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The rate constant for the reaction S+ SO2 f SO+ SO (1) has been investigated by measuring time profiles
of S atoms behind reflected shock waves using two experimental systems: S atoms were provided by the
thermal decomposition of COS in the high-temperature range (2020-2800 K) and by excimer laser photolysis
of COS in the low-temperature range (T ) 1120-1540 K). The results of these experiments yield the rate
constant with a non-Arrhenus temperature dependence,k1 ) 10-39.73T8.21 exp(4828.5/T) cm3 molecules-1 s-1,
over the extended temperature range (1120-2800 K). By comparing the rate constants with that derived
from a conventional transition-state theory based on the potential energy surface calculated by the G2M-
(CC1) methodology, a reaction mechanism including a contribution of the singlet state of the reaction
intermediate S2O2 is discussed.

Introduction
Low-quality fuels that contain a large quantity of sulfur are

used in a variety of combustion systems. Since the fuel sulfur
has profound effects on the overall flame characteristics (i.e.
NOx formation,1 soot formation,2,3 flame temperature4), model-
ing studies in sulfur-containing flames have been carried out
by several authors.5-8 Recently, kinetic studies related to sulfur-
containing species have been extensively conducted at high-
temperature ranges; thus, an improved kinetic database to model
sulfur-containing flames is now available.9 Despite such progress,
there still remain key elementary reactions which are not well
explored. For example, only limited kinetic works have been
performed for reactions of SO2 with atoms or radicals, which
can potentially play key roles in the formation of reduced sulfur
species such as H2S and S2 in the postflame regions of H2/O2

and hydrocarbon/O2 flames doped with SO2.7,8,10In accordance
with such requirements, an investigation for the reaction

is the issue of this study. Reaction 1 is believed to play an impor-
tant role in the conversion between SO and SO2 at flame temper-
ature under fuel-rich conditions. However, to our knowledge, only
an estimation by Just and Rimpel11 is available in the database,
and no direct experimental investigation has been performed at
high temperatures above 1000 K. The reverse reaction

was investigated by several authors at room temperature;12-15

however, the activation energy for (-1) was not given, so that
the kinetic information at flame temperature is not available.

In this work, the title reaction 1 was investigated by measuring
time profiles of S atoms with atomic resonance absorption
spectrometry (ARAS) behind reflected shock waves in COS/
SO2/Ar mixtures. Two types of shock tube experiment were
conducted; that is, S atoms were produced by thermal decom-
position of COS at a high-temperature range between 2020 and
2800 K, or in contrast, an excimer laser photolysis shock tube
technique was employed to cover the lower temperature range
between 1120 and 1540 K. The measurements indicate a slight
non-Arrhenius temperature dependence of the rate constant over
the extended temperature range.

To examine the reaction mechanism, ab initio calculations
were carried out to evaluate the potential energies of the reaction
intermediates including triplet and singlet states, and the
discussion of the reaction mechanism is supplied.

Experimental Section

Two different shock tube systems were employed to measure
the rate constant for reaction 1. In both systems, S atoms were
monitored by using ARAS behind the reflected shock waves in
COS/SO2/Ar mixtures. At Nagaoka University of Technology
(NUT), S atoms were produced by the thermal decomposition
of COS in a diaphragmless shock tube having a driven section
of 3.5 m long and 46 mm i.d. At the University of Tokyo (UT),
S atoms were produced by KrF excimer laser photolysis
(Lambda Phisik LPX100:λ ) 248 nm) of COS by using a
diaphragmless shock tube having a driven section of 4 m long
with 40 mm i.d. Laser radiation was sent at about 100µs after
the arrival of a reflected shock wave at the observation section
through a quartz window placed at the end plate of the shock
tube. The typical fluence of the laser pulse was 60 mJ/cm2 at
the front of the entrance window. O atoms were also monitored
in the experiment at UT.

* To whom correspondence should be addressed.
† Nagaoka University of Technology.
‡ National Institute of Advanced Industrial Science and Technology.
§ The University of Tokyo.
| Toyohashi University of Technology.

S + SO2 f SO+ SO (1)

SO+ SOf SO2 + S (-1)
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The ARAS systems both at NUT and UT consisted of a
microwave-discharge lamp, a vacuum UV monochromator
(Ritsu MCV-20), and a solar blind photomultiplier (Hamamatsu
R-1080, R-976). Perpendicular to the optical axis of the ARAS
system, a piezoelectric transducer was equipped to monitor the
pressure profiles at the observation area. The atomic resonance
emission of S atoms was produced by microwave discharge of
He containing 0.1% SO2 or 0.2% H2S mixtures. Absorption
intensity was recorded and stored in an oscilloscope and sent
to a personal computer for analysis. To obtain the relation
between the measured absorption atλ ) 182 nm (S atomic line)
and the corresponding S atom concentrations, high-temperature
dissociation of COS and CS2 was used. Sample gases (SO2 and
COS) were purified by the freeze-and-thaw method. Ar (CP
grade) was used without further purification.

Experimental Results

In the experiment at NUT, the concentration of COS was
kept less than 2× 1013 molecule cm-3 behind the reflected
shock waves to avoid the secondary reaction S+ COSf CO
+ S2. Typical examples of the time profile of the S atom with
and without coexistence of SO2 are shown in Figure 1. These
traces show a rise at first due to the thermal decomposition of
COS, that is,

Since the time profile of S atom absorption showed no
appreciable decay behind the reflected shock of COS/Ar
mixtures, it was confirmed that subsequent reactions that
consume S atoms such as

were negligible: this conclusion was further confirmed by
conducting kinetic simulations using the rate constant for
reaction 3 determined previously by Oya et al.16

In contrast, time profiles of S atoms with addition of SO2

show clear decay following an initial rise. The decay rate
showed a linear correlation with the concentration of SO2.
Therefore, it is reasonable to conclude that this decay is in part
due to the title reaction 1. The rate constant for (1) was
determined by fitting the observed time profiles of S atoms in
the COS/SO2/Ar mixtures with those obtained by kinetic
simulations. Since the concentration of COS was low enough,
only (1) and (2) should be taken into account for the present
analyses. The calculated profiles are compared with the
experimental traces in Figure 1. From these kinetic analyses,

the rate constants for reaction 1 were determined and the results
are summarized in Figure 2.

From a simple least-squares analysis, the Arrhenius expression
for this reaction rate is given by

over the temperature range between 2020 and 2800 K.
In the experiment at UT, an excimer laser flash photolysis

shock tube technique was used to determine the rate constant
for the lower temperature range from 1120 to 1540 K. Figure
3 shows typical examples of the time profiles of S atoms in the
photolysis of COS with and without addition of SO2. In the
case without SO2, S atoms were instantly produced by the flash
photolysis of COS and then simply decayed. The decay rate
was confirmed to be in good agreement with the previous
results16,17 for reaction 3. In the case with a large excess of
SO2, S atoms show an initial increase (as is shown in Figure
3), followed by a slower decay. Since intense irradiation from
the KrF excimer laser yields O atoms, reactions of O atoms
with COS and SO2 should be considered18 in this study, that is,

Reliable rate constants are available for reactions 2-5;
however, it was confirmed that two main product channels

Figure 1. Examples showing the time dependences of the S atom
produced in the thermal decomposition of COS measured at NUT.
Experimental results:O, COS/SO2 ) 4/0 ppm;b, COS/SO2 ) 4/300
ppm. Calculated profiles: solid curve,k1 given by (I) in the text; dotted
curves,k1 factored by 2 or1/2, T ) 2500 K,P ) 1.3 atm.

COS+ Ar f CO + S + Ar (2)

S + COSf CO + S2 (3)

Figure 2. Arrhenius plot for the reaction rate of S+ SO2 f SO +
SO (1) obtained at NUT. Solid line: The least-squares fit to the present
data.

Figure 3. Examples showing the time dependences of the S atom
produced in the laser flash photolysis of COS measured at UT.
Experimental results:0, COS/SO2 ) 50/0 ppm;b, COS/SO2 ) 50/
1000 ppm. Calculated profiles: solid curves,k1 given by (II) in the
text, T ) 1600 K,P ) 1.4 atm.

k1 ) 10-9.10(0.65

exp(-89.8( 30.6 kJ/RT) cm3 molecules-1 s-1 (I)

O + COSf products (4)
O + SO2 f SO+ O2 (5)

O + COSf CO2 + S (4a)

O + COSf S + CO2 (4b)
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exist in reaction 4.18 By adjusting the magnitude of the rate
constant for reaction 1 as well as the branching fraction for (4b),
the observed time profiles for S and O atoms can be well
reproduced by a kinetic simulation with reactions 1-5. An
example of such a comparison is shown in Figure 3 only for
the profile of the S atom. More details in these analyses are
presented elsewhere.18 As a result, the rate constant for reaction
1 is given by

for the temperature range between 1120 and 1540 K. The
resultant Arrhenius plot is shown in Figure 4.

The rate constants for reaction 1 obtained by using two
different techniques are summarized in Figure 5. The rate
constant for reaction 1 at room temperature is also included in
Figure 5 by combining the previous results13-15 on the rate
constants for the reverse reaction SO+ SO f SO2 + S and
the equilibrium constant from the standard enthalpy and entropy
of this reaction. As shown in the figure, the rate constant
obtained in the present work is about1/3 of that estimated by

Just and Rimpel11 at the overlapping temperature range. Just
and Rimpel11 measured O atoms behind the reflected shock of
SO2 highly diluted with Ar mixtures and discussed the rate
constant for the decomposition of SO2 at high temperature. To
investigate the influence of the subsequent reactions on the time
profiles of O atoms behind the shock of SO2/Ar mixtures, they
used the estimated rate constant for the reaction S+ SO2 f
SO + SO as one of the subsequent reactions. Since this
estimated rate constant has little or no influence on the time
profiles of O atoms, the more straightforward method used in
this work probably gave correct values for the rate constant of
reaction 1. Combining the rate constants obtained in this study
over an extended temperature range between 1120 and 2800
K, a nonlinear least-squares analysis gives a non-Arrhenius
behavior of the rate constant expressed as

Discussions on PES of Reaction Pathways

To examine the observed non-Arrhenius behavior of the rate
constant for reaction 1, ab initio molecular orbital calculations
were carried out. Gaussian 9819 and Molpro 200020 codes were
used for the PES calculations for the singlet and triplet S+
SO2 system. All minima and transition states (TS) were
optimized using the B3LYP hybrid density functional method21,22

and the aug-cc-pVTZ+1 basis set.23 G2M (CC1) calculations24

were performed at the B3LYP/aug-cc-pVTZ+1 optimized
geometry in order to determine more accurate energies. No
stable wave functions for a pure spin state have been found for
a few intermediates and transition states on the singlet surface
(at the hybrid density functional calculations), even though there
is no lower lying triplet state than the singlet. In such a case
the optimization of geometry was conducted allowing spin
contamination. Since the G2M procedures were inevitably
performed for a wave function of a pure spin state, the G2M
energies thus obtained may be considerably uncertain.

Results of the PES calculations are illustrated in Figure 6,
where triplet surfaces are represented by solid lines and singlet
surfaces by dashed lines. Rotational constants and vibration
frequencies of several minima and transition states are sum-
marized in Table 1. On the triplet surfaces, S(3P) + SO2

correlates to3SOSO by passage through TS1 and/or TS2.3-
SOSO has two conformers: one nonplanar and the other planar
trans-type (3A′), which correlate to OSSO(3B) via TS3. Both
3SOSO and3OSSO dissociate to3SO+ 3SO without an explicit
potential barrier beyond the endothermicity. Besides these
intermediates, there is an unstable adduct, SSO2(3A"), only
slightly higher in energy than the level of S+ SO2.

There were found four intermediates in the singlet reaction
courses to3SO + 3SO. Planar1SSO2, an analogue of sulfur
trioxide, connected with1S + SO2 has the lowest energy in the
system. By the halfway migration of the end S atom through
TS5,1SSO2 correlates to1SOSdO, which has a three-membered
ring structure.1SOSdO correlates to1SOSO and1OSSO (having
two conformers, planar cis- and trans-type, respectively), which
are predicted to be more stable than the corresponding triplet
states. The two conformers of1SOSO, however, have no stable
wave function for a pure spin state. For1OSSO, a stable wave
function for a pure spin state is not obtained for the trans-type
conformer whereas it is obtained for the cis-type one. This kind
of instability is perhaps due to a biradical character of these
intermediates. It is estimated that1SOSO correlates to3SO +
3SO with an appreciable intervening barrier, whereas1OSSO
has no barrier.

Figure 4. Arrhenius plot for the reaction of S+ SO2 f SO + SO
determined by an excimer laser photolysis shock tube technique at UT.
The solid line is the least-squares fit to the present data, and the dashed
line is the fit to the data of Just and Rimpel.11

Figure 5. Comparison of the experimental and theoretical rate constants
for the S+ SO2 reaction 1. Solid curves: Present experimental results.
(I): The result at NUT. (II): The result at UT. (III): Summary of (I)
and (II), given in the text as (III). Dashed line: Just and Rimpel.11

Dotted lines: Calculated rate constants, assuming that the reaction
proceeds fully in the triplet surface (case A) with a varying barrier
height (E0) of TS1. [A-1: E0 ) 75. A-2: E0 ) 40 kJ mol-1.] Dashed-
dotted lines: Calculated limiting rate constants assuming that the
reaction is carried out by a triplet to singlet intersystem crossing
followed by passage through TS5 (case-B). [B-1:E0 ) 53. B-2: E0 )
30 kJ mol-1.] Rate constants at room temperature are calculated using
the rate constants of the reverse reaction SO+ SO f SO2 + S given
in ref 13 (b), ref 14 (2), and ref 15 (O).

k1 ) 10-11.01(0.33

exp(-37.8( 8.2 kJ mol-1/RT) cm3 molecule-1 s-1 (II)

k1 ) 10-39.73T8.21exp( 4828.5/T) cm3 molecule-1 s-1 (III)
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Singlet and triplet potential energy surfaces in the system
seem to intersect in a complicated manner. Although exploring
the seam of crossing is beyond the present ab initio calculations,
a crossing point was found for a geometry around3SSO2, where
the energy of1SSO2 increases to the level of the triplet state
due to the shift of the end S atom from the molecular plane
and the stretch of the S-S bond distance. This is shown in the
inset of Figure 6.

According to the results of the PES calculations, the
magnitude of the potential barrier in the triplet reaction is
considerably larger than the observed activation energy in the
present experiments. Apart from an inefficient triplet/singlet
transition, a reaction course via the intersystem crossing
followed by passage through TS5 is more favorable energetically
than those through fully triplet channels. To examine the reaction
course(s) of S(3P) + SO2, we calculated rate constants on the

basis of a conventional transition-state theory (TST), with
vibrational frequencies and rotational constants obtained by the
B3LYP method and the G2M(CC1) energy in hand. Wigner’s
tunneling correction was also included.

(Case A) Reaction Pathways along the Triplet Surfaces.
If the reaction proceeds only on the triplet surface, derived rate
constants with the potential barrier (E0) of 75 kJ mol-1 in TS1
are much lower than the experimental values, as is shown in
Figure 5. Since the most important error in the TST calculations
was expected to be the barrier height, calculated rate constants
with reduced values ofE0 were compared with the experimental
ones in the same figure. Although a perfect correspondence
between the present theoretical and experimental rate constants
is not possible, a value ofE0 ) 40 kJ mol-1 gives acceptable
agreement with the present experimental values at the lower
temperatures. This corresponds to a potential barrier of 10 kJ

Figure 6. Potential energy diagram of the S+ SO2 system calculated at the G2M(CC1)//B3LYP/aug-cc-pVTZ+1 level: solid lines, triplet; dashed
lines, singlet; lighter lines are estimates. Figures in parentheses denote the experimental values. An x on the right shoulder represents that no stable
wave function for a pure spin state was obtained in the B3LYP calculations (see text). Energies are given relative to S(3P) + SO2, including ZPE.
Inset: potential energy (not including ZPE) of singlet SSO2 at the partially optimized geometry of triplet SSO2 (3A"), which constrained the length
of the S-S bond.

TABLE 1: Rotational Constants and Vibrational Frequencies of SO2, SO, Intermediates, and Transition States in the S+ SO2
System

rotational constants/GHz vibrational frequencies/cm-1 ZPEa/(kJ mol-1)

SO2 59.6 10.3 8.76 519 1177 1374 18.4
3SO 21.4 21.4 1157 6.9
TS1 15.9 2.35 2.15 527i 107 187 480 786 1234 16.7
TS2 13.1 3.42 3.11 1209i 148 365 386 712 1225 17.0
nonplanar-3SOSO 15.2 2.79 2.49 76 209 401 561 758 1180 19.0
trans-3SOSO (3A′) 31.4 2.38 2.21 57 188 325 623 811 1195 19.1
TS3 (3A′) 26.4 2.18 2.01 164i 109 218 463 986 1194 17.8
3OSSO (3B) 13.8 2.71 2.58 87 198 266 362 1053 1095 18.3
3SSO2 (3A") 9.16 3.94 2.88 143 248 419 480 1086 1279 21.9
1SSO2 (1A1) 10.3 4.36 3.06 345 404 468 665 1176 1368 26.5
TS5 10.3 4.01 3.06 625i 256 375 463 1025 1289 20.4
1SOSdO 13.3 3.89 3.46 267 415 443 562 807 1269 22.5
cis-1OSSO (1A1) 13.4 3.35 2.68 138 285 476 492 1138 1191 22.2

a The values of ZPE were calculated with the scaling factor 0.985.
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mol-1 for the reverse reaction,3SO + 3SO f 3S + SO2 (-1).
With this value, the rate constant for (-1) is estimated as 4.5
× 10-15 cm3 molecule-1 s-1 at room temperature: this value
is more or less consistent with the reported values of 3.5×
10-15 and 8.3 × 10-16 cm3 molecule-1 s-1,13,14 but it is
inconsistent with the reported value of 4.3× 10-12 cm3

molecule-1 s-1. 15

(Case B) Reaction Pathways with Triplet to Singlet
Intersystem Crossing.If the S(3P)+ SO2 reaction was assumed
to be carried out by the triplet to singlet intersystem crossing
followed by passage through TS5, the bottlenecks for the
reaction are inefficient triplet/singlet transition and/or the height
of the potential barrier in TS5. Assuming the triplet/singlet
transition probability is near unity, we can calculate the upper
limit of the rate constant using the information on TS5. As is
shown by dashed dotted lines in Figure 5, derived limiting rate
constants are markedly smaller than those from experiments
even if the barrier height is reduced from 53 to 30 kJ mol-1,
which is a lower limit arising from the endothermicity. Also,
the calculated rate constants are much smaller than those from
the fully triplet reaction course via TS1 even though both have
the same magnitude of activation energy. This is mainly due to
the larger contribution of the vibrational partition function with
low frequencies in the looser TS1 than those in TS5.

Although these TST calculations suggest that the G2M (CC1)
methodology considerably overestimates the height of the
potential barriers of TS1 and also that these calculations could
not completely explain the non-Arrhenius behavior of the rate
constant, it is reasonable to conclude that the S(3P) + SO2

reaction proceeds fully on the triplet surfaces via S2O2 complex
intermediates leading to SO molecules as end products.

Conclusions

This work supplies the results of the first measurements of
the rate constant for the reaction S+ SO2 f SO + SO over
the temperature range 1120-2800 K. Slight non-Arrhenius
behavior of the rate constant for this reaction is indicated. The
rate constant based on ab initio calculations of potential energy
surfaces for this reaction along with a conventional transition
state theory cannot explain the present experimental observa-
tions, however, it is indicated that the reaction proceeds only
with triplet surfaces via the intermediate complex S2O2.
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