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A theoretical study of the potential energy surfaces of the S+ c-C3H and S+ l-C3H reactions has been
carried out. The most important local minima and saddle points have been located at the B3LYP/6-311G**
and QCISD/6-311G** levels, whereas a G2-style method based on QCISD(T)/6-311+G(3df,2p) electronic
energies has been used to calculate accurate relative energies. The lowest lying state is a nearly linear SCCCH
(2A′) species, but a SC3H (2A′) species, with a cyclic C3H group attached to sulfur, is 17.1 kcal/mol higher
in energy. The reaction appears to be exothermic for the production of SC3 (1Σ+) + H and SC (1Σ+) + C2H
(2Σ+). The reaction mechanisms are rather involved for the products may be generated from SCCCH (2A′) or
imply some other intermediates. The energy profiles for the interaction of sulfur with bothl-C3H andc-C3H
through the lowest lying doublet and quartet states have also been computed by means of the CASSCF method.
We have found at least two neatly attractive electronic states in each case. The vertical energy gap between
the ground and the lowest-lying states has been determined through the MRCI method for each reaction
intermediate. The S+ C3H reaction could indeed be a source of SC3 (1Σ+), but its efficiency would depend
on the SC3 + H/SC + C2H branching ratio.

I. Introduction

The sulfur-carbon chains SCn (n ) 1-3 and 5) have received
considerable theoretical and experimental attention, partly for
their astrophysical significance.1-7 The groups of Lovas et al.,2

Oshima et al.,3 Hirahara et al.,4 Kasai et al.,5 and Saito et al.6

have recorded the Fourier transform microwave spectra of SCn,
n ) {2, 3, and 5} generated in Fabry-Perot cavities. Vala and
co-workers7 have produced (SCn and SCnS,n ) 1-5) by pulsed
laser ablation of carbon/sulfur mixtures and recorded the Fourier
transform infrared absorption spectra in an Ar matrix. Maier
and co-workers have also detected SC3 in Ar matrixes by
infrared absorption spectroscopy.8 The most recent theoretical
work should also be cited. Lee9 has studied the linear SCn

systemsn ) 2-9 through a (density functional) BLYP method,
whereas Vala and co-workers7 have accompanied their experi-
mental work with B3LYP and MP2 (second-order Mo¨ller-
Plesset) computations. The ionization potential and proton
affinity of the SCn moleculesn ) {2 and 3} have been computed
by Maclagan and Sudkeaw.10 Peeso et al.11 have studied singlet
and triplet linear states of SC3 at the MP2/DZP level.
Murakami12 has computed vibrational frequencies, rotational
constants, and dipole moments of the ground states of SCn, n
) 1-3. Botschwina and co-workers have made a detailed
theoretical study of SC3, which provides values for a number
of spectroscopic properties.13

The most cited mechanisms for the astrophysical generation
of SCn involve ion-molecule reactions of the type

followed by dissociative recombination steps

However, this kind of mechanism is not very satisfactory
either for circumstellar envelopes or dark clouds; in fact, the
critical role played by neutral-neutral reactions has been
strongly advocated.14,15 Vala and co-workers have also con-
cluded that neutral-neutral reactions are responsible for the
generation of the SCn chains in their laser ablation experiments.7

The S+ C2H reaction has been proposed to be important in
the production of SC2,14,15 although the opposite proposal has
also been raised by Turner et al., who based their views in the
modeling of small translucent clouds.16 A recent theoretical
study suggests that this reaction is rather fast and should produce
almost exclusively SC2 + H.17 It has been argued that SC3 could
be generated by the following reactions:14,15

Unfortunately the rate coefficients of these reactions or even
the products are unknown. For this reason, we have made a
theoretical study of the SC3H system, which will be a first step
of a dynamical study.

II. Computational Details

The local minima and transition states have been determined,
and the vibrational frequencies have been computed at the
B3LYP/6-311G**18 level. The resulting geometries have been
refined by means of QCISD/6-311G**19,20 optimizations,
although no second derivatives were computed at this level. In
the case of a few transition states, we have employed QCISD/
6-31G** vibrational frequencies instead of the B3LYP/6-
311G** ones, which were considered more reliable, although
the geometries were still refined at the QCISD/6-311G** level.
The role of the transition structures in the dynamics has been
checked by means of the intrinsic reaction coordinate method21

in combination with the B3LYP/6-311G** level where neces-* To whom correspondence should be addressed. E-mail: flores@uvigo.es.
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sary. For the sake of obtaining accurate relative energies, we
have used a Gaussian-style method that is closely related to
the G2(QCI) approach.22 This method has the following steps:

(1) Vibrational frequencies are scaled by a factor of 0.96
(B3LYP/6-311G**) or 0.95 (QCISD/6-31G**). This factor was
determined by comparison of the computed values with the
known experimental frequencies of ethylene, acetylene (C-H
and C-C stretch), and also SC.23

(2) Electronic energies are determined at the QCISD(T)/6-
311+G(3df,2p) level using the QCISD/6-311G** geometries
(i.e., at the QCISD(T)/6-311+G(3df,2p)//QCISD/6-311G**
level).

(3) The so-called high-level correction is defined as in the
G2(QCI) approach as HLC) -BnR - Anâ, wherenR and nâ
are the number of alpha and beta valence electrons (nR g nâ).
B was given the original G2(QCI) value, andA was determined
by minimization of the difference between the experimental24

and theoretical values ofE ) D0(C2H2 f 2CH) + 3/2D0(C2H4

f 2CH2(2B1)) + D0(SC f S + C) + D0(CH2(2B1) f C +
2H)/2.

In the choice of these methods, we have valued the accuracy
of the scaled B3LYP frequencies in the case of SC3 (1Σ+)7 and
the fact that the QCISD method may remove the spin contami-
nation of the reference wave function quite efficiently. The
procedure for determining the HLC is expected to give better
results than the standard one in the present case, for only the
molecules with bonds that are relevant to the present case
contribute to the value ofA. The computations have been carried
out with the Gaussian 9425 and Gaussian 9826 packages. We
have also used the MOLPRO package27 to perform CASSCF
(complete active space SCF) computations,28 which will be
described in the next section. These computations have been
necessary to study the interaction of ground-state sulfur with
linear and cyclic C3H (noted asc-C3H andl-C3H respectively)
and to determine the energy gaps between the lowest-lying
electronic states of some reaction intermediates.

III. Potential Energy Surfaces of the SC3H System

III.1. Local Minima. The optimized geometries for the
minima and saddle point structures on the potential energy
surface (PES) of the lowest doublet state are given in Figure 1,
parts a and b. Absolute and relative energies are presented in
Table 1; vibrational frequencies and other details are available
from the authors upon request.

The most stable form of SC3H is SCCCH(2II), this electronic
term breaks into two components (Renner-Teller effect),
namely,2A′ and2A′′. The geometry optimizations of the latter
electronic state led to a linear geometry, whereas those of the
2A′ state gave a planar structure, (which will be noted as M1),
with a∠SCC angle of about 155.5°. Note the∠CCC angle and,
specially, the∠CCH angle are very close to 180°. The S-C
bond length is only slightly larger than that of SC (1Σ+) (1.546
Å), the C2-C3 and C3-C4 distances are close to the C-C
lengths of ethylene (1.340 Å) and acetylene (1.211 Å),
respectively, and the C-H distance is almost coincident with
that of acetylene (1.067 Å; all reference bond lengths are
computed at the QCISD/6-311G** level). It must be noted that
both McCarthy et al.29 and Hirahara et al.30 have found the
minimum to be a linear structure in their microwave experi-
ments, the electronic level being2Π1/2. However, the ab initio
computations of McCarthy et al.29 also indicate that the
minimum is a nonlinear structure. Our computed difference
between the linear and nonlinear configurations is only 0.12
kcal/mol (QCISD(T)/6-311+G(3df,2p)//QCISD/6-311G**). It

has already been pointed out by McCarthy and co-workers29

that inclusion of the spin-orbit coupling might be indispensable
to obtain a linear geometry; this aspect will be the subject of
our future work. We would also add that the significant degree
of spin-contamination of the reference UHF/6-311G** wave
function〈S2〉 ) 1.4 is probably not the reason of the appearance
of a nonlinear minimum. The B3LYP wave functions are almost
spin-pure, and the corresponding levels (B3LYP/6-31G**,
6-311G**, 6-311+G**) behave the same way, i.e., give a
nonlinear geometry. On the other hand, we have made a
geometry optimization at the RHF-RCCSD(T)/cc-pVDZ level31

which has also produced a bent geometry,32 the corresponding
wave functions being virtually spin-pure. The spin polarization
effect does not appear to cause much trouble in the computation
of the relative energy of this species. For instance, the M2-M1
energy gap is 17.8 kcal/mol at the QCISD/6-311G**//QCISD/
6-311G**+ZPVE level, whereas the RHF-RCCSD/6-311G**//
QCISD/6-311G**+ZPVE value is 19.4 kcal/mol; species M2
(to be described immediately) has a virtually spin pure UHF/
6-311G** wave function (〈S2〉 ) 0.775 au).

The Mulliken population analysis does not fully support
Hirahara et al.’s conclusion that the electronic structure is a
superposition of two valence structures,30 namely, SdCdCd
CÄ sH and SdCÄ sCtCsH. For instance, the C-C and S-C
overlap populations are 0.406 e (C3-C4), -0.126 e (C2-C3)
and 0.953 e (S-C2) at the QCISD/6-311G** level (all of the
population data given in the following discussions correspond
to this computational level and are of Mulliken type). This
electronic structure is more consistent with that of (ground state)
SC3(1Σ+), which has two triple terminal S-C and C-C bonds33

or with the second valence structure proposed by Hirahara. C2

bears most of the spin density (0.579 e), but the sulfur value is
not negligible (0.242e). Although C4 also presents an important
contribution (0.417 e), it is partly the result of the spin
polarization of the C3-C4 bond (C3 appears to have-0.223 e).
As in the case of SC3(1Σ+), the electron delocalization along
the carbon chain may explain the short C2-C3 distance. We
have performed MRCI computations on M1 and on the other
local minima of the doublet PES in order to estimate the energy
differences of the lowest lying doublet and quartet states with
respect to the ground state. The2A′′ state lies only 7.0 kcal/
mol above, but the lowest quartet states are much farther away,
(see Table 2).

There is a minimum with a C3 ring, corresponding to a2A′
state with the following leading electron configuration
[...3a′′214a′215a′1], which will be noted as M2. It is 17.1 kcal/
mol higher in energy than M1. The S-C distance is still close
to that of a double bond (d(SC)) 1.618 Å in thioformaldehyde),
whereas the C-C distances are average between the typical
values of double and single bonds (1.340 Å in ethylene and
1.532 Å in ethane). The C-H distance is very close to that of
ethylene (1.088 Å). The population analysis indicates that the
unpaired electron is located mainly at sulfur (0.563 e), but C2

also has a sizable spin-density (0.302 e). The dominant valence
structure has double S-C and C2-C4 bonds and one unpaired
electron located mainly at sulfur, even though other valence
structures, which locate the unpaired electron at C2, also
contribute significantly. The2A′-2A′′, 2A′-4A′′, and2A′-4A′
energy gaps are much wider than in M1 (see Table 2); the lowest
quartet states4A′ and4A′′ lie only slightly below the reactants.

Structure M3 is also a minimum corresponding to the2A′
electronic state and has a dominant [...3a′′214a′215a′1] electron
configuration. The S-C distance is average between that of
thioformaldehyde and methanethiol (d(SC)) 1.618 and 1.821
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Å respectively). The C2-C4 distance is almost coincident with
that of ethylene, whereas the C4-C5 is larger than that of
acetylene or C2H(2Σ+) (d(CC) ) 1.216 Å), but still shorter than
that of C2H(2A) (d(CC) ) 1.297 Å; the latter state is about 9.0
kcal/mol higher in energy at the QCISD/6-311G** level and
gives rise to2A′ and 2A′′ components in planar geometries).
The population analysis indicates that the unpaired electron is
very neatly localized on sulfur (1.042 e); the C2-C4 and C4-
C5 overlap populations are 0.362 e and 0.896 e, respectively.
There is an excited2A′′ state lying only 11.3 kcal/mol above

(see Table 2), but the lowest quartet states4A′ and4A′′ are much
higher in energy (54.7 and 47.4 kcal/mol respectively). We could
even reach a minimum on the PES of the2A′′ state by
constraining the search to planar geometries; however, its
existence could not be confirmed due to wave function
instabilities and convergence difficulties. It must be noted that
this 2A′′ “planar minimum” is still 9.2 kcal/mol higher in energy
than M3 at the B3LYP/6-311G** level.

The next minimum, noted as M4, is very close in energy to
M3 for it lies only 2.0 kcal/mol above. It corresponds to a2A′

Figure 1. (A) QCISD/6-311G** optimized geometries for the local minima, reactants, and products. Bond distances are given in angstroms and
angles are given in degrees. The electronic states of reactants and products arec-C3H(2B2), l-C3H(2A), SC(1Σ+), SC3(1Σ+), and C2H(2Σ+). (B)
QCISD/6-311G** optimized geometries for the saddle points (angstroms and degrees).
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electronic state with the following electron configuration
[. .14a′23a′′215a′1]. The S-H bond length is quite close to that
of methanethiol (1.335 Å) but the S-C distance is much shorter
(d(SC) ) 1.821 Å in methanethiol), being not far from that of
thioformaldehyde (d(SC)) 1.618 Å). Both C-C bonds can be
considered average between double and triple, but the one closer
to sulfur is shorter, in contrast with structure M1. Although M4

is planar, the lowest vibrational frequency, which corresponds
to a HSCC torsional mode, is only 146 cm-1. The unpaired
electron is shared almost equally by C3 and C5 (0.607 e and
0.555 e, respectively), although the Fermi contact coupling
parameter corresponding to13C3 (0.134 au) is much larger than
the one of the terminal carbon (0.016 au), probably as a result
of the sizable deviation of the∠<SCC angle from 180°. The
spin density of the terminal carbon resides in an in-plane B
orbital centered on the terminal carbon. The2A′′-2A′ energy
gap is rather small 18.4 kcal/mol, but the2A′′-4A′ and2A′′-
4A′′ gaps are much wider (76.1 and 86.5 kcal/mol respectively).

We could also find another thiol, namely M5, which is only
2.3 kcal/mol higher in energy than M4. The electronic state is
2A′, and the leading electron configuration is [. .14a′23a′′215a′1],
as in M4. It is interesting that the2A′′-2A′ energy gap (78.2
kcal/mol) is much wider than in M4; the lowest quartet state is
still higher in energy (the corresponding energy gap2A′′-4A′′
is 83.4 kcal/mol). The spin density is distributed among all
carbon atoms, although C4 has the largest population 0.543 e.
Note that the H-S and S-C distances are quite similar to those
of M4.

We have also found other high-lying species, namely, M6,
M7, M8, and M9. Structure M6 has a SC2 ring with hydrogen
and a carbon atom bonded to the ring carbon atoms. The S-C
bonds are somewhat longer and shorter than in methanethiol,
and the C2-C4 distance is somewhat larger than that of a double
bond. The spin density is localized mainly on the carbon atom
bonded to hydrogen (0.803 e). Species M7 has a SC3 ring. The
C4-C5 and C2-C5 Mulliken overlap populations (0.804 e and
0.590 e) are consistent with the bond lengths. The unpaired
electron is centered primarily on C4 (0.764 e), but C2 also bears
a rather high spin density (0.538 e). M8 has also a four-
membered ring. The Mulliken population analysis indicates that
there is not a C2-C4 bond and that the unpaired electron is
localized mainly on C2 and C4. It has a nearly symmetricCs

structure at the QCISD/6-311G** level, although the B3LYP/
6-311G** optimization gave a strictly symmetric one.

The last minimum we were able to locate, M9, is a rather
unusual SC4 cycle. It is so high in energy that it is probably
not important from the point of view of the reaction dynamics,
but it has an interesting electronic structure. There is a rather
low vibrational frequency (207 cm-1) which corresponds to
C2SC4 asymmetric stretching normal mode, but the next
frequency in increasing order is relatively high (525 cm-1) and
corresponds to a CCC wagging mode. It must be pointed out
that the B3LYP/6-311G** method leads to a symmetricCs

structure, whereas the QCISD/6-311G** approach leads to a
nonsymmetric structure. As in the case of M8, this is probably
the result of symmetry breaking effects,34 particularly, the lowest
2A′ and 2A′′ states interact strongly enough in nonsymmetric
geometries to produce two equivalent nonsymmetric minima
(doublet instability). We located aCs-constrained minimum
(2A′′) which is only 1.1 kcal/mol higher in energy than the
nonsymmetric one at the QCISD/6-311G** level. As is often
the case, it is very difficult to establish whether this species is
truly symmetric or not, for this would require, for instance, large-
scale MRCI-type computations. Given that M9 is the highest-
lying species and probably has no influence in the dynamics of
the reactions mentioned in the Introduction, we did not make
any additional computation. Note that, although the S-C2 and
S-C4 bond lengths are quite different, the C-C distances are
very close; the structural asymmetry can be attributed mainly
to a small rotation of the C3H group about the C-H bond. The
unpaired electron is localized mainly on C4 (0.808 e), but C2

TABLE 1: Absolute and Relative Energies in Hartrees and
kcal/mol, Respectively, for the States Considered in This
Work

species QCISD(T)a ZPVEb ∆c

S(3P) + C3H(2B2) -512.10644 0.01835 0.0
S(3P) + C3H(2Π) -512.10254 0.02142 4.5
SC(1Σ+) + C2H(2Σ+) -512.15619 0.01642 -35.5
SC3(1Σ+) + H(2S) -511.17299 0.01253 -48.4
SC2(3Σ-) + CH(2Π) -512.02999 0.01297 44.8
SC(3Π) + C2H(2Σ+) -512.02968 0.01599 46.8
SC(1Σ+) + C2H(4A′) -512.01073 0.01494 58.1
M1(2A′) -512.28835 0.02027 -116.0
M2(2A′) -512.26304 0.02223 -98.9
M3(2A′) -512.21716 0.02173 -70.5
M4(2A′) -512.21145 0.01908 -68.5
M5(2 A) -512.20777 0.01907 -66.2
M6(2A) -512.18486 0.02017 -51.2
M7(2A) -512.18477 0.02043 -50.9
M8(2A) -512.22260 0.02163 -73.9
M9(2A) -512.14564 0.01982 -26.8
TS12 -512.15488 0.01857 -33.3
TS23 -512.16518 0.01698 -40.8
TS34 -512.16079 0.01537 -39.1
TS19 -512.10263 0.01614 -2.1
TS45 -512.17294 0.01814 -45.0
TS36 -512.18267 0.01918 -50.4
TS67 -512.17318 0.02005 -43.9
TS78 -512.12350 0.01517 -15.8
TS28 -512.20972 0.02058 -66.5
TS1H -512.17122 0.01261d -47.3
TS3H -512.15881 0.01342d -39.0
TS4H -512.16667 0.01281 -44.4
M1Q(4A′) -512.20199 0.01903 -59.4
M2Q(4A) -512.14978 0.02026 -25.8
M3Q(4A′′) -512.15863 0.02047 -31.3
M4Q(4A′) -512.14658 0.01838 -25.0
M7Q(4A′′) -512.14952 0.02060 -25.5
M8Q(4A′) -512.15739 0.02137 -29.9
M10Q(4A′′) -512.15147 0.02092 -26.5
TS12Q -512.14110 0.01827 -21.6

a The 6-311+G(3df.2p) basis and the QCISD/6-311G** geometry
were employed.b Computed at the B3LYP/6-311G** level and scaled
by 0.96, except for TS1H and TS3H.c HLC ) -0.00019nR -
0.005376nâ. d Computed at the QCISD/6-31G** level and scaled by
0.95.

TABLE 2: Electronic Energy Gaps (kcal/mol) between the
Ground State and the Lowest-Lying Doublet and Quartet
States Computed at the Geometries of the Doublet Local
Minima

local minimum doublet quartet

M1a 7.0 (2A′′) 77.4 (4A′) 77.0 (4A′′)
M2a 44.5 (2A′′) 91.3 (4A′) 93.1 (4A′′)
M3a 11.3 (2A′′) 54.6 (4A′) 47.4 (4A′′)
M4a 18.4 (2A′′) 76.1 (4A′) 86.5 (4A′′)
M5a 78.2 (2A′′) 139.5 (4A′) 83.4 (4A′′)
M6b 35.8 (2A) 38.0 (4A)
M7b 30.2 (2A) 66.5 (4A)
M8b 58.0 (2A) 80.5 (4A)
M9b 17.4 (2A) 46.4 (4A)

a MRCI including Davidson correction with an active space of
[14a′15a′3a′′4a′′] for five electrons and a state-averaged2A′-2A′′-
4A′-4A′′ CASSCF wave function (equal weights), in combination with
the 6-311G** basis set.b Same with [17a-20a] for three electrons and
a state-averaged2A-2A-4A wave function.
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has also a sizable spin density (0.293 e). The electronic structure
can be viewed as the superposition of two valence structures.
In the dominant one, there is a S-C2 bond and the unpaired
electron is centered on C4, which is not bonded to sulfur; in the
other structure, the terminal carbon atoms switch their roles.

III.2. Transition States. The transition state for the M2T
M1 isomerization is TS12. The analysis of the normal mode of
imaginary frequency indicates that the carbon atom bonded to
sulfur in M1 will be C2, in other words, the S-C3 bond of M2
disappears when this species transforms into M1. It must be
noted that we could not find a minimum with a SC2 cycle, apart
from M6.

The isomerization of M2 into M3 takes place through the
transition state TS23. This process involves migration of
hydrogen to the carbon atom bonded to sulfur and simultaneous
opening of the C3 cycle.

M3 is connected to M4 through the saddle point TS34; this
process is simply a carbon-to-sulfur hydrogen migration, which
takes place in the molecular plane. M4 may isomerize into the
other thiol, M5, by simple migration of the terminal carbon atom
through TS45. On the other hand, M3 may also evolve into
M6, through transition structure TS36. M6 may rearrange into
M7 through TS67; this process would involve breaking of the
C2-C4 bond of M6 and formation of a C2-C5 linkage. M8 may
isomerize into M2 through TS28 or into M7 through TS78. The
former transition state is not very high in energy; in fact, it lies
only 7.4 kcal/mol above M8; TS78 however is very much higher
in energy.

We also located structure TS19, which corresponds to the
M9 T M1 isomerization. This process would involve hydrogen
migration to a terminal carbon of M9 and subsequent breaking
of the SC3 cycle.

We also found saddle points TS1H, TS3H, and TS4H for
the hydrogen elimination process from M1, M3, and M4,
respectively.

The generation of SC+ C2H or S+ l-C3H from M1 or S+
c-C3H from M2 do not appear to have saddle points. At least,
we made potential surface scans at the QCISD/6-31G** level
for all of these processes and did not find any indication of the
existence of saddle points. We also performed QCISD/6-31G**
potential surface scans for hydrogen elimination from M6 and
M7 and M8; the corresponding energy profiles correlate with
excited states of SC3,33 the reaction not being exothermic.

III.3. Local Minima and Transition States on the Quartet
PES.Although the quartet-doublet energy gaps computed on
the geometries of the doublet local minima are positive and quite
wide, we have also determined some local minima on the lowest
quartet state. The corresponding geometries are depicted in
Figure 2a. The lowest-lying quartet species is M1Q, which lies
56.6 kcal/mol above the corresponding doublet-state minimum
M1; the only doublet species lying above M1Q are M6, M7,
and M9. The electronic state is4A′, and the leading electron
configuration is [...3a′′115a′14a′′1]. We have also performed a
partial Cs-constrained optimization of a4A′′ species; this
electronic state is very close in energy to the4A′ state for the
Cs-constrained minimum is in fact-0.2 kcal/mol below M1Q,
but we could not achieve convergence for the QCISD/6-
311+G(3df,2p) wave function in this case. The other quartet
species are all well above M1Q and all doublet species except
for M9. M2Q lies 73.1 kcal/mol above M2, whereas M3Q is
39.2 kcal/mol higher in energy than M3. The leading electron
configuration of M3Q is [. .14a′115a′14a′′1] and corresponds to
a 4A′′ state. There is a4A′ state lying very close to4A′′; we
could locate a4A′ minimum in aCs-constrained optimization

which is only 8.5 kcal/mol higher in energy than M3Q. M4Q
has a4A′ electronic state with the dominant electron configu-
ration [...3a′′115a′1 4a′′1] and is 43.5 kcal/mol higher in energy
than M4.

We could not find any quartet minima that would correspond
to M5 or M6; the B3LYP/6-311G** optimizations give C3 +
SH and M7Q, respectively. M7Q is planar, unlike its doublet
counterpart; its electronic state is4A′′, and the leading electron
configuration is [..14a′115a′14a′′1]. It lies 25.4 kcal/mol above
M7. M8Q lies 44.0 kcal/mol higher in energy than its doublet
counterpart; it has a4A′ state with a leading electron configu-
ration of [...3a′′115a′14a′′1]. We could not fully optimize a local
minima corresponding to M9 on the quartet surface; a partial
optimization constrained toCs symmetry gave a4A′′ state lying
46.4 kcal/mol above M9 at the B3LYP/6-311G** level. We
could not locate a structure similar to M10Q on the lowest
doublet surface, for all optimizations led to the linear form. The
electronic state of M10Q is4A′′, and the leading configuration
is [...4a′′114a′115a′1]. It is interesting that all quartet minima
except M1Q are rather close in energy.

As we will discuss below, we have not found exothermic
reaction channels on the lowest quartet PES, so the only possible
process other than dissociation into the reactants should be S
+ l-C3H f S + c-C3H. Thus, the transition structure linking

Figure 2. (A) QCISD/6-311G** optimized geometries for the most
relevant local minima on the lowest quartet state. (B) QCISD/6-311G**
optimized geometry for the transition structure connecting M1Q and
M2Q.

10388 J. Phys. Chem. A, Vol. 105, No. 45, 2001 Flores and Go´mez



M1Q and M2Q is relevant, and it will be noted TS12Q and is
shown in Figure 2b.

III.4. Energy Profiles. In addition to the QCISD/6-31G**
potential surface scans, we computed the energy profiles of the
lowest lying states for the interaction between reactants, i.e.,
for the S + l-C3H and S+ c-C3H interactions. The set of
geometries employed correspond to the QCISD/6-31G** scans,
which were made on the lowest lying2A′ state for both
interactions. In the case of the S+ l-C3H interaction (doublet
states), we performed state-averaged CASSCF/cc-pVDZ28,35

computations for every point including three2A′ states and also
three 2A′′ states, which correlate all with the ground-state
reactants S(3P) + C3H(2Π). The active space was [12a′-18a′,
2a′′-5a′′] for eleven electrons. For the quartet states, we used
the same active space and included three states of both the4A′
and4A′′ symmetries in the CASSCF/cc-pVDZ computation. In
the case of the S+ c-C3H interaction (doublet states), we did
the same but including nine2A′ states and eight2A′′ states and
the following active space [11a′-17a′, 3a′′-5a′′] for 11
electrons. For the quartet states, we used as active space [11a′-
17a′, 3a′′-4a′′] and included two4A′ states and four4A′′ states
in the CASSCF/cc-pVDZ computation. The resulting energy
profiles are shown in Figures 3-7.

It is readily seen in Figure 3, which belongs to the interaction
between S andl-C3H, that there are two neatly repulsive
potential surfaces corresponding to the highest lying2A′ and
2A′′ electronic states. Even though one must not forget that the
set of molecular geometries correspond to the lowest2A′ state,
the barriers are high enough to conclude that both potential
surfaces could indeed be repulsive. The case of the two states
having small barriers is quite different, for they might well
disappear if a true reaction coordinate were used or even if the
dynamical correlation effects not captured by the CASSCF wave
functions were included. It is clear though, that there are a couple
of neatly attractive doublet potential surfaces. Concerning the
behavior of the quartet states (Figure 4), it is readily seen that
they are all repulsive except for the lowest4A′ and4A′′ states.

The energy profiles of the S+ c-C3H reaction are more
complex because of the strong interaction between many low-
lying electronic states including avoided crossings and the effects

of the geometrical distortion of thec-C3H group along the
reaction coordinate. It must be stressed that one must take into
account a very low lying excited state ofc-C3H, namely,2A1,
for it might have some influence in the reaction dynamics as
we will show immediately. It has already been established that
this state becomes even lower in energy than the ground state
(2B2) upon a quite small variation of the<HCC angle (about
5°)36 and that the energy changes involved are comparable to
the S(3P)-S(1D) energy gap. Both states ofc-C3H correlate with
2A′ states of planar geometries, so S(3P)+ c-C3H(2B2,2A1) gives
rise to two 2A′ and four 2A′′ states (quartet states are not
included). It is readily seen in Figures 5 and 6 that both2A′

Figure 3. CASSCF/cc-pVDZ energy profiles of the doublet electronic
states for the interaction of S(3P) with l-C3H(2Π).

Figure 4. CASSCF/cc-pVDZ energy profiles of the quartet electronic
states for the interaction of S(3P) with l-C3H(2Π).

Figure 5. CASSCF/cc-pVDZ energy profiles of the doublet electronic
states (2A′) for the interaction of S(3P,1D) with c-C3H(2B2,2A1).
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states are attractive while only the lowest2A′′ state is attractive.
The other2A′′ state which correlates with the ground-state
reactants (C2A′′) increases its energy quite steeply with decreas-
ing S-C distance and presents a maximum atd(SC)≈ 2.2 Å,
mainly as a result of the repulsion of a p-electron pair of sulfur
located along the S-C bond axis. One encounters the same
behavior in the case of the pairs of2A′′ states that correlate
with S(1D) + c-C3H(2B2,2A1), although not for the one cor-
relating with S(3P) + c-C3H(2A1), probably because of the
interaction with the lowest component of the pair that correlates
with S(1D) + c-C3H(2B2). Note there is an intersection between
the C2A′′ and B2A′ states; it is quite high in energy according
to our computations, but geometrical and electron correlation

effects may strongly affect its location, so we would not discard
it may have some influence on the dynamics of the S(3P) +
c-C3H(2B2) reaction. In any case, it certainly provides a reaction
path for the interaction between S(3P) and c-C3H(2A1); the
barrier of the B2A′ profile appears to be quite small. It must
also be pointed out this barrier is caused by an avoided crossing
between the B2A′ state and the lowest of the group which
correlates with S(1D) + c-C3H(2B2), so collisions between these
two radicals may be reactive as well by virtue of this feature.

According to Figure 7, the quartet states are repulsive;
however, the lowest two states present relatively low barriers.
We could locate a transition state for the elimination of sulfur
from M2Q at the QCISD/6-31G** and QCISD/6-311G** levels
(the S-C distance was 2.568 Å in the latter case, and the
imaginary frequency only 128i cm-1 at the QCISD/6-31G**
level). All attempts to locate it at B3LYP levels led to S+
c-C3H. However, this transition structure actually lies 1.6 kcal/
mol lower in energy than S+ cC3H(2B2) at the QCISD(T)/6-
311+G(3df,2p)//QCISD/6-311G**+ZPVE(QCISD/6-31G**)
level, so it is doubtful that there really exists an energy barrier
for the generation of M2Q from sulfur andc-C3H on the lowest
quartet state; the latter energy difference is so small that very
high level computations would be required to provide a
definitive assessment of this point. Even if the lowest two quartet
PES are attractive, the importance of quartet states in the reaction
dynamics would also depend on the efficiency of the nonadia-
batic processes leading to the attractive doublet states (see also
next section).

III.5. Reaction Paths.The reaction of S withl-C3H or c-C3H
is exothermic for the generation of SC(1Σ+) + C2H(2Σ+) and
SC3(1Σ+) + H(2S). The results of a study of the excited states
of SC3

33 indicate that none of them can be formed in these
reactions for the reaction would be endothermic, although at
least the lowest-lying excited state of C2H (2Π in linear
geometries) could be formed.37 There are basically two types
of reaction paths, one involves the ground state of the SC3H
system (M1) and the other involves several other intermediates.
For simplicity, we do not include in the following reaction
schemes the highest lying minima, i.e., (M5 to M9):

The reactants are in their electronic ground states. The
dissociation of the M1 or M2 intermediates should also be taken

Figure 6. CASSCF/cc-pVDZ energy profiles of the doublet electronic
states (2A′′) for the interaction of S(3P,1D) with c-C3H(2B2,2A1).

Figure 7. CASSCF/cc-pVDZ energy profiles of the quartet electronic
states for the interaction of S(3P)+c-C3H(2B2) with S(3P)+c-C3H(2A1).

S + c-C3H f M2 - TS12f M1 - TS1Hf SC3(
1Σ+) + H

(1a)

S + c-C3H f M2 - TS12f M1 f SC(1Σ+) + C2H(2Σ+)
(2a)

S + c-C3H f M2 - TS23f M3 - TS3Hf

SC3(
1 Σ+) + H (3a)

S + c-C3H f M2 - TS23f M3 - TS34f

M4 - TS4Hf SC3(
1Σ+) + H (4a)

S + l-C3H f M1 - TS1Hf SC3(
1Σ+) + H (1b)

S + l-C3H f M1 f SC(1Σ+) + C2H(2Σ+) (2b)

S + l-C3H f M1 - TS12f M2 - TS23f

M3 - TS3Hf SC3(
1Σ+) + H (3b)

S + l-C3H f M1 - TS12f M2 - TS23f

M3 - TS34f M4 - TS4Hf SC3(
1Σ+) + H (4b)
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into account in any dynamical treatment of the S+ C3H
reaction, as well as all possible reverse processes. One of these
dissociation processes, M2f S + c-C3H, makes it possible
the overall process to be S+ l-C3H f S + c-C3H. However
this reaction would hardly be competitive with the isomerization
of M2 into M3, for TS23 is much lower in energy than the
products. A dynamical study appears to be essential given that
all of the saddle points involved in the processes 1a-4b are
relatively close in energy. Note that TS1H lies 14.0 kcal/mol
below TS12; given that the former transition structure is also
less tight than TS12, according to their vibrational frequencies,
one would expect mechanism 1b to be the most important
leading to SC3(1Σ+) + H in the case of the S(3P) + l-C3H
reaction. However, it is difficult to foresee whether the genera-
tion of SC(1Σ+) + C2H(2Σ+) from M1 would be competitive,
for this process has no saddle point, in other words, it has a
loose transition state which should have a larger density of states
for a given energy. Note that the products SC(1Σ+) + C2H(2Σ+)
are only 11.8 kcal/mol higher in energy than TS1H.

The S(3P) + c-C3H reaction mechanism might be quite
complicated. TS23 is 7.5 kcal/mol lower in energy than TS12;
because both structures are similarly tight in nature according
to their vibrational frequencies, one would expect M3 to be
formed in most of the reaction events. TS3H and TS34 have
almost the same energy and are similarly tight, so one would
foresee that processes 3a and 4a are both important. It should
be made clear that M4 may dissociate into SC3(1Σ+) + H
through TS4H (process 4a) but also isomerize into M5 through
TS45; the latter saddle point is even 0.6 kcal/mol lower in energy
than TS4H. However, according to our potential surface scans,
hydrogen elimination from M5 entails the opening of the C3

ring; TS4H can be considered the hydrogen-elimination saddle
point for both M4 and M5.

It must also be noted that the reaction SC(1Σ+) + C2H(2Σ+)
f SC3(1Σ+) + H is exothermic and might proceed through M1
with no activation energy. Any route involving M2 will probably
have no impact in the reaction rate for TS12 is 2.2 kcal/mol
higher in energy than the reactants.

Finally, there are no exothermic reaction channels on the
quartet PES; SC3(3A′) lies 62.2 kcal/mol above SC3(1Σ+),33

SC(3Π) is 86.7 kcal/mol higher in energy than SC(1Σ+),37 and
C2H(4A′) lies 93.6 kcal/mol above C2H(2Σ+) (see also Table
1). According to our computations, the process S+ l-C3H f
M1Q f TS12Qf M2Q f S + c-C3H should be possible, but
its impact would depend on the efficiency of the nonadiabatic
quartet-doublet transitions.

IV. Conclusions

A theoretical study of the potential surfaces of the S+ c-C3H
and S+ l-C3H reactions has been carried out. We have obtained
nine doublet and seven quartet minima, which would be reaction
intermediates; some of them have peculiar electronic structures.
The lowest lying states are a nearly linear SCCCH chain (2A′)
and a SC3H(2A′) species which has a C3H group attached to
sulfur and is 17.1 kcal/mol higher in energy. The vertical energy
gap between the ground and the lowest lying electronic states
of each doublet intermediate has also been determined through
MRCI computations.

The reaction is exothermic for the generation of SC3(1Σ+) +
H and SC(1Σ+) + C2H(2Σ+); the zero-point reaction energies
being -48.4 and-35.5 kcal/mol, respectively. No excited
electronic state of SC3 can be formed. The possible reaction
paths are rather complicated for the products may be generated

from SCCCH(2A′) through C-H or C-C bond fission proc-
esses, or may involve other intermediates that would undergo
C-H or S-H bond breaking steps. We have also computed
energy profiles for the interaction of sulfur withl-C3H andc-C3H
through the lowest lying doublet and quartet states. There are
neatly attractive electronic states in both cases forl-C3H and
also forc-C3H in the case of the doublet states.

Our final conclusion is that the S+ C3H reaction could indeed
be a source of SC3(1Σ+), but its efficiency would depend very
much on the SC3 + H/SC+ C2H branching ratio. Experimental
or detailed theoretical dynamical studies are necessary in order
to determine the branching ratios, for a qualitative analysis of
the potential energy surfaces suggests that generation of both
SC3(1Σ+) + H and SC(1Σ+) + C2H(2Σ+) might be important
processes.
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