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When a high-frequency discharged CS2:O2:Ar sample was condensed at 4 K, new absorptions at 1003.1 and
567.7 cm-1 were produced. Isotopic substitution (13CS2/O2, C34S2/O2, CS2/18O2, and mixtures) shows that
these new absorptions are due to S-O and S-S stretching vibrations, which involve two inequivalent S
atoms and one O atom. The photosensitive behavior and the agreement with frequencies and isotopic frequency
ratios from quantum chemical calculations substantiate assignment of these absorptions to the SSO- anion,
which was predicted to have a bent structure with elongated S-S and S-O bond lengths relative to those of
S2O.

Introduction

Sulfur oxides are potential important species in combustion,
atmospheric, and planetary chemistry. Disulfur monoxide, S2O,
one of the simplest molecules incorporating both sulfur and
oxygen elements, has been identified as the sulfur- and oxygen-
containing species that resulted from volcanic activities on the
surface of Jupiter’s moon Io.1-3 Numerous experimental and
theoretical studies have been performed on the properties of
S2O.4-13 Earlier mass and microwave spectroscopic studies
showed that S2O has a1A′ ground state with unsymmetrical
and bent equilibrium geometry (designated SSO).4,5 The struc-
tural parameters and vibrational fundamentals were experimen-
tally determined on subsequent microwave and infrared
measurements.6-9 Theoretical calculations indicated that the
unsymmetrical SSO molecule is the most stable structure on
the potential energy surface of S2O. Two other S2O isomers
havingC2V symmetry were predicted to be stable, but they lie
higher in energy than SSO.13 Recently, the cyclic S2O isomer
with C2V symmetry was produced by 308 nm excimer laser
irradiation of matrix isolated SSO in solid argon. Its infrared
and ultraviolet absorption spectra were reported.14,15

Although the S2O neutral molecule has been well character-
ized, the S2O- anion has gained much less attention. However,
the SSO- anion has been produced by high-pressure dc glow
discharge from the O2/OCS or O2/SO2 mixtures, and its
photoelectron spectrum was reported.16 The electron affinity of
SSO was measured to be 1.877( 0.008 eV. From a Franck-
Condon analysis of the photoelectron spectra, the S-S bond
length of SSO- was determined to be 2.010( 0.020 Å. Previous
investigations have shown that the isovalent O3

-, SO2
-, and

S3
- anions all can be trapped in solid matrices for spectroscopic

study,17-21 which suggests that the S2O- anion might also be
produced and trapped in solid matrices. In this paper, we report
a vibrational spectra and quantum chemical calculations of the
SSO- anion produced by condensation of a high-frequency
discharged CS2/O2 mixture in excess argon.

Experimental and Computational Methods

The experimental setup for the high-frequency discharge and
matrix isolation FTIR spectroscopic investigation has been
described in detail previously.22,23 Briefly, the gas stream
containing CS2/O2/Ar was subjected to high-frequency discharge
from a Tesla coil and was deposited onto a CsI window cooled
normally to 4 K bymeans of a closed-cycle helium refrigerator.
The matrix gas deposition rate was typically of 2-4 mmol per
hour. In general, matrix samples were deposited for 1-2 h. The
CS2/O2/Ar mixture was prepared in a stainless steel vacuum
line using a standard manometric technique. CS2 was cooled to
77 K using liquid N2 and evacuated to remove volatile
impurities. Isotopic labeled18O2 (Cambridge Isotope Labora-
tories, 99%),13CS2, and C34S2 (Isotec, 99%) were used without
further purification. Infrared spectra were recorded on a Bruker
Equinox 55 spectrometer at 0.5 cm-1 resolution using a DTGS
detector. Matrix samples were annealed at different tempera-
tures, and selected samples were subjected to broadband
irradiation using a high-pressure mercury arc lamp.

Quantum chemical theoretical calculations were performed
using the Gaussian 98 program.24 The Becke three-parameter
hybrid functional with the Lee-Yang-Parr correlation correc-
tions (B3LYP) was used.25,26 Additional comparison ab initio
calculations were also done at the CCSD(T) level.27 The
6-311+G* basis set was used for O and S atoms.28,29Geometries
were fully optimized and vibrational frequencies were calculated
with analytical second derivatives, and zero-point vibrational
energies (ZPVE) were derived.

Results and Discussion

Low power microwave or high-frequency discharges have
often been used in conjunction with the matrix isolation
technique to produce and trap unstable species for spectroscopic
studies. Numerous species such as free radicals and charged
ions that are difficult to study in the gas phase have been
produced and trapped in solid matrices.30 The SSO- anion
reported here was produced by condensation of the CS2/O2/Ar
mixture via high-frequency discharge. The products from
condensation of discharged CS2/Ar or O2/Ar mixtures have been
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investigated previously.31,32 Condensation of the CS2/Ar prod-
ucts at 4 K after discharge resulted in strong CS absorptions at
1275.0 and 1270.0 cm-1 and weak absorptions due to CS2

+

(1200.5 cm-1), (CS)2 (1281.2 cm-1), C2S2 (1180.5 cm-1), CS2
-

(1160.5 cm-1), and C3S2 (2078.2 and 1024.3 cm-1).32,33

Similarly, O3 (1039.4 cm-1), O3
- (803.9 cm-1),17 O4

- (953.6
cm-1),34 and O4

+ (1118.4 cm-1)18,35 were produced after
discharge of O2/Ar and condensation. All of the charged species
were eliminated on broadband irradiation.

When a CS2/O2/Ar mixture was subjected to discharge and
condensed, the CS, C3S2, and CS2+ absorptions were still
presented, but the absorptions due to CS2

-, O3
-, O3, O4

-, and
O4

+ were not observed. Strong absorptions due to CO (2138.3
cm-1), SO2 (1350.8, 1147.0, and 517.2 cm-1), OCS (2049.5
and 858.7 cm-1), and SSO (1157.1 and 672.6 cm-1), together
with two new absorptions at 1003.0 and 567.7 cm-1, were
produced. The spectra in the 1050-960 and 600-560 cm-1

regions with 0.2% CS2 + 0.1% O2 in Ar, which are of
particularly interest here, are shown in Figure 1. The new 1003.0
and 567.7 cm-1 absorptions that were observed after sample
deposition were reduced 20% upon sample annealing to 25 K
(trace b). Filtered irradiation (λ > 400 nm) using the high-
pressure mercury lamp has little effect on these absorptions
(trace c), but continued irradiation withλ > 300 nm reduced
the absorptions about 80% (trace d). Additional broadband
irradiation without filter (λ > 250 nm) virtually destroyed the
absorptions (trace e). Both absorptions were not reproduced on
further annealing to 30 K (trace f).

Similar experiments were performed with the13CS2:O2, CS2:
18O2, C34S2:O2, CS2:16O2 + 18O2, and C32S2 + C34S2:O2 samples.
The isotopic shifts and splittings of the product absorptions will
be discussed below. Table 1 lists the vibrational frequencies of
various SSO- isotopomers. The infrared spectra in the 1030-

950 and 580-540 cm-1 regions using different isotopic samples
are shown in Figures 2 and 3, respectively.

The 1003.0 and 567.7 cm-1 bands can be grouped together
by their consistent behavior upon annealing and broadband
irradiation, which suggests different vibrational modes of the
same species. Both bands showed no shifts when a13CS2/O2

sample was used, which suggests that no carbon atom is
involved in the product absorptions. The 1003.0 cm-1 band
shifted to 966.4 cm-1 with CS2/18O2, and to 993.0 cm-1 with
C34S2/O2, giving the16O/18O isotopic frequency ratio of 1.0379
and32S/34S ratio of 1.0101. These ratios are very close to the
harmonic isotopic frequency ratios of the diatomic SO molecule
(1.0392 and 1.0100), indicating that the 1003.0 cm-1 band is
due to a S-O stretching vibration. In the mixed CS2/16O2 +
18O2 experiment (Figure 2, trace c), only the pure isotopic
counterparts were observed, indicating that only one O atom is
involved in this vibrational mode. In the mixed C32S2 + C34S2/
O2 experiment (Figure 2, trace e), a doublet also was observed;
however, the band center of the two absorptions is 0.1 cm-1

lower and 0.05 cm-1 higher, respectively, than that of the pure
isotopic counterparts, which suggests that one S atom is involved

Figure 1. Infrared spectra in the 1040-980 and 580-560 cm-1 regions
from deposition of a high-frequency discharged CS2/O2/Ar (0.2:0.1:
100) mixture at 4 K. (a) After 1 h of sample deposition, (b) after 25 K
annealing, (c) after 15 min ofλ > 400 nm irradiation, (d) after 15 min
of λ > 300 nm irradiation, (e) after 15 min ofλ > 250 nm irradiation,
and (f) after 30 K annealing.

TABLE 1: Infrared Absorptions (cm -1) of Various SSO-

Isotopomers in Solid Argon

S-O stretching S-S stretching
32S32S16O- 1003.0 567.7
34S32S16O- 1002.9 560.3
32S34S16O- 993.0 559.0
34S34S16O- 993.0 551.4
32S32S18O- 966.4 566.8

Figure 2. Infrared spectra in the 1030-950 cm-1 region from
deposition of a high-frequency discharged CS2/O2/Ar mixture at 4 K.
(a) 0.2% CS2 + 0.1% O2, (b) 0.2% CS2 + 0.1%18O2, (c) 0.2% CS2 +
0.05%16O2 + 0.05%18O2, (d) 0.2% C34S2 + 0.1% O2, and (e) 0.1%
C32S2 + 0.1% C34S2 + 0.1% O2.

Figure 3. Infrared spectra in the 580-540 cm-1 region from deposition
of a high-frequency discharged CS2/O2/Ar mixture at 4 K. (a) 0.2%
CS2 + 0.1% O2, (b) 0.2% CS2 + 0.1% 18O2, (c) 0.2% CS2 + 0.05%
16O2 + 0.05%18O2, (d) 0.2% C34S2 + 0.1% O2, and (e) 0.1% C32S2 +
0.1% C34S2 + 0.1% O2.
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in this vibrational mode but is very weakly coupled by another
S atom. The 567.7 cm-1 absorption showed a very small shift
(0.9 cm-1) with CS2/18O2, but shifted to 551.4 cm-1 with C34S2/
O2. The32S/34S isotopic frequency ratio of 1.0296 indicates that
the 567.7 cm-1 band is mainly due to a S-S stretching vibration.
The very small oxygen isotopic shift suggests that this S-S
stretching vibration is also slightly coupled by another O atom.
In the mixed C32S2 + C34S2/O2 experiment (Figure 3, trace d),
a quartet at 567.7, 560.3, 559.0, and 551.4 cm-1 with ap-
proximately 1:1:1:1 relative intensities was observed. This
quartet isotopic structure confirms that two slightly inequivalent
S atoms are involved in this vibrational mode.

On the basis of above-mentioned isotopic substitution, we
can conclude that the 1003.0 and 567.7 cm-1 absorptions are
due to the S-O and S-S stretching vibrations of a S2O species
with two inequivalent S atoms. This species is photosensitive;
both the 1003.0 and the 567.7 cm-1 absorptions were destroyed
on full-arc irradiation and never came back on further sample
annealing. The band positions are about 154.1 and 105.0 cm-1

lower than those of the neutral SSO molecule, which was
observed at 1157.1 and 672.7 cm-1 in solid argon. These
observations strongly suggest the assignment of the 1003.0 and
567.7 cm-1 bands to the SSO- anion in solid argon. The SSO-

anion has been produced by high-pressure dc glow discharge
from the O2/OCS or O2/SO2 mixtures in the gas phase. The
S-S stretching frequency has been determined to be 620(
150 cm-1 from the photoelectron spectroscopic study.16

Quantum chemical computations were performed to support
the experimental assignment and to provide insight into the
geometry and electronic structure in the SSO- anion. Compari-
son calculations were also done on the neutral SSO molecule
as well. The optimized geometric parameters are shown in
Figure 4, and the calculated vibrational frequencies and intensi-
ties are listed in Table 2. As can be seen, excellent agreement
was found between the B3LYP and CCSD(T) calculations. The
geometric parameters calculated for the1A′ ground-state SSO
molecule with B3LYP are: S-S, 1.922 Å; S-O, 1.482 Å; and
∠SSO, 117.7°. The bond lengths are slightly longer than the
experimental values: S-S, 1.885 Å; and S-O, 1.459 Å, while

the bond angle is very close to the experimental value of
118.1°.6-9 Calculations at the CCSD(T) level gave slightly
longer bond lengths. Due mainly to the neglect of anharmonicity,
computed vibrational frequencies are generally higher than the
experimental values. However, the vibrational frequencies of
SSO were underestimated at both levels of theory. The S-O
and S-S stretching frequencies of SSO were computed at
1140.2 and 650.9 cm-1 (B3LYP), which are 16.9 and 22.2 cm-1

lower than the frequencies observed in solid argon (1157.1 and
672.7 cm-1). As listed in Table 3, the calculated isotopic
frequency ratios are in excellent agreement with the experi-
mental values. Present DFT/B3LYP calculations predicted that
the unsymmetric SSO- anion is the most stable structure on
the doublet potential energy surface of S2O-. Two other isomers
having bentC2V symmetry were predicted to lie much higher
in energy than the SSO- isomer (with B3LYP, a2B1 stateC2V
structure with S-O, 1.701 Å and∠SOS, 124.6° is 34.1 kcal/
mol above SSO-; another2B2 stateC2V structure with S-O,
1.751 Å and∠SOS, 97.4° is 45.9 kcal/mol above SSO-). The
bent SSO- anion was predicted to have a2A′′ ground state.
The bond lengths calculated at the B3LYP level (S-S, 2.047
Å and S-O, 1.546 Å) are 0.125 and 0.064 Å longer than those
of neutral SSO calculated at the same level of theory. The
calculated bond angle (115.2°) is only slightly smaller than that
of SSO. The calculated S-S bond length is slightly longer than
that estimated from a Franck-Condon analysis of the photo-
electron spectra (2.010( 0.020 Å).16 The S-O and S-S
stretching vibrational frequencies of SSO- were calculated at
955.0 and 519.7 cm-1 (B3LYP), respectively, which are both
48.0 cm-1 lower than the observed values. Calculations at the
CCSD(T) level gave slightly higher vibrational frequencies than
those of B3LYP, but still lower than the experimental values.
Obviously the S-O and S-S stretching frequencies of SSO-

anion were also underestimated, similar to those of the neutral
SSO molecule.36 Although the calculated vibrational frequencies
were systematically underestimated, the calculated IR intensities
and isotopic frequency ratios are in excellent agreement with
the observed values, which add strong support for the anion
assignment. Taking the B3LYP calculation results, for example,
the calculated intensity ratio of these two observed modes is
212:75, while the experimental band intensities gave a ratio of
0.130:0.042. As listed in Table 3, the calculated isotopic
frequency ratios for these two modes (upper mode,16O/18O,
1.0389,32S/34S, 1.0100; low mode,16O/18O, 1.0017,32S/34S,
1.0297) are in excellent agreement with the experimental values
(upper mode,16O/18O, 1.0379,32S/34S, 1.0101; low mode,16O/
18O, 1.0016,32S/34S, 1.0296). The bending vibration of SSO-

was predicted at 312.2 cm-1, which is out of the range of our
spectrometer. This mode was predicted to have much lower IR
intensity (5 km/mol) than the other two modes.

The observed S-O and S-S stretching vibrational frequen-
cies of SSO- in solid argon are 154.1 and 105.0 cm-1 lower
than those of neutral SSO molecule. SSO has been found to be
a closed-shell molecule with an electronic configuration of (core)
(15a′)2 (16a′)2 (5a′′)0. As shown in Figure 5, the 5a′′ LUMO of
SSO is an antibondingπ orbital, which mainly consists of the

Figure 4. Optimized structures (bond lengths in angstroms, bond angles
in degrees) of the SSO neutral and SSO- anion at the B3LYP and
CCSD(T) (values in parentheses) levels.

TABLE 2: Calculated Vibrational Frequencies (cm-1) and
Intensities (in Parentheses, km/mol) for SSO and SSO-

S-O stretching S-S stretching bending

B3LYP 32S32S16O 1140.2(176) 650.9(48) 372.3(12)
32S32S16O- 955.0(212) 519.7(75) 312.2(5)
34S32S16O- 955.0(212) 513.2(72) 309.4(4)
32S34S16O- 945.5(208) 511.3(74) 310.4(5)
34S34S16O- 945.5(208) 504.7(72) 307.8(5)
32S32S18O- 919.2(196) 518.8(73) 302.8(4)

CCSD(T) SSO 1107.2 628.9 369.6
SSO- 983.1 537.2 318.5

TABLE 3: Comparison of the Observed and Calculated
Isotopic Frequency Ratios of the SSO and SSO- Species

16O/18O 32S/34S

mode calcd obsd calcd obsd

SSO SO str. 1.0382 1.0372 1.0103 1.0106
SS str. 1.0023 1.0025 1.0297 1.0291

SSO- SO str. 1.0389 1.0379 1.0100 1.0101
SS str. 1.0017 1.0016 1.0297 1.0296
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S 3p and O 2p atomic orbitals perpendicular to the molecular
plane. Addition of an electron to the 5a′′ orbital results in a
2A′′ ground-state SSO- anion. As the 5a′′ MO is both S-S
and S-O antibonding in character, an electron adding in this
orbital elongates both the S-S and the S-O bond lengths and
results in a reduction of the S-O and S-S stretching vibrational
frequencies.

The SSO- anion must be formed by electron capture of the
neutral SSO molecule during condensation. Strong SSO absorp-
tions were observed after sample deposition in the present
experiments. The electron affinity of SSO was determined to
be 1.877( 0.008 eV from previous photoelectron spectroscopic
study.16 Present calculations predicted the electron affinity of
SSO to be 2.37 eV (B3LYP) or 1.65 eV (CCSD(T)). The
B3LYP value is 0.5 eV higher than the experimental value,
whereas the CCSD(T) value is 0.23 eV lower than the
experimental value. The SSO- anion absorptions decreased on
λ > 300 nm irradiation, during which the SSO absorptions
slightly increased. This observation provides further support for
the experimental assignment of the SSO- anion. It is interesting
to note that the CS2-, O3

-, and O4
- anion absorptions were

observed in the pure CS2/Ar and O2/Ar discharge experiments,
but were not presented in the mixed CS2/O2/Ar discharge
experiments. Although strong SO2 and OCS absorptions were
produced in the mixed CS2/O2/Ar discharge experiments, the
corresponding SO2- and OCS- anion absorptions were not
observed.19,20,37The absence of O3- and O4

- anion absorptions
can be rationalized by the low O2 concentration in the mixed
experiments, because a large number of O2 reacted with CS2 to
form CO, OCS, SO2, and SSO during discharge. The only
observation of the SSO- anion absorptions in the mixed
experiments suggests that the SSO neutral has a larger electron
affinity than those of the CS2, OCS, and SO2 neutrals. The
electron affinity of SO2 has been determined to be 1.107( 0.008
eV,16 lower than that of S2O. There are no experimental data
on the electron affinities of OCS and CS2. DFT/B3LYP
calculations predicted the electron affinities of OCS, CS2, and
SO2 to be 0.23, 0.59, and 1.67 eV, respectively, significantly
lower than that of SSO calculated at the same level of theory.
Hence, the SSO molecule serves as an electron trap; it will
dominate electron capture reactions and minimize the formation
of other anions such as CS2

-, OCS-, and SO2
- during the

condensation process. The same effect has been observed in
previous pulsed laser ablation experiments when CCl4 was used
as an electron trap.38,39

Conclusion

The SSO- anion has been studied by matrix isolation infrared
absorption spectroscopy and quantum chemical calculations. The
SSO- anion was produced by condensation of a high-frequency
discharged CS2/O2 mixture in excess argon. On the basis of
isotopic substitution experiments, photosensitive absorptions at
1003.0 and 567.7 cm-1 are assigned to the S-O and S-S
stretching vibrations of the SSO- anion, which was predicted
to have a2A′′ ground state with bent structure. The anion was
formed via electron capture by the neutral SSO molecule during
the condensation process. As the captured electron occupies the

LUMO of SSO that is S-O and S-S antibonding in character,
both the S-S and the S-O bond lengths are elongated, which
results in a reduction of the S-O and S-S stretching vibrational
frequencies relative to those of SSO.
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