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A theoretical study of the (SC3H2)+ species has been carried out. Two different models, complete MP4 at
MP2 geometries and QCISD(T) at B3LYP geometries, have been employed. Our calculations predict that the
global minimum is SCCCH2+(2B2), although a doublet cyclic isomer lies only about 5 kcal/mol higher in
energy. The lowest-lying quartet is also SCCCH2

+(4B2), followed by a nonplanar three-membered ring isomer.
These theoretical results allow the development of thermodynamic arguments about the reaction pathways of
the process S+ + C3H2. For the reaction of S+ with cyclopropenylidene (c-C3H2) production of cyclic SC3H+

is slightly endothermic and proceeds through a significant energy barrier. On the other hand, production of
the linear isomer SCCCH+ is exothermic and there is at least a mechanism leading to this species that is
barrier-free. However, the preferred channel seems to be charge transfer, since it is predicted to be more
exothermic. In the case of the reaction of S+ with vinylidenecarbene (l-C3H2), charge transfer is not competitive
since it is clearly endothermic. Production of cyclic SC3H+, although exothermic, seems to involve an energy
barrier at the QCISD(T) level. Production of the linear SCCCH+ isomer should be the preferred channel,
since it is more exothermic and there are two different mechanisms that are barrier-free. Therefore, it seems
that only the linear SCCCH+ isomer can be produced from the reaction of S+ with both c-C3H2 and l-C3H2.
Consequently, these ion-molecule reactions could be possible sources of precursors of C3S in space.

Introduction

The interstellar chemistry of second-row elements has been
the subject of growing interest in recent years. To date, about
30 molecules containing second-row elements have been
detected in space. One of the most interesting classes of
interstellar molecules containing these elements is that consti-
tuted by binary carbon clusters. Several compounds correspond-
ing to the CnX formulas have been observed in space. So far,
simple binary compounds, CSi, CS, and CP, as well as other
more complex compounds, such as C2Si,1 C4Si,2 C2S,3 and C3S4

have been detected in space.
In addition to the interest in astrochemistry, the study of

binary carbon clusters is interesting on its own, because the
properties of the carbon clusters may change by the presence
of the heteroatom. Organosulfur clusters of the type CnS have
been the subjects of experimental5-9 and theoretical10-14 work.
All these studies showed that the C2S and C3S compounds,
which have been observed in space, have linear ground states.
In the case of C2S, the ground state corresponds to a triplet
(3Σ-), whereas for C3S a singlet (1Σ+) is shown to be the ground
state. Theoretical studies15,16 have also been carried out on the
C3S+ and SC3H+ systems (as well as on the isoelectronic
HC3P17,18 species).

One of the most interesting questions related to interstellar
molecules is how these compounds may be produced in space.
Given the physical conditions reigning in the interstellar medium
(low density, low temperature), important processes must be
exothermic and also must have low (or zero) activation energy.
For that reason most of the proposed models19-21 for the
production of binary sulfur-carbon clusters claim that ion-
molecule pathways should be the most important ones. In
particular, Smith et al.19 suggest the reactions of S+ with

hydrocarbons as the sources of CnS compounds in space through
the following scheme:

Nevertheless, quite recently Petrie22 has also suggested
alternative radical-neutral pathways to CnS compounds, involv-
ing reactions of C2H with S or CS:

Therefore, to ascertain whether ion-molecule chemistry may
play an important role in the interstellar synthesis of CnS
compounds, it would be interesting to study the reactions of
S+ with the appropriate hydrocarbons. In the case of the reaction
of S+ with acetylene, which would be the first step in the
production of C2S, we have previously carried out a theoretical
study,23 and there are also several experimental works19,24,25on
such processes. Unfortunately, an experimental study in the case
of the reaction of S+ with C3H2 (which would be the first step
in an ion-molecule pathway to C3S) is highly unlikely, given
the laboratory instability of C3H2. Therefore, a theoretical study
in this case should be highly valuable. In addition, we must
recall that there are two different C3H2 isomers that have been
detected in the interstellar medium: cyclopropenylidene, c-C3H2,
which is one of the most abundant hydrocarbons in interstellar
space,26 and propadienylidene (singlet vinylidenecarbene),
l-C3H2, with a linear carbon backbone and two hydrogens
bonded to an end carbon.27 Theoretical studies28,29predict singlet
cyclopropenylidene to lie lower in energy (about 14 kcal/mol)
than propadienylidene.* To whom correspondence should be addressed.

S+ + CnH2 f HCnS
+ + H (1)

HCnS
+ + e f CnS + H (2)

S + C2H f C2S + H (3)

CS+ C2H f C3S + H (4)
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In previous works30,31we have carried out theoretical studies
of the reactions of P+ and Si+ with C3H2, concluding that both
processes are feasible under interstellar conditions and may lead
to precursors of the corresponding carbon clusters C3P and C3-
Si. The aim of the present work is to provide a theoretical study
of the reaction of S+ with both isomers of C3H2, cyclic and
linear, determining its energetics as well as the possible energy
barriers associated with the different channels. In this way the
different reaction pathways for the process S+ + C3H2 can be
analyzed by employing thermodynamic arguments. A compari-
son with the results obtained for phosphorus and silicon will
be made. Since S+ would be primarily formed from photoion-
ization of the neutral atom, the reaction should proceed in
principle on the quartet (H2C3S)+ surface. Nevertheless, given
the lack of information about the structure and stability of
(H2C3S)+ species, we will previously study the stable structures
on both the doublet and quartet surfaces.

Computational Methods. The present work employs the
same methods used in our previous studies on the reactions of
P+ and Si+ with C3H2.30,31The geometries of all species studied
in this work were obtained at the second-order Møller-Plesset
(MP2) level with the split-valence plus polarization 6-31G* basis
set,32 including all electrons in the calculation. In addition, for
comparative purposes, density functional theory (DFT) was also
employed for obtaining optimized geometries. In the DFT
calculations we used the B3LYP exchange-correlation func-
tional,33 and the 6-311G** basis set34 for carbon and hydrogen
atoms and the McLean and Chandler basis set35 (supplemented
with a set of d functions) for sulfur. Harmonic vibrational
frequencies were also computed on each optimized structure at
its corresponding level of theory, and these values were
employed to estimate zero-point vibrational energies (ZPVE).
These computations also allow an assessment of the nature of
stationary points. We must point out that we have made tests
with larger basis sets (in particular 6-311G** for MP2 calcula-
tions and cc-pVTZ36,37 for B3LYP). The results obtained were
very similar to those provided by the smaller basis sets.

On the MP2(full)/6-31G* geometries, single-point calcula-
tions at the fourth-order Møller-Plesset (MP4) level38,39 were
carried with the 6-311G** basis set. In these calculations inner-
shell molecular orbitals were not included for computing
electron correlation energies (frozen-core approximation). Spin
contamination may affect the convergence of the MP series.
For this reason, in addition to the MP4 energies, we will report
the projected fourth-order Møller-Plesset values (PMP4).40,41

On the B3LYP geometries we performed QCISD(T) calcula-
tions,42 that is quadratic CI calculations with singles and doubles
substitutions followed by a perturbative treatment of triple
substitutions, with the 6-311G** basis set. The theoretically
determined relative heats of formation are employed for the
prediction of reaction enthalpies and energy barriers for the
reaction of S+ + C3H2.

All calculations were carried out with the Gaussian-94
program package.43

Results and Discussion

(SC3H2)+ Isomers.The optimized geometries for the different
(SC3H2)+ structures are shown in Figure 1, the corresponding
harmonic vibrational frequencies and IR intensities being
available upon request.

Isomer1 corresponds to a linear carbon backbone with sulfur
in a terminal position and the two hydrogen atoms bonded to
the end carbon atom. Its lowest-lying electronic state is2B2,
corresponding to the following electronic configuration:

This structure can be represented by the following valence-
bond description, which basically agrees with the geometrical

parameters shown in Figure 1 (a relatively short S-C bond
distance and two similar C-C bond distances slightly shorter
than a normal carbon-carbon double bond).

Excitation of an electron from the 3b1 orbital to the 12a1
orbital in electronic configuration (I) would result in a4A2 state
that correlates with ground-state S+(4S) + l-C3H2(1A1), whose
optimized geometry is also given in Figure 1. This structure in
fact can be viewed as an ion-molecule complex, with a very
long S-C distance. However, this structure is not a true
minimum on the quartet (H2C3S)+ surface, since it has an
imaginary vibrational frequency at both MP2 and B3LYP levels
(26i and 159i cm-1, respectively), associated with a b1 normal
mode corresponding to out-of-plane bending. This suggests that
there should be a nonplanar structure with lower energy. We
made optimizations, following this mode, obtaining a4A′′ state
that finally collapses into anotherC2V-symmetric state (4B2) with
an electronic configuration that can be obtained from (I) upon
3b1 f 4b1 excitation. The4B2 state is a true minimum (all its
frequencies are real) and can be represented by the following
dominant valence-bond structures: that explain why the C1-

C2 distance is shorter than the C2-C3 one.
Both MP2 and B3LYP levels predict that the IR spectrum of

the 4B2 state should be dominated by a C-C stretching (2100
cm-1 at the scaled MP2 level and 2058 cm-1 at the B3LYP
level). In the case of the2B2 state, C-C stretching at 1942 cm-1

is also predicted to be the most intense line in the IR spectrum
at the B3LYP level, whereas MP2 predicts two different
frequencies to have very similar intensities: C-C stretching at
1432 cm-1 and C-H symmetric stretching at 2986 cm-1 (both
values are scaled MP2).

Isomer2 has also an open-chain carbon backbone and a sulfur
in a terminal position, but now the hydrogen atoms are bonded
to different carbon atoms. We only were able to obtain this
isomer on the quartet surface (the lowest-lying state correspond-
ing to 4A′), since all attempts to obtain a doublet state led to
the cyclic3(2B2) state (see below). The geometrical parameters
obtained for the2(4A′) species at both levels of theory, MP2
and B3LYP, are quite close. The C1-C2 and C2-C3 bond
distances are considerably longer than the corresponding values
for isomer1. The most intense line in the IR spectrum of2(4A′)
is predicted to be a C-C stretching at 1543 cm-1 (scaled MP2)
or 1680 cm-1 (B3LYP).

Isomer3 has a cyclic C3 unit with the sulfur atom bonded
through an apex. The lowest-lying electronic state is also2B2,
corresponding to the following electronic configuration

The C1-C2 and C2-C3 bond lengths are very similar to those
found for c-C3H2, whereas the S-C1 distance suggests a true
formal bond.

{core} 7a1
2 8a1

2 9a1
2 10a1

2 11a1
2 2b2

2 2b1
2 3b2

2 3b1
2 4b2

1

(I)

{core} 6a1
2 7a1

2 3b2
2 8a1

2 9a1
2 4b2

2 2b1
2 10a1

2 3b1
2 5b2

1

(II)
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Upon 3b1 f 11a1 excitation, a4A2 state is obtained, which
correlates with ground-state S+(4S) + c-C3H2(1A1). In this case
the S-C1 bond distance is very long, suggesting that in fact
3(4A2) is an ion-molecule complex. The geometrical parameters
of the C3H2 unit are only slightly modified with respect to
cyclopropenylidene. A cyclic structure with a short bond length
on the quartet surface has also been found, corresponding to a
nonplanar4A′′ state. It is interesting to point out that this state
also correlates with S+(4S)+ c-C3H2(1A1). All these cyclic states
are true minima on the respective doublet and quartet surfaces,
since all their vibrational frequencies are real. For both2B2 and
4A2 a C-C stretching (near 1283 and 1358 cm-1, respectively,
at the B3LYP level) is predicted to dominate the IR spectrum.
In the case of3(4A′′) the most intense line is predicted to be a
C-H stretching at 3224 cm-1.

Two different isomers, numbered4 and 5, with a four-
membered ring have been found on both doublet and quartet
surfaces. In isomer4 the two hydrogen atoms are bonded to
different carbons, whereas in5 they are bonded to the same
carbon atom. In the case of the4(2A) structure quite different
peripheral C-C bond distances are found. The transannular C1-
C2 length is much shorter for the doublet state than for the4(4A′)
state. However none of them are indicative of a true C1-C2

bonding. In fact, the only four-membered ring structure with a
formal transannular C-C bond is the quartet state of isomer5.
In that case peripheral and transannular C-C bond distances
are all quite similar and close to typical C-C single bond

distances. In fact,5(4A′′) should be best described as a bicyclic
structure with two three-membered rings.

The relative energies at different levels of theory of the
(SC3H2)+ species are presented in Table 1. It is readily seen
that all levels of theory, except MP4, predict that the lowest-
lying species is1(2B2). 3(2B2) is also predicted to lie the lowest
in energy at the MP2/6-31G* level, about 13.9 kcal/mol below
1(2B2). Therefore, higher correlation levels seem to favor the
open-chain structure (the energy difference between both
structures is reduced to 6.6 kcal/mol at the MP4 level).
Furthermore, since spin contamination may affect the conver-
gence of the MP series for open-shell systems, PMP4 and
QCISD(T) should be the most reliable levels of theory, and both

Figure 1. MP2/6-31G* and B3LYP/6-311G** (in parentheses) optimized geometries for the different SC3H2
+. Distances are given in angstroms,

and angles, in degrees.

TABLE 1: Relative Energies (kcal/mol) for the (SC3H2)+

Species at Different Levels of Theory with the 6-311G**
Basis Seta

MP4 PMP4 B3LYP QCISD(T)

1 (2B2) 0.0 0.0 0.0 0.0
1 (4B2) 55.3 64.6 61.1 60.0
1 (4A2) 94.8 103.7 108.7 98.2
2 (4A′) 79.2 89.4 90.3 84.6
3 (2B2) -6.6 5.6 9.2 4.7
3 (4A2) 78.8 91.2 98.4 90.1
3 (4A′′) 67.0 79.3 84.7 77.3
4 (2A) 44.0 54.7 61.6 52.3
4 (4A′) 74.0 86.1 91.1 82.1
5 (2A′′) 66.5 74.2 85.6 69.3
5 (4A′′) 117.5 130.2 137.4 126.1

a Zero-point vibrational energy differences have been included.
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predict that3(2B2) lies higher in energy than1(2B2). Conse-
quently, it seems that the global minimum of (SC3H2)+ is an
open-chain structure. On the other hand, we should remember
that c-C3H2 is lower in energy than l-C3H2 (about 12.4 kcal/
mol at the MP4 level). Nevertheless, the predicted energy
difference between1(2B2) and3(2B2) is rather small, nearly 5
kcal/mol, and therefore both could be accessible to experimental
detection. The four-membered ring doublets,4(2A) and5(2A′′),
lie much higher in energy.

The lowest-lying quartet species is also the open-chain
structure1(4B2), followed by the nonplanar three-membered ring
isomer. In this case, structures2(4A′) and4(4A′) are even more
stable than the planar cyclic isomer3(4A2), which lies nearly
30 kcal/mol higher in energy than the lowest-lying quartet state.
Again, isomer5 is the less stable structure on the quartet surface.
It is also interesting to note that, as a general trend, B3LYP
performs not too badly in the prediction of relative energies
compared with QCISD(T).

The relative stability of (SC3H2)+ species is similar to that
found for the silicon analogue system. In the case of (SiC3H2)+,
we found that an open-chain structure similar to1 is the
predicted ground state,27 with the three-membered cyclic isomer
lying about 9 kcal/mol higher in energy. On the other hand, in
the case of triplet (PC3H2)+, the cyclic isomer is predicted to
lie below the linear one by 9 kcal/mol,26 and therefore retains
the stability order found for the hydrocarbon, C3H2.

Reaction of S+ with C3H2. We will discuss in this section
the reaction of sulfur ions with either cyclopropenylidene or
vinylidenecarbene, to produce possible precursors of C3S in
space. Thermodynamic arguments about the reaction pathways
employing theoretically calculated relative heats of formation
will be developed. In addition to the production of SC3H+ there
are two other possible channels: production of C3S+ and charge
transfer. Therefore, we should consider the following possibili-
ties

Given the multiplicity of the reactants, only triplet states for
SC3H+ and quartets for C3S+ should be in principle taken into
account. Calculations on C3S+ 15 and SC3H+ 15,16 have been
reported. In these works only linear (or quasi-linear) structures
were reported on the doublet (ionized C3S) and singlet (proto-
nated C3S) surfaces. Therefore, we have characterized the stable
structures of the required multiplicity for each system. In the
case of C3S+ a linear (l-C3S+) and a three-membered ring isomer
with sulfur in the exocyclic position (c-C3S+) were obtained
on the quartet surface. For SC3H+ five species were obtained
on the triplet surface, and they are shown in Figure 2. Details
on the structure and properties (optimized geometries at both
MP2 and B3LYP levels, vibrational frequencies, and IR
intensities) of these species can be obtained from the authors
upon request.

The relative energies of the different possible products for
the reactions of S+ with c-C3H2 and l-C3H2 are given in Tables
2 and 3, respectively. It can be readily seen that the B3LYP
level overestimates the reaction enthalpy for several processes
and, compared with PMP4 and QCISD(T) methods, does not
seem reliable for the prediction of reaction enthalpies. On the
other hand, the PMP4 and QCISD(T) levels are generally in
rather good agreement, with the exception of formation of

l-C3S+, where a discrepancy of about 16 kcal/mol is observed.
The relative good agreement between these two methods perhaps
makes them more reliable than the B3LYP method.

In both cases, reaction of S+ with c-C3H2 and l-C3H2,
production of C3S+ seems to be endothermic. Only for the
production of linear C3S+ from l-C3H2 does the B3LYP result
predict an exothermic process. Nevertheless, both PMP4 and
QCISD(T) levels agree in that these processes should be
discarded. Concerning the production of SC3H+ from c-C3H2,
only production of the quasi-linear isomer6 is clearly exother-
mic, whereas formation of the cyclic isomer10 is only slightly
endothermic at both PMP4 (3.3 kcal/mol) and QCISD(T) (2.3
kcal/mol) levels. In the case of the reaction S+ + l-C3H2 there
are two processes that are clearly exothermic, production of
isomers6 and 10, whereas formation of8 is predicted to be
slightly endothermic (4.5 kcal/mol at the QCISD(T) level).
Another important result from Tables 2 and 3 is that charge
transfer is exothermic by nearly 15 kcal/mol in the case of the
reaction of S+ + c-C3H2, and therefore it should be a competitive
process in that case. On the other hand, both PMP4 and QCISD-

Figure 2. Schematic representation of the different SC3H+ species.

TABLE 2: Relative Energies (kcal/mol) for the Different
Possible Products of the Reaction of S+ with c-C3H2

SC3H+ + H C3S+ + H2

6 7 8 9 10 l-C3S+ c-C3S+
S +

c-C3H2
+

MP4 3.2 47.6 29.9 36.7 4.9 44.8 51.0 -13.6
PMP4 -1.5 35.4 22.0 33.8 3.3 38.4 48.4 -14.7
B3LYP -27.9 16.3 7.1 17.8-13.9 3.0 31.6 -33.4
QCISD(T) -7.5 33.2 16.3 25.5 2.3 21.2 42.8 -15.0

TABLE 3: Relative Energies (kcal/mol) for the Different
Possible Products of the Reaction of S+ with l-C 3H2

SC3H+ + H C3S+ + H2

6 7 8 9 10 l-C3S+ c-C3S+
S +

l-C3H2
+

MP4 -9.3 35.1 17.4 24.1 -7.6 32.3 38.5 29.8
PMP4 -14.0 22.9 9.5 21.3 -9.2 25.8 35.9 19.0
B3LYP -39.0 5.2 -4.0 6.7 -25.0 -8.1 20.5 -6.9
QCISD(T) -19.3 21.4 4.5 13.8 -9.5 9.4 31.1 12.9

f SC3H
+ + H (2S)

S+(4S) + C3H2(
1A1) f C3S

+ + H2(
1Σg

+)

f S(3P) + C3H2
+(2A1)
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(T) levels predict relatively high endothermicities for charge
transfer in the reaction S+ + l-C3H2, which suggest that in this
case charge transfer would not compete with production of
SC3H+.

We will only consider in what follows the possible reaction
mechanisms leading to exothermic (or close to thermoneutrality)
products. The relevant transition states are shown in Figure 3,
whereas the energy profiles for the reactions of S+ with c-C3H2

and l-C3H2 are given in Figures 4 and 5, respectively, at the
QCISD(T) and PMP4 levels.

For the reaction of S+ with c-C3H2 the first step is formation
of isomer3. Then hydrogen atom elimination through transition
state TS1 would lead to the cyclic product10.

We have seen that this channel is slightly endothermic. In
addition, TS1 lies above the reactants by 44 kcal/mol (QCISD-
(T)) or 11 kcal/mol (PMP4). This is the only transition state
for which both levels of theory predict very different relative
energies (in part because of the different geometries employed;
the B3LYP level predicts a planar transition state, whereas a
nonplanar structure is obtained at the MP2 level). In any case,
both levels agree in that there is a significant energy barrier,
which together with the small endothermicity of this process,
quite likely would prevent formation of the cyclic SC3H+ isomer
in space.

Another possibility is isomerization of cyclic SC3H2
+ into

an open-chain isomer (2), through transition state TS2 (whose
imaginary frequency is associated with ring opening). The

intermediate formed in this way, with the hydrogen atoms
bonded to different carbon atoms, may undergo hydrogen atom
elimination leading to the quasi-linear SCCCH+ isomer. This
process involves transition state TS3.

Alternatively, SCCHCH+ (2) may suffer isomerization into
the lowest-lying SCCCH2+ (1) isomer with both hydrogen atoms
bonded to terminal carbon. Then the final product SCCCH+

(6) may be formed through hydrogen atom elimination. This
path involves transition states TS4 and TS5.

We were able to obtain these two transition states only at
the B3LYP level. All attempts to search for TS4 at the MP2
level led to TS3 (hydrogen atom elimination), whereas in the
case of TS5, elimination of the hydrogen atom takes place
directly without any barrier at the MP2 level. We carried out a
scan for this process, performing optimizations at different C-H
distances and found no sign of transition state. In any case we
have computed the PMP4 energy at the B3LYP geometry to
obtain an estimate of the possible energy barriers for both
processes involved in path c.

As can be seen in Figure 4, path b implies a small energy
barrier (4 kcal/mol) at the PMP4 level, although the QCISD(T)
level predicts that TS3 lies slightly below reactants (-3.7 kcal/
mol). In any case it seems that path (c), which proceeds through
the most stable SC3H2

+ isomer, should be favored, since both
TS4 and TS5 lie well below reactants at all levels of theory.
Therefore, there is at least a mechanism for the reaction of S+

with c-C3H2 which is exothermic and barrier-free for the
production of SCCCH+. However, we must remember that
charge transfer is competitive in this case, since it is predicted
to be more exothermic.

For the reaction of S+ with vinylidenecarbene, the first step
is formation of SC3H2

+ (1). Then three different channels may
be devised. One of them is direct hydrogen elimination to give
the open-chain product SCCCH+.

Another process involves migration of a hydrogen atom
followed by hydrogen elimination:

Finally, cyclation may occur, leading to the cyclic SC3H2
+

(3) isomer.

The energy profile for this reaction is shown in Figure 5. As
can be seen, only TS1 is found to lie above the reactants at the
QCISD(T) level, suggesting that production of cyclic SC3H+

from the reaction of S+ + l-C3H2 should be precluded in the
interstellar medium. On the other hand all transition states

Figure 3. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the relevant transition states involved in the
reaction of S+ with C3H2. Distances are given in angstroms, and angles,
in degrees.

S+ + c-C3H2 f SC3H2
+ (3)98

TS1
SC3H

+ (10) + H (a)

SC3H2
+ (3)98

TS2
SCCHCH+ (2)98

TS3
SCCCH+ (6) + H (b)

SCCHCH+ (2)98
TS4

SCCCH2
+ (1)98

TS5
SCCCH+ (6) + H

(c)

S+ + l-C3H2 f SCCCH2
+ (1)98

TS5
SCCCH+ (6) + H (d)

SCCCH2
+ (1)98

TS4
SCCHCH+ (2)98

TS3
SCCCH+ (6) + H

(e)

SCCCH2
+ (1)98

TS4
SCCHCH+ (2)98

TS2

SC3H2
+ (3)98

TS1
SC3H

+ (10) + H (f)
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involved in processes e and f lie well below the reactants and
therefore are feasible under interstellar conditions. Furthermore,
in this case charge transfer should not compete, since it is clearly
endothermic.

Conclusions

A theoretical study of the (SC3H2)+ species, on the doublet
and quartet surfaces, has been carried out. Geometries and
vibrational frequencies for the different isomers have been
obtained at the MP2/6-31G* and B3LYP/6-311G** levels.
Electronic energies have been computed at the MP4/6-311G**//
MP2/6-31G* and QCISD(T)//B3LYP/6-311G** levels. The two
most reliable levels of theory employed, PMP4 and QCISD-

(T), predict that the lowest-lying species is SCCCH2
+(2B2),

although a cyclic isomer3(2B2) lies quite close in energy (only
about 5 kcal/mol higher in energy than SCCCH2

+). The lowest-
lying quartet is also SCCCH2+(4B2), followed by a nonplanar
three-membered ring isomer. In the case of the reaction of S+

with c-C3H2, production of cyclic SC3H+ is slightly endothermic
and proceeds through a significant energy barrier. On the other
hand, production of the linear isomer SCCCH+ is exothermic
and there is at least one mechanism leading to this species that
is barrier-free. However, charge transfer is competitive in this
case, since it is predicted to be more exothermic.

On the other hand, for the reaction of S+ with l-C3H2 charge
transfer is not competitive since it is clearly endothermic.

Figure 4. Energy profile, in kcal/mol, for the reaction of S+ with c-C3H2 at the QCISD(T) and PMP4 (in parentheses) levels.∆ZPVE corrections
have been included at the B3LYP/6-311G** and MP2/6-31G* levels, respectively.

Figure 5. Energy profile, in kcal/mol, for the reaction of S+ with l-C3H2 at the QCISD(T) and PMP4 (in parentheses) levels.∆ZPVE corrections
have been included at the B3LYP/6-311G** and MP2/6-31G* levels, respectively.
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Production of cyclic SC3H+, although exothermic, seems to
involve an energy barrier at the QCISD(T) level, which
disappears at the PMP4 level. Production of the linear SCCCH+

isomer is not only the most exothermic channel, but there are
two different mechanisms that are barrier-free.

Therefore, the main conclusion of the present work is that
only the linear SCCCH+ isomer can be produced from the
reaction of S+ with both c-C3H2 and l-C3H2. It is worth noting
that in the case of the similar reactions with silicon27 or
phosphorus,26 both linear and cyclic isomers could be obtained.
SCCCH+ is produced in its triplet state. However, upon
dissociative recombination (reaction 2 in the Introduction) finally
the singlet ground state of C3S could be reached. Consequently,
these ion-molecule reactions could be possible sources of
precursors of C3S in space, in addition to other neutral-radical
processes.22
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