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Addition-elimination reactions of S atom in its3P ground state with acetylene (C2H2) and ethylene (C2H4)
were characterized with both molecular orbital and density functional theory calculations employing correlation
consistent basis sets in order to assess the likelihood that either reaction might play a general role in
astrochemistry or a specific role in the formation of S2 (X3Σg

-) via a mechanism proposed by Saxena, P. P.;
Misra, A. Mon. Not. R. Astron. Soc.1995, 272, 89. The acetylene and ethylene reactions proceed through
C2H2S (3A′′) and C2H4S (3A′′) intermediates, respectively, to yield HCCS (2Π) and C2H3S (2A′). Substantial
barriers were found in the exit channels for every combination of method and basis set considered in this
work, which effectively precludes hydrogen elimination pathways for both S+ C2H2 and S+ C2H4 in the
ultracold interstellar medium where only very modest barriers can be surmounted and processes without
barriers tend to predominate. However, if one or both intermediates are formed and stabilized efficiently
under cometary or dense interstellar cloud conditions, they could serve as temporary reservoirs for the S
atom and participate in reactions such as S+ C2H2S f S2 + C2H2 or S+ C2H4S f S2 + C2H4. For formation
and stabilization to be efficient, the reaction must possess a barrier height small enough to be surmountable
at low temperatures yet large enough to prevent redissociation to reactants. Barrier heights computed with
B3LYP and large basis sets are very low, but more rigorous QCISD(T) and RCCSD(T) results indicate that
the barrier heights are closer to 3-4 kcal/mol. The calculations therefore indicate that S+ C2H2 or S+ C2H4

could contribute to the formation of S2 in comets and may serve as a means to gauge coma temperature. The
energetics of the ethylene reaction are more favorable.

1. Introduction

Due to the very low temperatures (10 K) and densities (104

cm-3) that characterize dense interstellar clouds,1 gas-phase
chemistry in these objects is necessarily dominated by processes
with little or no activation energy. Behavior in cometary comae
is likewise restricted, though the temperature may rise to
200 K or higher near perihelion.2,3 While many ion-molecule
reactions do not have barriers and can thus make contributions
under the coldest conditions, some reactions between open-shell
atoms or molecules and unsaturated hydrocarbons can also be
efficient enough to be competitive. In addition to possessing
little or no impeding barriers anywhere along the pathway,
reactions must also be at least minimally exothermic to be
relevant to gas-phase chemistry in the interstellar medium. A
number of addition reactions involving radicals such as C2H,
CN, and C and various hydrocarbons possessing double or triple
bonds have been shown both experimentally and theoretically
to meet these criteria.4-29 Examples of both cyclic and noncyclic
hydrocarbon reactants are known.

Dimeric sulfur, S2, was initially identified by A’Hearn et al.30

in 1983 in comet IRAS-Aracki-Alcock (1983d). It has not been
definitively identified in the interstellar medium to date. In 1995,
Saxena and Misra31 considered a possible pathway to S2 in

comet Halley that begins with the addition of S to C2H4, both
in their ground electronic states:

They cited work of Philips and Slater32 that reported a rate
for eq 1, the limiting step, of 1.2( 0.15 × 10-12 cm-3 s-1.
The second step, between two radicals, is assumed to have no
barrier; its rate should be close to the simple collision rate.
Saxena and Misra also noted that a similar process involving
C2H2,

could be a competitive or alternative pathway, assuming the
rate of C2H2S production in eq 3 is comparable to that of
reaction shown in eq 1. In this and subsequent work modeling
chemistry in comet Hyakutake,33 Saxena and co-workers
concluded that the proposed mechanism is sufficient to account
for the observed S2. A’Hearn et al.34 later proposed an alternative
mechanism, the direct reaction between1D excited-state S and
OCS. Rodgers and Charnley35 subsequently evaluated both
mechanisms and found that neither could account for the
observed quantity of S2. While they used the most favorable
parameters that were realistically possible, they carried over
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S + C2H4 f C2H4S (1)

S + C2H4S f S2 + C2H4 (2)

S + C2H2 f C2H2S (3)

S + C2H2S f S2 + C2H2 (4)
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some of the assumptions of Saxena and Misra, including the
published rate for the reaction shown in eq 1.

The S+ C2H2 reaction has evidently not been the focus of
a previous dedicated theoretical study, although Yamada et al.36

state that it “has a barrier of 8-15 kJ mol-1” (1.9-3.6 kcal
mol-1) in their extensive investigation of plausible formation
pathways to organo-sulfur species in the interstellar medium.
There is an older study37 of S + C2H4, but the reaction has
apparently not been treated with correlated molecular orbital
(MO) methods. In the present work, we have investigated both
the S+ C2H2 and S+ C2H4 reactions. As well as its value to
astrochemistry, this study presented an opportunity to compare
and contrast the behavior of representative MO methods and
density functional theory (DFT) used in conjunction with the
correlation consistent basis sets of Dunning and co-workers.

This work focused solely on triplet surface reactions. Its
conclusions may be affected if intersystem crossings to the
singlet surfaces should prove to be efficient, as has been
demonstrated to be the case by Schmoltner et al.38 in the
analogous reaction between O (3P) and C2H4. In that reaction,
one of the principal reaction channels involved the triplet
intermediate species crossing to the singlet surface, followed
by an internal rearrangement and scission of the C-C bond to
form CH3 and HCO.

2. Methodology

The development of the correlation consistent basis sets39-48

provided an approach to systematically converge upon the
complete basis set limit of the 1-electron expansion of molecular
orbitals. In conjunction with high-level correlation treatments
such as singles and doubles coupled cluster theory with
perturbative treatment of triple excitations [RCCSD(T)], the
correlation consistent sets make accurate predictions possible
for systems of modest size. Many applications have followed
in the ensuing years. During the same period of time, gradient-
corrected density functional theory methods have come to
dominate much of quantum chemistry, after Pople and co-
workers incorporated them intoGaussian49 and found that DFT
could generate competent predictions for systems well beyond
the reach of accurate correlated molecular orbital methods. With
scaling much more favorable than MO methods, DFT has
allowed practitioners to routinely treat systems of significantly
pragmatic value. It is important, however, to continue to
benchmark the two approaches side-by-side and identify their
successes and shortcomings.

The calculations in this work were performed with the
Gaussian 0350 andMolpro51 suites of codes. The former was
used for DFT calculations with the popular B3LYP func-
tional,52,53 unrestricted (UMP2), spin-projected (PMP2), and
restricted open-shell (ROMP) Møller-Plesset perturbation theory,54

and quadratic configuration interaction [QCISD and
QCISD(T)].55 Optimization and analytical frequency calculations
were performed, as available.Molpro was used for RCCSD-
(T)56,57optimizations and single-point energy calculations. For
sulfur, both the original41 aug-cc-pVXZ and the expanded47 aug-
cc-pV(X+d)Z sets were employed in limited cases in order to
study the extent to which it is advisable to use the latter for
ascertaining barrier heights in this application. Zero-point energy
(ZPE) corrections were included, though sometimes these were
transferred from a method for which analytical second deriva-
tives were available (as noted in the tables). The transition states
(TS) at the RCCSD(T)/aug-cc-pV(D+d)Z level were ap-
proximated with constrained optimizations at fixed points of
the C-S or relevant C-H separation. Optimizations at the

RCCSD(T)/aug-cc-pV(T+d)Z level were prohibitive; single-
point calculations were performed at the RCCSD(T)/aug-cc-
pV(D+d)Z structures. Optimizations were also not performed
for PMP2, ROMP2, or QCISD(T) due to the absence of
analytical gradients for these methods inGaussian 03. No
corrections were made for basis set superposition error for the
weakly bound S-C2H2 or S-C2H4 structures (or elsewhere).
The barrier heights at the best level of theory are expected to
be accurate to within 1-2 kcal mol-1.

3. S + C2H2 and S + C2H4

We characterized the following addition-elimination reac-
tions:

As noted in eq 5b, it is possible for intermediate C2H2S to
cyclize on the triplet surface. Computed structure predictions
for singlet or triplet states of thiirene go back at least to Siegbahn
et al.58 and Gosavi and Strausz.59 While there is a stable
minimum structure forc-C2H4S on the singlet surface (ethylene
sulfide or thiirane), the structure on the triplet surface is a high-
lying transition state for the uninteresting process of transferring
sulfur from one carbon to the other. At the B3LYP/aug-cc-
pV(T+d)Z level, it is 38.5 kcal mol-1 above the reactants.

Energy diagrams and the structures of minima, transition
states, and products for the reactions shown in eqs 5a and 6 are
depicted in Figures1 and 2, respectively. The cyclic minimum
and associated TS for the isomerization of C2H2S (eq 5b) are
shown in Figure 3. The energy differences with respect to the
separated reactants for a number of combinations of methodol-
ogy and basis set are given in Tables 1 and 2 for the two
reactions. While there are shallow intermolecular minima in the
reactant channels in some cases, they were not present at the
RCCSD(T)/aug-cc-pV(D+d)Z level for either reaction.

In the previous addition-elimination reactions we have
studied, CN+ C2H2,5 C2H + C2H2,12 and both CN and C2H
with benzene,27 there were barriers in the exit channels, but they
were well below the energy of the reactant asymptote. There
was also at least one exothermic product channel. While there
is a large amount of variation in the values, it is evident that
very substantial barriers are present for eliminating H from the
intermediate for both S+ C2H2 and S+ C2H4, and neither
product is exothermic. Completion of either reaction is unlikely
under typical interstellar or cometary conditions. The remainder
of the discussion will therefore largely focus on the barriers in
the entrance channels (labeled TS1 in both cases in the figures).

It is quite evident that the B3LYP barrier heights are
significantly lower than those of the MO methods, regardless
of basis set. The best ZPE-corrected values, at the B3LYP/aug-
cc-pV(Q+d)Z level, are+0.5 and-0.5 kcal mol-1, relative to
the sum of the reactant energies for S+ C2H2 and S+ C2H4,
respectively. There is less than 1 kcal mol-1 of variation between
the different basis sets for both reactions and only minor
differences between the aug-cc-pVXZ and corresponding aug-
cc-pV(X+d)Z barrier heights even at the DZ level, where the
tight d function lowers the value by-0.15 kcal mol-1 for both
cases. The shift is just-0.10 kcal mol-1 at the TZ level. These
results indicate that there is little to be gained in the present
application by using the larger sets.

S + C2H2 f C2H2S f HCCS+ H (5a)

f c-C2H2S (5b)

S + C2H4 f C2H4S f C2H3S + H (6)
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The most reliable predictions in this work are expected to be
the RCCSD(T) results in the larger basis set. The RCCSD(T)/
aug-cc-pV(T+d)//RCCSD(T)/aug-cc-pV(D+d)Z barrier heights
with B3LYP/aug-cc-pV(Q+d)Z ZPE corrections are 4.1 and
2.6 kcal mol-1 for S + C2H2 and S+ C2H4, respectively. The
B3LYP predictions are therefore low by about 3-4 kcal mol-1.
However, UMP2 decidedly overestimates the barrier heightss
by over 10 kcal mol-1 for the S+ C2H2 reaction. The PM2
and ROMP2 predictions are better, particularly for the ethylene
reaction, where they are close to the RCCSD(T)/aug-cc-
pV(D+d)Z values. For the acetylene case, the predicted PMP2
and ROMP2 barrier heights are 6.2 and 1.5 kcal mol-1 larger

than the RCCSD(T) value, respectively. The single-point
QCISD(T)/aug-cc-pVDZ barrier heights for both reactions (at
the QCISD geometries) are comparable to the RCCSD(T) results
with a similar basis set.

Even the lower of the best values for the two barrier heights
is prohibitively high for the conditions in cold clouds. The
barriers are low enough, however, to possibly allow one or both
reactions to contribute to coma chemistry as a comet approaches
and departs perihelion. The S+ C2H4 reaction is clearly favored,
with a barrier predicted to be 1.5 kcal mol-1 lower than that of
S + C2H2. The small reaction energy for forming the C2H4S
intermediate, just 5.5 kcal mol-1 below the reactant asymptote
at the RCCSD(T)/aug-cc-pV(T+d)//RCCSD(T)/aug-cc-
pV(D+d) level, should also improve its chances of being
stabilized compared to reactions with more energetic intermedi-
ates. While the determination of an accurate rate for either
reaction is beyond the scope of the present work, the S2

concentration could possibly be used to gauge coma temperature
as a function of distance from the sun.

The predicted barrier height for cyclizing C2H2S is 7.5 kcal
mol-1 at the B3LYP/aug-cc-pV(T+d) level (Figure 3). While
it is not as large as the barrier in the exit channel, it is still
prohibitive under either interstellar or cometary gas-phase

Figure 1. Energy diagram and structures for S+ C2H2 f C2H2S f HCCS+ H. Energy differences in kcal mol-1 are relative to reactants at the
RCCSD(T)/aug-cc-pV(T+d)Z//RCCSD(T)/aug-cc-pV(D+d)Z level; bond lengths in Å at the B3LYP/aug-cc-pV(Q+d)Z level.

Figure 2. Energy diagram and structures for S+ C2H2 f C2H2S f HCCS+ H. Energy differences in kcal mol-1 are relative to reactants at the
RCCSD(T)/aug-cc-pV(T+d)Z//RCCSD(T)/aug-cc-pV(D+d)Z level; bond lengths in Å at the B3LYP/aug-cc-pV(Q+d)Z level.

Figure 3. Energy differences in kcal mol-1 relative to reactants and
structures for cyclic C2H2S isomer and TS at the B3LYP/aug-cc-pV-
(T+d)Z level.
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conditions. The prediction may also be underestimating the
correct barrier height, if it parallels the behavior of the barrier
in the entrance channel.

4. Conclusions

The S+ C2H2 and S+ C2H4 reactions were characterized
on their triplet surfaces with various combinations of density
functional or molecular orbital theory and correlation consistent
basis sets as large as aug-cc-pV(Q+d)Z. Both reactions possess
high barriers in their exit channels, precluding the elimination
of H in either the interstellar medium or in comet comae. The
barrier for cyclizing C2H2S is smaller, but still too large to be
efficient at low temperature. The best predictions for the barrier
heights that impede the formation of the C2H2S and C2H4S
intermediates are 4.1 and 2.6 kcal mol-1, respectively, for the
acetylene and ethylene reactions with S at the RCCSD(T)/aug-
cc-pV(T+d)Z level. Other methods either underestimate or
overestimate the barrier heights by various amounts. The
energetics for the formation of C2H4S, with best predictions of
the barrier height and reaction energy of 2.6 and-5.5 kcal
mol-1, respectively, indicate that it is the best candidate for
serving in the S2 formation mechanism proposed by Saxena and
Misra.31 As noted in the Introduction, this work did not explore
the possibility that intersystem crossings may be efficient enough
that alternative pathways may be accessible, particularly in cold
interstellar clouds.
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R.; Karthäuser, K.; Smith, I. W. M.Chem. Phys. Lett.1993, 211, 461.
(11) Seki, K.; Yagi, M.; He, M.; Halpern, J. B.; Okabe, H.Chem. Phys.

Lett. 1996, 258, 657.
(12) Herbst, E.; Woon, D. E.Astrophys. J.1997, 489, 109.
(13) Balucani, N.; Osvany, O.; Chang, A. H. H.; Lin, S. H.; Lee, Y. T.;

Kaiser, R. I.; Bettinger, H. F.; Schleyer, P. v. R.; Schaefer, H. F., III.J.
Chem. Phys.1999, 111, 7472.

(14) Balucani, N.; Asvany, O.; Osamura, Y.; Huang, L. C. L.; Lee, Y.
T.; Kaiser, R. I.Planet. Space Sci.2000, 48, 447.

(15) Kaiser, R. I.; Balucani, N.Acc. Chem. Res.2001, 34, 699.
(16) Balucani, N.; Asvany, O.; Kaiser, R. I.; Osamura, Y.J. Phys. Chem.

A 2002, 106, 4301.

TABLE 1: Energies Relative to the Reactant Asymptote for S+ C2H2 Intermediates, Transition States, and Product (kcal
mol-1)

∆Ee (∆E0)

method/basisa S-C2H2 TS1 C2H2S TS2 HCCS+ H

B3LYP/AVDZ -1.98 (-1.77) -0.35 (-0.19) -22.32 (-20.91) 25.52 (20.61) 21.23 (15.81)
B3LYP/AVTZ -1.62 (-1.41) 0.74 (0.55) -19.74 (-18.74) 26.64 (21.39) 21.53 (16.00)
B3LYP/AV(D+d)Z -2.01 (-1.81) -0.50 (-0.34) -24.02 (-22.60) 23.12 (18.25) 18.79 (13.34)
B3LYP/AV(T+d)Z -1.64 (-1.43) 0.63 (0.45) -20.66 (-19.65) 25.35 (20.13) 20.19 (14.66)
B3LYP/AV(Q+d)Z -1.59 (-1.37) 0.70 (0.52) -20.82 (-19.78) 25.21 (19.99) 20.04 (14.51)
QCISD/AVDZb -1.37 (-1.15) 5.70 (5.52) -14.82 (-13.79) 36.88 (31.65) 30.85 (25.33)
QCISD(T)/AVDZb -1.67 (-1.45) 4.01 (3.83) -15.79 (-14.75)
UMP2/AVDZ -1.90 (-1.35) 16.39 (18.32) -6.70 (-4.13) 47.08 (43.05) 31.63 (28.09)
PMP2/AVDZc -1.94 (-1.39) 8.10 (10.03) -13.68 (-11.11) 35.18 (31.15) 24.79 (21.25)
ROMP2/AVDZc -1.92 (-1.37) 3.41 (5.34) -11.36 (-8.78) 34.91 (30.88) 25.61 (22.07)
RCCSD(T)/AV(D+d)Zb 3.99 (3.81) -16.57 (-15.53) 32.23 (27.01) 26.56 (21.03)
RCCSD(T)/AV(T+d)Zb,d 4.25 (4.07) -15.55 (-14.52) 32.44 (27.22) 25.79 (20.27)

a Notation: AVXZ is shorthand for aug-cc-pVXZ, AV(X+d) for aug-cc-pV(X+d)Z; ZPE-corrected results are in parentheses.b ZPE correction
from B3LYP/AV(Q+d)Z calculation; QCISD(T) calculation at QCISD geometry.c Energy calculations using the UMP2/AVDZ structure (as well
as its ZPE correction).d Energy calculation using the RCCSD(T)/AV(D+d)Z structure.

TABLE 2: Energies Relative to the Reactant Asymptote for S+ C2H4 Intermediates, Transition States, and Product (kcal
mol-1)

∆Ee (∆E0)

method/basisa S-C2H4 TS1 C2H4S TS2 C2H3S + H

B3LYP/AVDZ -2.45 (-1.95) -1.14 (-0.99) -6.79 (-7.31) 28.16 (23.28) 34.27 (28.56)
B3LYP/AVTZ -2.02 (-1.54) -0.62 (-0.44) -6.32 (-6.77) 28.74 (23.91) 34.35 (28.64)
B3LYP/AV (D+d)Z -2.49 (-1.99) -1.31 (-1.14) -7.78 (-8.36) 26.46 (21.58) 32.70 (26.98)
B3LYP/AV (T+d)Z -2.04 (-1.57) -0.73 (-0.54) -6.88 (-7.36) 27.82 (22.99) 33.48 (27.77)
B3LYP/AV (Q+d)Z -1.98 (-1.51) -0.65 (-0.46) -7.00 (-7.49) 27.71 (22.87) 33.35 (27.63)
QCISD/AVDZb -1.45 (-0.98) 4.53 (4.72) -1.94 (-2.42)
QCISD(T)/AVDZb -1.85 (-1.37) 3.11 (3.30) -2.48 (-2.97)
UMP2/AVDZ 8.31 (8.97) -2.66 (-2.82) 46.80 (42.89) 33.55 (32.55)
PMP2/AVDZc 2.62 (3.29) -4.04 (-4.20) 40.08 (36.17) 32.94 (31.94)
ROMP2/AVDZc 2.66 (3.33) -2.74 (-2.89) 41.15 (37.24) 33.46 (32.46)
RCCSD (T)/AV(D+d)Zb 3.32 (3.51) -3.01 (-3.49) 32.58 (27.74) 29.64 (23.93)
RCCSD (T)/AV(T+d)Zb,d 2.41 (2.60) -5.05 (-5.53) 31.47 (26.63) 28.69 (22.97)

a Notation: AVXZ is shorthand for aug-cc-pVXZ, AV(X+d) for aug-cc-pV(X+d)Z; ZPE-corrected results are in parentheses.b ZPE correction
from B3LYP/AV(Q+d)Z calculation; QCISD(T) calculation at QCISD geometry.c Energy calculations using the UMP2/AVDZ structure (as well
as its ZPE correction).d Energy calculation using the RCCSD(T)/AV(D+d)Z structure.

11252 J. Phys. Chem. A, Vol. 111, No. 44, 2007 Woon



(17) Kaiser, R. I.; Lee, Y. T.; Suits, A. G.J. Chem. Phys.1995, 103,
10395.

(18) Kaiser, R. I.; Lee, Y. T.; Suits, A. G.J. Chem. Phys.1996, 105,
8705.

(19) Kaiser, R. I.; Stranges, D.; Lee, Y. T.; Suits, A. G.J. Chem. Phys.
1996, 105, 8721.

(20) Guadagnini, R.; Schatz, G. C.; Walch, S. P.J. Phys. Chem. A1998,
102, 5857.

(21) Le, T. N.; Lee, H.; Mebel, A. M.; Kaiser, R. I.J. Phys. Chem. A
2001, 105, 1847.

(22) Chastaing, D.; Le Picard, S. D.; Sims, I. R.; Smith, I. W. M.Astron.
Astrophys.2001, 365, 241.

(23) (a) Buonomo, E.; Clary, D. C.J. Phys. Chem. A2001, 105, 2694.
(b) Nguyen, T. L.; Mebel, A. M.; Lin, S. H.; Kaiser, R. I.J. Phys. Chem.
A 2001, 105, 11549.

(24) Clary, D. C.; Buonomo, E.; Sims, I. R.; Smith, I. W. M.; Geppert,
W. D.; Naulin, C.; Costes, M.; Cartechini, L.; Casavecchia, P.J. Phys.
Chem. A2002, 106, 5541.

(25) Schranz, H. W.; Smith, S. C.; Mebel, A. M.; Lin, S. H.J. Chem.
Phys.2002, 117, 7055.

(26) Goulay, F.; Leone, S. R.J. Phys. Chem. A2006, 110, 1875.
(27) Woon, D. E.Chem. Phys.2006, 331, 67.
(28) Carty, D.; Le Page, V.; Sims, I. R.; Smith, I. W. M.Chem. Phys.

Lett. 2001, 344, 310.
(29) Kaiser, R. I.; Balucani, N.Int. J. Astrobio.2002, 1, 15.
(30) A’Hearn, M. F.; Schleicher, D. G.; Feldman, P. D.Astrophys. J.

1983, 274, L99.
(31) Saxena, P. P.; Misra, A.Mon. Not. R. Astron. Soc.1995, 272, 89.
(32) Phillips, D.; Slater, D. H. InPhotochemistry, A ReView of the

Literature Published between July 1970 and June 1971; Bryce-Smith, D.,
Ed.; The Chemical Society, Burlington House: London, 1972; Vol. 3, pp
264-265.

(33) Saxena, P. P.; Singh, M.; Bhatnagar, S. Bull. Astron. Soc. India
2003, 31, 75.

(34) A’Hearn, M. F.; Arpigny, C.; Feldman, P. D.; Jackson, W. M.;
Meier, R.; Weaver, H. A.; Wellnitz, D. D.; Woodney, L. M.Bull. Am.
Astron. Soc.2000, 32, 1079.

(35) Rodgers, S. D.; Charnley, S. B.AdV. Space Res.2006, 38, 1928.
(36) Yamada, M.; Osamura, Y.; Kaiser, R. I.Astron. Astrophys.2002,

395, 1031.
(37) Strausz, O. P.; Gunning, H. E.; Denes, A. S.; Csizmadia, I. G.J.

Am. Chem. Soc.1972, 94, 8317.
(38) Schmoltner, A. M.; Chu, P. M.; Brudzynski, R. J.; Lee, Y. T.J.

Chem. Phys.1989, 91, 6926.
(39) Dunning, T. H.J. Chem. Phys.1989, 90, 1007.
(40) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J.J. Chem. Phys.

1992, 96, 6796.
(41) Woon, D. E.; Dunning, T. H., Jr.J. Chem. Phys.1993, 98, 1358.
(42) Woon, D. E.; Dunning, T. H., Jr.J. Chem. Phys.1994, 100, 2975.

(43) Woon, D. E.; Dunning, T. H., Jr.J. Chem. Phys.1995, 103, 4572.
(44) Wilson, A. K.; van Mourik, T.; Dunning, T. H., Jr.J. Mol. Struct.

(Theochem) 1996, 388, 339.
(45) van Mourik, T.; Dunning, T. H., Jr.Int. J. Quantum Chem.2000,

76, 205.
(46) Wilson, A. K.; Woon, D. E.; Peterson, K. A.; Dunning, T. H., Jr.

J. Chem. Phys.1999, 110, 7667.
(47) Dunning, T. H., Jr.; Peterson, K. A.; Wilson, A. K.J. Chem. Phys.

2001, 114, 9244.
(48) Peterson, K. A.; Dunning, T. H., Jr.J. Chem. Phys.2002, 117,

10548.
(49) Gill, P. M. W.; Johnson, B. G.; Pople, J. A.; Frisch, M. J.Int. J.

Quantum Chem.1992, S26, 319.
(50) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian 03,
Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(51) Werner, H.-J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A.;
Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.;
Eckert, F.; Hampel, C.; Hetzer, G.; Korona, T.; Lindh, R.; Lloyd, A. W.;
McNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.;
Palmieri, P.; Pitzer, R.; Rauhut, G.; Schu¨tz, M.; Stoll, H.; Stone, A. J.;
Tarroni, R.; Thorsteinsson, T.Molpro, Version 2002.6; University College
Cardiff Consultants Ltd.: Cardiff, UK, 2004.

(52) Becke, A. D.J. Chem. Phys.1993, 98, 5648.
(53) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785.
(54) Moller, C.; Plesset, M. S.Phys. ReV. 1934, 46, 618.
(55) Pople, J. A.; Head-Gordon, M.; Raghavachari, K.J. Chem. Phys.

1987, 87, 5968.
(56) Hampel, C.; Peterson, K. A.; Werner, H.-J.Chem. Phys. Lett.1992,

190, 1.
(57) Deegan, M. J. O.; Knowles, P. J.Chem. Phys. Lett.1994, 227,

321.
(58) Siegbahn, P. E. M.; Yoshimine, M.; Pacansky, J.J. Chem. Phys.

1983, 78, 1384.
(59) Gosavi, R. K.; Strausz, O. P.Can. J. Chem.1983, 61, 2596.

Astrochemical Reactions S+ C2H2 and S+ C2H4 J. Phys. Chem. A, Vol. 111, No. 44, 200711253


