126 = 0.006 eV) and the
dissociation energy of SO;~ (4.259 + 0.006 eV) from the
current study and the known EA of the oxygen atom (1.461
eV),>* we can evaluate the dissociation energy of SO5(X'A,’)
to the spin-forbidden products SO,(X'A;) + O(CP), as
illustrated in Scheme 1: EA(SO;) + D(SO;) = D(SO;7) +

Scheme 1. Schematic of the Thermodynamic Cycle for
SO, (X?A’) — SO,(X'A,) + OCP) + e

SO,(X'A) + O-(°P)

D(SO3/ EA(Q)

SO(X2A) [SO,(X'A,) + OCP) +e |

EA(SN ﬁsog

)

EA(SO,) + D(SO;) = D(SO57) + EA(O)

EA(O). The evaluated dissociation energy for SO;(X'A,") —
SO,(X'A;) + O(C’P) is 3.594 + 0.006 eV. Using the excitation
energy of O('D) (1.967 eV), we evaluated the dissociation
energy of SO;(X'A’) to the spin-allowed products SO,(X'A,)
+ O('D) to be 5.561 + 0.006 eV. Even though the
photodissociation of SO; has been studied,” the dissociation
energies of SO; have not been directly measured. Our derived
dissociation energies of 3.594 + 0.006 eV and 5.561 + 0.006
eV for the two dissociation channels are in agreement with the
values of 3.606 eV and 5.576 eV, respectively, estimated from
the thermochemical data.>® This agreement also confirms our
determined EA for SO; and the dissociation energy for SO;™.

B CONCLUSIONS

In conclusion, we report a combined high-resolution photo-
electron imaging and theoretical study of SO;” using
cryogenically cooled anions and high-level ab initio calcu-
lations. The well-resolved vibrational progression in the
photoelectron spectra for the v, umbrella mode is used to

compare with Franck—Condon simulations, allowing us to
determine the EA of SO; to be 2.126 + 0.006 eV for the first
time. By monitoring the appearance of the O~ photoelectron
signals, we are able to directly measure the dissociation energy
for SO;7(X*A’) — SO,(X'A;) + O~(®P). The obtained EA of
SO; and the dissociation energy of SO;~ also allowed us to
determine the dissociation energy of SO;(X'A,") —
SO,(X'A;) + O(C’P). The excited-state manifold computed
for SO, allowed us to understand the various autodetachment
processes. The thermodynamics and spectroscopic information
obtained in the current work will be valuable to understand the
photophysics and chemistry of SO; and its radical anion both
terrestrially and extraterrestrially.
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