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Rate coefficients for the pyrolysis of $@n Ar in the temperature range 2188249 K were determined

using a diaphragmless shock tube. The concentration of O atoms was monitored with resonance absorption.
Rate coefficients determined in this work show Arrhenius behavior, kyiffl) = (4.864 1.31) x 10°° exp
[—(504504 730)/T] cm® molecule* s7%; listed errors represent one standard deviation in fitting. These values
are consistent with some previous measurements that show a preexponential factor and activation energy
greater than other measurements. Theoretical calculations at the G2ZM(RCC?2) level, using geometries optimized
with the B3LYP/6-31#G(3df) method, yield energies of transition states and products relative to those of
the reactants. Rate coefficients predicted with a microcannonical variational RRKM theory agree well with
experimental observations; contributions from electronically excited states pfaB&Osignificant. Rate
coefficients for the recombination @ SO— SG, are predicted to decrease with temperature Wwig(T) =

(4.824 0.05) x 10°3Y(T/298) 2170.03 cmb molecule? s for the temperature range 298000 K. In some
experiments, S atoms were monitored with resonance absorption. With detailed chemical modeling, we found
that S atoms were mainly produced from the secondary reactiénS® — S + O, rather than from direct
pyrolysis of SQ or from further pyrolysis of the SO product. Rate coefficients for this secondary reaction,
determined to bduo(T) = (3.0 & 0.3) x 10 exp [-(69804 280)/T] cm3 molecule! s7%, agree closely

with the theoretically predicted value comprising three product-channels via one triplet and two singlet SOO
intermediates.

1. Introduction (UV) absorption or emission invariably yielded smaller rate
coefficients®® Plach and Trdeshowed that these measurements
were in error because UV absorption spectra of SO ang SO
overlap extensively; observed results of smaller rate coefficients
are therefore attributed to interference from the absorption of

SO, is a key species in oxidation reactions of sulfur
compounds that are important in atmospheric and combustion
chemistry. In experiments at high-temperatures, &com-
monly employed as a source of O atoms. The kinetics for the

- : SO.
thermal decomposition of SChas, however, a controversial Experiments using a laser schlieren technigBiegtomic
history. Previous rate measurements in the temperature range P 9 a

: resonance absorption of O atofhmfrared (IR) emission of
of 2500-7500 K all employed shock-wave techniques, from 10 .
which reported rate coefficients fall into roughly three groups, SQ* and UV absorption of Seat/ = 220 nm (ref 6) gave

as listed in Table 1. Earlier experimehfaising SQ at larger reasonably consistent results with greater values of rate coef-
concentrations yield rate coefficienks, showing activation ficients. On close inspection, reportedR values still vary by

; _ _ ~16%, and preexponential factors vary by nearly a factor of
= = 1
?nnuecrrgllgrsni?ler 51(;? 2,[}?2_507:(? 2nKe)rgy5f?).r?éZ)4.9 keal mof*, 10, from 5.55x 109t0 4.82x 108 cm® molecule'! s7%. Other

reaction channels such as
SO, — 0(P)+ SOFE") AH°=131.8 kcal mol* (1a) SQ,— S CP)+0,(%,") AH®=137.3kcal mol" (1b)

Other reported rate coefficients all exhibit similar activation SQ,— SO0 AH° = 110 kcal mor? )
energies in the range 1008Ey/kcal mol! < 116.4 (50500 K

< E4R < 58600 K), but with values differing by a factor as have never been investigated. Hence, we sought to examine
much as 50 at a specific temperature in the range 36000 carefully the pyrolysis reaction of S@nd associated secondary

K. Experiments involving detection of S@hrough ultraviolet reactions in our newly constructed diaphragmless shock tube
by probing both O and S atoms with atomic resonance
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TABLE 1: Comparison of Reported Temperature Dependence of Rate Coefficients and Experimental Conditions for
Pyrolysis of SQ,

temp, K pressure, 18 [SO2]/[M] M A, 107100 EJ/R, K detection method ref
2188-4249 10.5-37.9 100-900 ppm Ar  48.6+13.1 50450+ 730 O absorption at 1302 1.4 nm this work
2000-4500 Ar 471 55190 theory (Arrhenius fit for the listed T range) this work
3000-5000 800-6000 ppm Ar 66.1 50518 3970 SQ absorptiond < 220 nm PP
4000-6000 0.06-0.20 Ar 555 54150 Laser Schlieren at 632.8 nm RBR

1.00 SQ 8.34 33520
4300-6200 4.52-13.8 20 & 100 ppm Ar  5.89 52800 S@mission at 392.5 nm SYM
2800-3880 48-205 0.0013-0.00527 Ar 133+ 33 54350 S@emission 7.267.47um GRS?
2500-3400 20-200 ppm Ar 482+ ggg 585904+ 2270 O absorption at 130.5 nm IR
SO absorption at 146.9 nm

3300-6500 30-403 100-2000 ppm  Ar 6,61+ 530 53880+ 2170 SQ absorption at 22% 0.2, AGT#

2344 0.2, and 238.5- 0.2 nm
SO absorption at 2194 0.13 nm
SO, emission at 7.25% 0.30um
SO emission at 275 1 & 316.5+ 0.5 nm

2900-5200  4.52-60.2 0.03,0.10,0.30 Kr 282 563602010 laser schlieren at 632.8 nm Kiefer
2800-3400 2.56-12.0  0.01-0.40 Ar  1.33+£0.27 37740+ 2010 SO emission at 436 8 nm LS
3000-4000 60.2-482 0.0036-0.01 SQ 16.6 35230+ 3520 SQ absorption 216330 nm OoTW
4500-7500 0.0005-0.01 Ar 417 55360 S@absorption 216330 nm OTW
3004-3978  5.06-23.5  0.04-0.32 Ar  0.106+ 0.012 28180t 3020 SO absorption 254.8, 258.1, 262.2 nm GKP

21n unit of molecule cm3. ° In unit of cn® molecule® s™%. ¢ An intercept at [M]= 0 was taken out.

their triplet states and molecules (SO, S@nd Q) in various We calibrated the concentration of O atoms in the shock tube
singlet and triplet states. The role of electronically excited SO with N,O, assuming a 100% yield of O atoms from pyrolysis
in enhancing the rate of decomposition was previously pro- of N,O. Similarly, the concentration of S atoms was calibrated
posed®® with OCS pyrolysis; the absorption cross section of S atoms
We have performed a careful experimental work on the depends on pressure.

decomposition of S@and extended rate measurements down  Ar (99.9995%, AGA Specialty Gases),»® (99%, Scott
to 2188 K. The mechanism for production of S atoms has been Specialty Gases), OCS (99.98%, Matheson), angl(S®98%,
clarified to be due to the secondary reaction-50. We also  Matheson) were used without further purification. Mixtures of
performed detailed theoretical calculations to predict rate SO, in Ar (100-900 ppm), OCS in Ar (5.625.1 ppm), and
coefficients for both forward and reverse reactions and con- N,O in Ar (10.0-30.4 ppm) were used.
firmed the important role of triplet SOin this reaction. The
theoretically predic_ted rate c_:oefficient for® SO— S+ O, 3. Computational Methods
also agrees well with experiments.

) The geometries of the reactant, intermediates, transition states,
2. Experiments and products of the S@lecomposition system were optimized

Details of the diaphragmless shock tube apparatus have beerit the B3LYP/6-313-G(3df) level of theory with Becke’s three-
reportediL-12The shock tube (length 5.9 m and internal diameter parameter nonlocal exchange functidhaind the nonlocal
7.6 Cm) is Coup|ed to a detection System using atomic resonancé30l’f€|ati0n functional of Lee et éT.EnergieS of all SDECieS were
absorption. Three time-frequency counters were employed to calculated at the G2M(RCC2) level of the&tysing geometries
determine the speed of the shock wave based on signals detecte@iptimized with the B3LYP/6-31+G(3df) method. Intrinsic
with sensors installed at 3, 20, 30, and 40 cm from the end of reaction coordinate (IRC) calculatidfiswere performed to
the tube. A microwave discharge of a flowing gas mixture of connect each transition state with designated reactants and
0, ~1.0% in He served as a lamp for atomic absorption of O products. All calculations were carried out with Gaussiaf? 98
atoms. Overlapped emission of the lamp at 130.22, 130.49, and@nd MOLPRO 2002 progrant3.

130.60 nm, corresponding to atomic transitions ofI)¢ The structures of the low lying electronically excited states
OEP210, passes through the shock tube to a vacuum UV involved in the reaction were optimized at the RB3LYP/
monochromator (focal length 20 cm, reciprocal linear dispersion 6-311+G(3df) or UB3LYP/6-31#G(3df) level. As some
4.0 nm mnt?, slit width 350um) before being detected with a  investigator&~24 have shown, for systems with multireference
solar-blind photomultiplier tube. Variation of the signal from characters, density functional theory can predict molecular
the photomultiplier was monitored with a digital storage properties reasonably. For the low-lying states of3tagiri
oscilloscope and transferred to a computer for further processing.et al2> showed that AlA,, a 3B;, and b3A, states can be
In a few experiments, S atoms were monitored with absorption dominantly constructed by the configuration of the electronic
at 180.73, 182.03, and 182.62 nm, corresponding to atomic ground state X!A; with the electronic configuration ...(25-
transitions of S{S)—SEP,,1,0, from microwave discharge of a  (1&)?(5h)%(8a)2 Excited-state electronic configurations were
mixture of SQ ~0.10% in He. derived from the excitation of the electrons in the,8a, and

Before each experiment, the shock tube was pumped below5b, occupied orbitals to the 3lunoccupied orbital. The ground-
5.0 x 1077 Torr. The temperaturd§), density ps), and pressure  state structure obtained at the B3LYP/6-313(3df) level was
(Ps) in the reflected shock regime were calculated from the used as the initial input to construct the specific configurations.
measured velocity of the incident shock, the composition of the For SQ (*A,), SOO {A'"), and their triplet states, as well as
test gas, the initial pressure, and the temperature according taheir related transition states, the unrestricted wave functions
the ideal shock-wave theofy;Mirels' boundary-layer correc-  were used. The constructed configurations and symmetry were
tions were negligible under high temperature and with large kept unchanged in the process of geometry optimization and
Mach numbef#15 single energy calculations with the G2M method.
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Figure 1. (A) Calibration curve of [O] versus absorbance of O atoms;
(B) Calibration curve of [S] versus absorbance of S atoms at total
pressures of 3.62)), 2.84 (d), and 2.48 {) x10'® molecule cm?3.
Fitted equations are listed in the legends.

Rate coefficients for various reaction channels were calculated

with a microcannonical variational RRKM method using the
Variflex program?® The component rates were evaluated at E,J-

resolved levels. The master equation was solved with inversion
and eigenvalue-based approaches for association and dissociatio

processes, respectively28 For the barrierless transition state,
we used a Morse potential

E(R)=DJ1 - e/ ™)? (3)
in which D is the dissociation energyDg) plus zero-point
energy,Re is the equilibrium bond distance, afids fitted from
calculated potential energies at discrete atomic separafpns

to represent the potential curve along the minimum energy path

of each individual reaction coordinate. For tight transition states,
the numbers of states were evaluated with a rigid-rotor
harmonic-oscillator approximation.

4. Results and Discussion

4.1. Calibrations of [O] and [S]. Calibration of [O] using

Lu et al.
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Figure 2. Temporal profiles of [O] observed for pyrolysis of an Ar
sample containing S{200.1 ppm)T = 2831 K andP = 2.12 x10%®
molecule cm®. The solid line represents fitted results using the model
described in text.

O atoms is fitted with an equation

[0]/10" molecule cm® = 3.405A — 0.9182 + 1.4403
(5)

for a total pressure (1.6%.28) x 10'8 molecule cnrs.
Calibration of [S] was carried out similarly by the thermal

decomposition of OCS at high temperatut&¥. The concentra-

tion of S atoms, (1.249.20) x 10" molecule cm?, was fitted

with various quadratic equations depending on the total pressure

for concentrations in the range (2:48.62) x 10'8 molecule

cm~3, as shown in Figure 1B. At a total concentration of

3.62 x 10" molecule cm?, the concentration of S atoms is

fitted with an equation

[S]/10" molecule cm® = 1.747A + 0.4761A? + 0.474%°
(6)

4.2. Rate Coefficientks, of the Reaction SQ — O + SO.
Rigure 2 shows a typical temporal profile of [O] observed when
a gas mixture containing S@nd Ar was heated with a shock
wave. The concentration of O atoms at reaction ttn®];, is
derived according to egs 4 and 5, with the light intensity before
pyrolysis taken ady . If reaction 1a were the sole pyrolysis
channel and there were no interference reaction, a temporal
profile of [O]; can be fitted to a first-order equation to yield a
pseudo-first-order rate coefficiekt

[O], =[SOl [1 — exp(=K1)] (7)

The apparent second-order rate coefficiéhy, is thus derived

from

1a= KI[AT] (8)

thermal decomposition of XD is a standard procedure in the At high temperatures, these secondary reactions involving O,

shock-tube techniqu®;it takes into account deviations from
the Beer-Lambert law. The calibration curve of [O] using
various concentrations of A is shown in Figure 1A. Absor-
banceA is calculated with the equation

A= In(lyl) (@)

in which the light intensity before and after production of O
atoms is denoted ds andl, respectively. The concentration of

SO, and O must be considered

0+ S0, S0, (9a)
— S0+ 0, (9b)
0+ SO>S0, (10a)
—~S+40, (10b)
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M TABLE 2: Experimental Conditions and Rate Coefficient
0+0 0, (11) k14 for Pyrolysis of SO, to Form SO + O2
— P/ PJ T [SO) [Ar) kid Kid
SO+ SO~ S+ S0, (12) Torr Torr Ms K 10% 10 cm®moleculels™ Kia
M S0O; (100.0 ppm)
SO—S+0 (13) 9.08 2250 3.65 3116 2.20 2.20 (4.460.08)x 1016 1.010
. 8.05 2250 3.72 3239 1.97 197 (7.550.14)x 1076 1.030
O+S0,— 0, +SG, (14) 7.52 2250 3.79 3361 1.86 1.86 (1.270.02)x 1075 0.996

7.07 2250 3.85 3449 1.76 1.76 (3.350.05)x 107% 0.997
for which rate coefficients have the reported dependence on 5.86 2250 3.90 3541 1.47 1.47 (5.560.09)x 10°* 0.998
temperature 561 2250 3.97 3664 1.42 142 (4.570.11)x 10725 0.990
5.55 2250 4.00 3718 1.41 1.41 (9.930.20)x 1075 0.990
5.53 2500 4.09 3890 1.42 1.42 (1.290.03)x 10*# 0.993

_ —33 6 —2 —1
Koo(T) = 1.21x 10 " exp (3163T) cm” molecule * s 5.02 2500 4.13 3960 1.29 1.29 (2.430.04)x 107 0.987

(ref 32) (15) 4.42 2500 4.20 4084 1.15 1.15 (1.740.03)x 1074 0.993

4.34 2500 4.23 4138 1.13 1.13 (2.%/0.05)x 104 0.981

koo(T) = 8.3 x 1012 exp (—9800M) cm® molecule st 4.02 2500 4.29 4249 1.05 1.05 (3.830.09)x 104 0.972
X .

SO, (200.1 ppm)
(ref33) (16) 1305 2000 3.24 2494 590 2.95 (1.200.03)x 1077 1.039
12.51 2000 3.29 2559 571 2.85 (1&M.04)x 1017 1.042

ko T) = 3.3 x 10 8718 cmé molecule?st 11.51 2000 3.40 2665 5.32 2.66 (340.06)x 10727 1.039
£10) (17 10.51 2000 3.39 2709 4.89 2.44 (35M.09)x 1017 1.027

(ref 10) (17) 9.54 2000 3.46 2831 4.49 213 (LZ10.05)x 107 1.018

9.19 2000 3.53 2924 4.37 2.19 (2.280.13)x 1076 1.022

ko) = 3.63x 10 " exp (~7700) cm® molecule*s™* 7.80 2000 3.61 3061 3.76 1.88 (4.220.11)x 107 1.016
(18) 7.54 2000 3.64 3103 3.65 1.82 (3.490.08)x 106 1.015

6.04 2000 3.74 3269 2.97 1.48 (9.270.27)x 1076 1.005
o 5 > 5.51 2000 3.76 3307 2.72 1.36 (8.490.28)x 1076 1.005
k,,(T) =5.21x 10 > exp (900T) cm’ molecule s 5.10 2000 3.83 3425 2.54 1.27 (1.370.08)x 107 0.999

(ref 34) (19) SO, (499.8 ppm)
15.03 2000 3.14 2340 16.6 3.32 (26%.08)x 108 1.086
_ 13 3 11 13.08 2000 3.22 2465 14.7 2.94 (85M.16)x 10 1.079
Kio(T) = 4.73x 10~ exp (~880/) cm” molecule ™ s 12.53 2000 3.27 2539 14.2 2.85 (1371.03)x 1077 1.072
(ref35) (20)  12.15 2000 3.33 2622 14.0 2.79 (24D.05)x 107 1.081
10.82 2000 3.39 2709 12.6 251 (3£D.06)x 1077 1.078

_ 10, 3 11 11.08 2125 3.44 2784 13.0 2.60 (3:610.05)x 10Y7 1.107
Kio(T) = 6.61x 10 ""exp (~53890T) cm” molecule s 9.06 2000 3.48 2856 10.7 2.14 (1280.04)x 1071 1.092
(ref 6) (21) 8.44 2000 3.54 2943 10.1 2.02 (1.880.08)x 10716 1.086

7.53 2000 3.59 3028 9.05 1.81 (2.89.07)x 10716 1.046

_ 12 3 11 7.35 2000 3.68 3166 8.94 1.79 (3.530.13)x 1016 1.024
Kii(T) = 2.195 10 *“exp (~30701) cm molecule s 592 2000 3.73 3254 7.26 1.45 (5.860.50)x 101 1.015
(ref 32) (22) 5.53 2000 3.77 3322 6.81 1.36 (8.180.68)x 10716 1.011

. . . - SO, (698.1 ppm
in which kyop Was estimated from reported rate coefficients of 1750 2000 3.07 2263 %6(.4 3%% )(7.&8J.33)>< 1020 1.148

the reverse reaction (2733463 K)® and the equilibrium 15.12 2000 3.14 2358 23.3 3.33 (26.11)x 1078 1.071
constant derived from literature values AG(T) for corre- 14.13 2000 3.20 2441 22.0 3.16 (4.620.08)x 107 1.136
sponding specie¥. Values of ki might have large errors ~ 16.58 2250 3.26 2519 26.0 3.74 (75(.16)x 10 1.117
because there is only one study at high temperature (1000 K),lz'50 2000 3.33 2628 200 2.86 (149.02)x 10" 1.088

and we estimate the activation energy based on reported values S, (900.2 ppm) i

at 1000 and 298 R® We modeled observed temporal profiles 16-52 3888 g-gg g%gg gg% g-g; gg-gg-iggi igm %%g

of [O] Wlth reactions 1la and-914 using a (':o'mmerual Klnet|c 15.03 2000 3.13 2335 209 3.32 (2.28.08)x 101 1.184
modeling program FACSIMILE® rate coefficients listed ineqs 1352 2000 3.21 2441 27.3 3.03 (6:460.18) x 10718 1.162
15—-22 were held constant, and the second-order rate coefficient12.51 2000 3.26 2524 25.6 2.84 (148.04)x 1017 1.168

of the title reaction ki, was varied to yield the best fit. 12.11 2000 3.33 2617 24.9 2.78 (1.F9.03)x 10*" 1.206
Experimental conditions and valueslaf for 48 measurements ~ 11.80 2000 3.39 2715 24.6 274 (2.2.08)x 101; 1.103
involving SG at five initial concentrations (in a range 160 9.05 2000 3.48 2856 19.1 2.14 (7.260.37)x 10" 1.061

900 ppm in Ar) within the temperature range 2188249 K aP,, pressure of reactant gas mixtuk;, pressure of driver gas;
are summarized in Table 2; we also ksy/k;, for comparison. Ms, Mach nur731ber;'l'5, temperature of _rea(_:tion. Cor_1centrations are in
Values ofk,, obtained with eq 8 based on pseudo-first-order Molecule cm ki, are fitted with kinetic modeling, and;, are
kinetics deviate fronk;, by less than 20%<4% for mixtures derived from pseudo-first-order kinetics.

with [SO;] = 200 ppm), indicating that secondary reactions play be discussed in section 4.3) to replace values listed in eqs 17
only a minor role under our experimental conditions. Detailed and 18 in the model and derived nearly identical valuels, of
modeling shows that secondary reactions are negligible at high Values ofk;, determined with various concentrations of SO
temperatures because reaction la increases much more rapidlgt various temperatures are plotted in Figure 3; comparison of
than possible interfering reactions, whereas at low temperaturesesults of previous reports is shown in Figure 4 with lines of
and greater [S€), reaction 9b is the only interfering reaction various types drawn only for their respective investigated range
accounting for more than 3% of correction, with a maximal of temperature. Our data support previous reports of greater rate
contribution~14 % tok;, under our experimental conditions. coefficients; they agree well with those of Plach and froe
We also used the theoretically predicted valuekpf, (to be (designated PT in Figures 3 and 4) in the overlapping range of
discussed in section 4.5) and the experimental valldgw{to temperature 30004249 K. Results of Kieférare also within
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T (K) fit. Comparing with previous reports listed in Table 1, we found
10000 6667 5000 4000 3333 2857 2500 2222 that both the preexponential factdg and the activation energy
102 gt L 1 1 L L L L E. determined in our work agree with those reported by Plach
\=— Kiefer and Troe® who monitored UV absorption of SCiree from
1 pT— ] interference of SO. Rate coefficients reported by Kiefme
100 E A 3 also within experimental uncertainties of ours, but ttigiand
— ; ] A values are greater than ours. The activation ené&fff =
"_m 104 _ _ 58600+ ZSQO_K reported t_)y Just and Rimflevho employed_ _
‘v a method similar to ours, is about 14% greater than ours; it is
3 i ] unclear why the errors are greater than expected experimental
% 105 | 4 uncertainties. Previous reports of smaller rate coefficiérits,
€ E O S0, (100 ppm) 3 although having a simildg,, are clearly in error; the possibility
“e v S0, (200 ppm) ] that the absorption of SO interferes with that of S@s been
S 10"EF o $0,(900 ppm) 3 discussed previoushy.
< O SO, (698 ppm) ] 4.3. Formation of S Atoms and Kinetics of SO+ O —
107 [ ¢ 592 (500 ppm) ] S + O,. Figure 5 shows a temporal profile of S atoms during
E T f'sefef pyrolysis of SQ at 3369 K; about 12% of S atoms are produced
Lo BT ] in ~300us under such experimental conditions. The concentra-
1018 this work 2 tion of S atoms decreases as temperature decreases and becomes
3 3 nearly undetectable 2258 K, as shown in trace B of Figure 6.

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
1000/ T(K™)
Figure 3. Arrhenius plots ok;, for the reaction S@— O + SO. Our SO,—S+0, (1b)

fitted equation is shown as a solid line, and previous results are shown

as dotted (Plach and Trogjlashed (Kiefer)and dot-dashed (Levitt or through further pyrolysis of the product SO
and Sheen)lines.

Production of S atoms might result from pyrolysis of SO
through a direct channel

experimental uncertainties of ours. At temperatures below 3000 SO+S+0 (13)
K, rate coefficients reported by Levitt and Shéédesignated

LS) are slightly greater than ours. Results of Just and Rimpel or through possible secondary reactions

(JRY and Grillo et al. (GRSY are smaller than our data by a

factor of 1.3-4.2. We extended the temperature range of O0+S0—S+0;, (10b)
investigation down to 2188 K.

Fitting our results yields the expression SO+ S0—S+SG, (12)
ki, (T) = (4.86+ 1.31) x According to literature values of rate coefficients listed in the

1079 exp [(50450+ 730)/T] em® molecule st (23) previous section, reactions 12 and 13 contribute little to the
formation of S atoms. Some experiments were carried out with
in which listed errors represent one standard deviation of the a mixture of NO, SQ, and Ar, for which O atoms were also

T (K)
6667 5000 4000 3333 2857 2500 2222
10-12 ] ] ] ] ] ] ]
PT\\:.\—fiefer

1013

1014

10718

10-16

k,, / cm® molecule™ s

1017

10-18

0.15 0.20 0.25 0.30 0.35 0.40 0.45
1000/ T (K™

Figure 4. Comparison of reported values kf, for the reaction S@— O + SO. Each character represents the first letter of the author’s last name;
see Table 1 for references. Lines are drawn for the temperature range of study.
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Figure 5. Representative temporal profile of [S] observed for pyrolysis
of a sample containing S350 ppm) and ArT = 3369 K andP =
2.36 x 10*® molecule cm?®. The solid line represents fitted results using

the model described in text.
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Figure 6. Temporal profiles of [S] observed for a sample, containing
SO, (300 ppm) and Ar, heated by the shock wavate 2258 K and

P = 3.72x 10 molecule cm?3. (A) with N,O (248 ppm); (B) without
N2O.

produced through thermal decomposition gfON Under such
conditions, [O] was much greater than when only,S@as

J. Phys. Chem. A, Vol. 107, No. 50, 200B1025

TABLE 3: Experimental Conditions and Rate Coefficient
kiop for the Reaction O + SO — S + 0,2

P/ P4 T/ [SO))/ [Ar]/ [NOV kioy/10712
Torr Torr Ms K 10% 10¥® 10“ cnm®molecule!s™
S0, (350.0 ppm)
10.01 2000 3.48 2843 8.26 2.36 0.00 247.04
10.03 2250 3.57 2988 8.40 2.40 0.00 2:58.05
10.01 2350 3.64 3109 8.40 2.42 0.00 308.06
10.10 2550 3.77 3314 8.71 2.49 0.00 4049.06
9.53 2500 3.80 3369 8.26 2.36 0.00 3%3.07
9.52 2500 3.81 3385 8.26 2.36 0.00 3449.06
SO, (499.3 ppm)
10.05 2250 3.54 2943 12.0 2.40 0.00 320.04
10.04 2250 3.55 2962 119 2.39 0.00 24%D0.06
10.10 2500 3.69 3195 12.3 2.46 0.00 328.06
9.51 2500 3.39 3314 11.7 2.34 0.00 3¥#9.06
9.54 2500 3.46 3330 11.8 2.35 0.00 3:8D.06
S0, (100.2 ppm) and BO (247.7 ppm)
17.03 2000 3.04 2212 3.69 3.68 9.12 128.02
17.00 2000 3.05 2224 3.69 3.68 9.13 129.02
17.04 2000 3.10 2296 3.75 3.74 9.26 16D.02
16.52 2250 3.17 2394 3.69 3.68 09.11 1:09.04
16.53 2250 3.21 2441 3.71 3.71 9.18 14#9.02
16.51 2250 3.23 2470 3.73 3.72 9.21 1:0.04
16.04 2250 3.28 2544 3.66 3.65 9.06 2:90.03
16.02 2250 3.29 2564 3.66 3.65 9.05 2:49.04
15.56 2250 3.32 2601 3.57 3.57 884 1:50.03
15.53 2500 3.39 2709 3.62 3.61 8.94 2:49.03
10.09 2250 3.58 3008 2.43 2.42 599 3:0D.04
10.02 2500 3.66 3138 2.44 2.43 6.03 358.04
9.60 2500 3.69 3180 3.34 2.34 5.79 4:89.05
10.03 2500 3.70 3202 2.45 2.45 6.07 3:00.04
9.52 2500 3.77 3322 235 235 581 3¥#®.06
aP;, pressure of reactant gas mixtuf®;, pressure of driver gas;

Ms, Mach numberTs, temperature of reaction. Concentrations are in
molecule cm3; kigp are fitted with kinetic modeling.

kos(T) = 2.83x 10 **exp (11300T) cm® molecule?s™*
(refs 32 and 39) (29)

and found satisfactory agreement between the observed ones
with the predicted profiles. Rate coefficierkg and ks were
derived by reported rate coefficients of their reverse reactions
and equilibrium constants. The temporal profile of S atoms fit

present. Figure 6 compares temporal profiles of S atoms for a Poorly with a model in which reaction 1b replaces reaction 10b.

mixture containing S© (300 ppm) with no NO and one

containing SQ (300 ppm) and MO (248 ppm), both heated to

~2258 K. Without NO scarcely any S atom was detectable at

this temperature, whereas with® producing [O], production

of S was enhanced, indicating the importance of reaction 10b.
We modeled observed temporal profiles of [S] with reactions

la and 9-14 and reactions

S+0,—~S0+0 (24)
M

s+o02so (25)

S+s%s, (26)

with literature values of rate coefficients

koy(T) = 1.32x 10 exp (-5075) cm® molecule*s™*
(ref 36) (27)
kos(T) = 3.55 x

1073 T%7%Lexp (96581 cm® molecule s
(ref 6) (28)

S atoms produced during pyrolysis of $€early arise mainly
from reaction 10b; the contribution of direct pyrolysis (reaction
1b) is likely much smaller than reaction 10b. With modeling,
we estimated thako/ky, > 100 for T > 3300 K.

We modeled observed temporal profiles of [S] with reactions
la, 9-14, and 24-26 with FACSIMILE?38 rate coefficients
except for reaction 10b were held constant, and the second-
order rate coefficient of the title reactiokyon, Was varied to
yield the best fit. Experimental conditions and valueskof
for 26 measurements at various initial concentrations §S©
100-499 ppm and [MO] = 0 or 248 ppm in Ar) in the
temperature range 2233385 K are summarized in Table 3.
Values ofk;op at various temperatures are plotted in Figure 7.
To our knowledge, there is no previous report on the rate
coefficient of this reaction. Values &fo, were also estimated
from rate coefficients of the reverse reaction, reaction 24,
reported by Woiki and RotPf and the equilibrium constant
derived from literature values oAG(T) for corresponding
species’ Derived rate coefficient

kiooT) = 3.63x
10 " exp [-(7700mM)] cm® molecule ' s™* (18)
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Lu et al.

TABLE 4: Vibrational Wave Numbers and Rotational
Parameters Calculated at the B3LYP/6-311+G(3df) Level

species B/IGHz vibrational wavenumbers/crh

SO £3°) 21.4 1156.7 (1136.7)

SO, (X *Aq) 59.8, 10.3, 8.8 519.1 (517.7), 1178.1 (1151.4),
1376.9 (1361.98)

SO (A *Ay) 28.8,125,8.7 414.7,453.8,1031.5

SO, (a®By) 67.8,8.9,7.8 373.9 (362), 946.3 (904),
955.3 (9679

SO (b3Ay) 28.7,12.5,8.7  414.9,586.7,1027.8

SOO-1(A") 95.3,6.9,6.4 492.9, 800.9 (739.9),
1142.1 (1006.1)

SO0-2 (A") 60.2,7.1,6.4 209.2,551.7, 1130.6

SOO-3(tA") 47.3,85,7.2 353.7,650.8,921.8

SO0 ¢A") 52.2,8.0,6.9 280.6, 590.4, 1050.2

TS1 59.7,6.2,5.6 685.4322.2,972.5

TS2 48.6,6.8,6.0 687.1218.4, 970.4

TS3 93.9,6.4,6.0 328.%678.5, 801.9

TS4 27.2,11.4,8.0 845,7320.9, 1065.2

0, (3%y) 43.6 1645.3

SO (b3A) 43.0,10.8,84 (780, 700, 300)

. . . a i 1
represents values derived from experimental rates of the reverse reaction ° Values in parentheses are experimental values from réfMalues

S+ O,— SO+ O and equilibrium constant; see text. Lines are drawn
for the temperature range of study.

1""‘?.7/8» 1.536 1.499
oz @ e  ode
SO (X'Ay) S0, (A'A;) S0, (a’By)
1.538 1.610 1.280 1.729 \.30?
94.0° 122.2° ) 10?.5°°
SOz (b*A2) $00-1 (X 'A") 5002 ('A")
1.70
1.332
1.607 1.406 1.672 1.526
° 116.4°
08,50 101.1
$00-3 ('A") SO0 (3A") TS1 ('AY)
1.678 1.353 1.518 7.2°
1.53?\0 1.627 1.714
° 124.2°
108.1 e i
Ts2 ('A") TS3 ('A") Ts4 (PA")

Figure 8. Optimized geometries of four transition states and reactants
and products of the S@ystem, with bond lengths in A and bond angles
in degree.

is shown in Figure 7 as a dashed line drawn only for their
temperature range of investigation, 273463 K, for com-
parison. Fitting our results to an Arrhenius equation yields

kuoy(T) = (3.0+ 0.3) x
10 Mexp [-(6980=+ 280)/] cm® molecule* s (30)

in parentheses are experimental values from refc¥hlues in
parentheses are experimental values from ref ¥&lues in parentheses
are experimental values from ref 45Rotational parameters are
experimental values from ref 44.

9. Reaction paths involving transition states with energies greater
than 15 kcal mol! relative to O+ SO are not shown; a
complete description of the theoretical study on the SOO system
will be published separatef{y.Predicted vibrational wavenum-
bers and rotational constants as well as available experimental
datat'~45 for the species involved are summarized in Table 4.
The results indicate that the predicted vibrational wavenumbers
are underestimated by 0-2.3% from experimental values.

A. Ground-State SLXX 1A;). The most stable conformation
of SO, hasC,, symmetry; its ground electronic stafé\() has
been extensively investigated experiment&lfy and theoreti-
cally*>47 with various methods. At the B3LYP/6-3315(3df)
level, the optimized SO bond length is 1.437 A, which can
be compared with 1.448, 1.462, 1.471, and 1.450 A, obtained
from calculations at the CCSD(T)/TZ2P(f H)}CCSD(T)/DZP4”
BP86/cc-pVTZ$® and B3LYP/cc-pVTZ leveld® respectively,
and the experimental value of 1.4314RA calculated OSO
bond angle of 119:2agrees well with the experimental value
of 119.3. The enthalpy of formation for S{s predicted to be
—69.2 kcal mot? at the G2M(RCC?2) level at 0 K, which is in
good agreement with the experimental valt&0.3+ 0.3 kcal
mol~1.37 The calculated dissociation energy(O—SO0), 129.4
kcal molt, for the ground-state SCagrees with the experi-
mental value of 130.5- 0.4 and 130.7 kcal mot.*8

B. Low-Lying States AA,, a 3By, and b3A; of SQ. Figures
8 and 9 also present the structures and energies of three low-
lying states, AA,, a3Bj, and b%A,, of SO, which are bound

in which listed errors represent one standard deviation of the states with no barriers for their dissociation to the lowest

fit. Estimated errors fokigp are4+25% because rate coefficients

asymptotes of SGE™) + OCP). The AA; state is predicted

were derived from secondary reactions. When our experimentalto lie 73.4 kcal mot* above the ground XA, state, which is
results are compared with eq 18, the agreement is satisfactorysmaller than the experimental value, 79.8 kcal Thé? The a

4.4. Potential-Energy Surfaces and Reaction Mechanism.
Our preliminary calculatiorf8 show that there are many triplet

3B, state is predicted to lie 75.5 kcal mélabove the ground
X 1A; state, which agrees with the value 75.2 kcal ndol

and singlet intermediates and transition states involved in the obtained by Katagiri et & at the MRCl/cc-pVDZ level; they

reaction of SO(¥=") + O(P) to produce SP) + Ox(X 3%57).
In this paper, only relevant low-lying energy channels are

are slightly greater than the experimental data, 73.6 kcal
mol~1.4350For the b%A, state, the calculated result lies above

presented and discussed. The optimized geometries of thethe X *A; state by 76.8 kcal mol, which is close to the
reactants, intermediates, transition states, and products are showexperimental value, 77.3 kcal ma|*344

in Figure 8. The energy diagram calculated with the G2M-
(RCC2)//B3LYP/6-31%G(3df) method is presented in Figure

C. 35+ 30, Formation Figure 9 shows that &) + Oy(X
3%47) can be formed via singlet and triplet SOO intermediates.
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Figure 9. Potential-energy diagram for reactions 1a and 1b based on energies calculated with G2M(RCC2)//B3LY¥3G81)1 Energies are

listed in kcal mof™. Reaction paths with transition state energies greater than 15 kcal abmve O+ SO are not shown; a complete diagram is
shown in ref 40.

The singlet channels proceed via two surfadés, and A", T (K)
The entrance barriers fdA' and A" from SO+ O are 5.0 6667 5000 4000 3333 2857 2500 2222 2000
(TS1) and 9.6 kcal mol (TS2), respectively; théA' intermedi- 1072 gt ! : : : : : —
ate (SO0-1) is more stable than thoséAf (SOO-2 and SOO- 102 - ]
3). The predicted energy of SOO-1, 113.6 kcal Madbove
SO, (X 'Ay), is similar to a value of 117 kcal mol predicted T 3
by Kellogg and Schaeféfbut greater than a value of 105 kcal ,.‘” :
mol~? predicted by Dunning and Raffenettiwho employed a 2 10"F E
two-reference Cl method with generalized valence-bond (GVB)  § 10 b 3
natural orbitals. The triplet channel proceeds through the SO g ______
(b 3A.) intermediate followed by dissociation via TS4 to produce o 1ok 4
S + O». The predicted heat of reaction, 4.8 kcal mglfor % ............
reaction 10b is close to the value obtained from JANAF, 5.5 —, 10" F 3
keal mol-137 & E s . _1._.._.- ]
4.5 Calculations of Rate CoefficientsCalculations based 10 E ki (Alfa=1500 cm' ) = 7z 3
on variational transition-state and RRKM theories were carried 102 k ke ( Alfa=1_800 cm’) N Q N
out with the Variflex cod& for the following reactions: g °© this experiment
102" -I . T — Pllacrll &'Trole — '; ]
SO, — OCP)+ SOE=) (1a) 0.15 020 0.25 030 035 040 045 0.50

1000/ T(K")
O(3p) + 30(32—) M SO, (10a) Figure 10. Comparison of predicted rate coefficiekt (solid line)

for SO, — O + SO with experimental data® this work; a, Plach
and Troé). Contributions from decomposition via various electronic
O(SP) + 30(32*) — S(?’P) + 02(329*) (10b) states of S@are shown with broken lines as indicated in the legend.

The energies used in the calculation are shown in Figure 9; respectively; the value of 1.634 Apredicted for the 8B state
vibrational wavenumbers and rotational parameters are listedWas also used for the ¥A; state in the calculation. States A
in Table 4. 1A,, a®By, and bA; lie below the dissociation limit of Sg£by

A. SO, — SO+ O. The decomposition of SQo form OEP) more than 52 .k.cal mok; .contr.ib.utions of these states to yhe
and SOF=") proceeds without a well-defined transition state '_total rate coeff|<_:|ent for dlssomaﬂon_are calcula'_ted by multl_ply-
due to the absence of an intrinsic reaction barrier. To predict iNg rate coefficients of decomposition by relative populations
the dissociation rate reliably, we implemented a flexible of.each state assuming that these electronic states are strongly
variational transition-state approach, originally developed by Mixed.
Marcus and co-workef®53 into the Variflex codeé® The The Lennard-Jones (LJ) parameters required for the RRKM
dissociation energy for reaction 1a was calculated by increasingcalculations,e/ k = 328.5 and 113.5 K, and = 4.102 and
the S-O bond distance from its equilibrium value, 1.437 A, to  3.465 A, for SQ X *A; and Ar, respectively, are taken from
4.0 A at intervals 0.1 A. Energies of M, a3B1, and b3A, ref 54. The LJ parameters for other states o 8@re assumed
states were calculated similarly. Calculated energies were fittedto be the same as those of the'X; state.
to a Morse equation (eq 3) scaled to match the dissociation Predicted rate coefficients of decomposition of,3@d partial
energy predicted at the G2M(RCC2) level of thedtyalues contributions from the four electronic states of %@ compared
of 5 in the Morse potential were determined to be 2.779, 1.891, with experimental results in Figure 10. To reproduce experi-
and 1.634 Al for the X 1A;, A A, and a3B; states, mental data satisfactorily, a largekEqownJhas to be used for
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Figure 11. Comparison of predicted rate coefficiehib, (solid line) Figure 12. Comparison of the predicted rate coefficida, for the
for O + SO — SO, with experimental dataQ, Miyazaki and reaction SG+ O — S+ O.. Contributions from different channels are
Takahashf v, Cobos et al*¢ A, Singleton and Cvetanov®). An shown as broken lines, as indicated in the legend.
estimate of temperature dependencéuef by Grillo et al*is shown .
with broken lines. for M = Ar by Singleton and Cvetanovi,5.1 x 10731 cmf

molecule? s71, but deviates from values of (2.G% 0.23) x
this system; the values are temperature dependent and can b&0-3! cmf molecule? s1 by Miyazaki and Takahastiand

approximated by 7.69 x 10731 cmf molecule? s71 (M = N,) by Cobos et a®
The temperature dependence of the rate coefficient may be
[AE,,,, = 560 (T 1298+ cm™* (31) expressed as

The best predicted total rate coefficients (thick line in Figure KyofT) = (4.82% 0.05) x
10) can be expressed in an Arrhenius form 10—31(T/298)—2.17:|:0.03 em® molecule 2 st (33)

ki) = 4.71x 10 ®exp [-(55190T)] cm® molecule*s™* for the temperature range 298000 K, in satisfactory agree-
(32) ment with the expression 9:3 10-3(T/298) 84cnf molecule?
s 1reported by Grillo et al? based on an equilibrium constant
Predicted activation energy &/R = 55190 K is~9% greater  derived from Gibb’s free energies, the previously reported values
than our experimental value, but within experimental uncertain- of k; 210 and an erroneous value kfy, at 298 K.
ties. C. O+ SO— S+ O,. As described in the previous section,
It should be pointed out that S@annot effectively dissociate  SEP) + O,(X 3%47) can be formed vidA’, A", and3A" PES
to give S+ Oy this product channel proceeds via tight (see Figure 9). The predicted individual and total rate constants
3-centered TSs producing SOO intermediates with relatively are presented in Figure 12 for comparison with experimental
high barriers. The lowest isomerization barrig80; (°Az) — values determined in this work. It is readily seen that combina-
3500 EA") is 9.2 kcal mot* above O+ SO (Figure 9). For  tion of three reaction channels can well reproduce experimental
other possible isomerization processes, the barriers are everjata. The predicted total rate constant in the temperature range
higher; for example, the barriers for GA2) — SO0 (A") of 2000-5000 K can be expressed as
and SQ (*A;) — SO0 {A') are 15.2 and 19.5 kcal mdiabove
O + SO, respectively (not shown in Figure 9). Therefore, the k;q(T) = 3.92x
reacpqn channel (1b).for pyrolysis of 3_0:0 form S and Qis . 10717 715t exp [-(2537/T)] e’ molecule st (34)
negligible. Our experimental observation of temporal profiles
for production of S atoms is consistent with the dominant g,
secondary reaction

kios(T) = 3.4 x 10" exp [-(7122/T)] e moleculé™s*

O+S0—S+0, (10b) 35)

rather than with direct formation via reaction 1b, agreeing with
theoretical prediction.

B. O + SO — SQ. Figure 11 compares predicted and ki) = (3.0% 0.3) x
experimental rate coefficients for the association reaction 10a; 1 3 P
[AEgouw = 400 cnt! was employed for collisional stabilization. 10 ““exp [-(69804+ 280)/T] cm” molecule “s ~ (30)
Formation of SQin its X *A;, a®By, and b?A; states contributes
~42, 31, and 27% to the total rate coefficients at 298 K and
changes to~37, 37, and 26%, respectively, at 1000 K. The Rate coefficients for pyrolysis of SQo form O and SO in
results show that the total rate coefficient decreases with the temperature range 21:88249 K were determined using a
increasing temperature, as expected for an association reactiondiaphragmless shock tube with atomic resonance absorption
The predicted rate coefficient at 298 K, 4:8 10731 cmf detection of O and S atoms. Our results are consistent with
molecule? s71, agrees satisfactory with a recommended value measurements by Plach and Troe but show a slightly smaller

in close agreement with the experimental value

5. Conclusion
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preexponential factor. Rate coefficients may be expressed with

the equatiorky«(T) = (4.86 & 1.31) x 1072 exp [-(50450+
730)/T] cm® molecule® s71, in which listed errors represent
one standard deviation in fitting. Theoretical calculations indicate
that the reaction path leading to the formation oftSO; is
unimportant, but decomposition via electronically excited states
a %B; and b 3A, contributes significantly; the total rate

J. Phys. Chem. A, Vol. 107, No. 50, 200B1029

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
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coefficients agree with experiments throughout the temperaturePeng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

range of investigation. The rate coefficient of the reverse reaction
SO+ O — SO, is predicted to bk odT) = (4.82+ 0.05) x
1073(T/298)2170.03 ¢ molecule? s71 for the temperature
range 298-3000 K. Experimental observation of S atoms fits
satisfactorily with a model involving a secondary reactiof-O
SO — S + Oy the rate coefficienk;ofT) = (3.0 £ 0.3) x
10711 exp[—(6980 & 280)/T] cm® molecule’! s~ was deter-
mined for the first time. The result can be quantitatively
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Inc.: Pittsburgh, PA, 1998.

(21) MOLPRO is a package of ab initio programs written by Werner,
H.-J.; Knowles, P. J. with contributions from AlitfloJ.; Amos, R. D;
Berning, A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.;
Elbert, S. T.; Hampel, C.; Lindh, R.; Lloyd, A. W.; Meyer, W.; Nicklass,
A.; Peterson, K.; Pitzer, R.; Stone, A. J.; Taylor, P. R.; Mura, M. E.; Pulay,
P.; Schitz, M.; Stoll, H.; Thorsteinsson, T.

(22) Tyrrell, J.; Kar, T.; Bartolotti, L. JJ. Phys. Chem. 2001, 105

accounted for theoretically based on the PES computed at the (23) Murray, C. W.; Handy, N. C.; Amos, R. D. Chem. Phys1993
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