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A theoretical study of the (SiC3H)+ and (SiC3H2)+ species has been carried out. Two different models, MP4
at MP2 geometries and QCISD(T) at B3LYP geometries, have been employed. Significant differences are
encountered when spin contamination is relatively high. Our calculations predict that the global minimum of
the (SiC3H)+ system is a cyclic isomer, derived from protonation of the SiC3 ground state. The proton affinities
of the three lowest-lying isomers of SiC3 have been computed, obtaining relatively high values in all cases.
The lowest-lying (SiC3H2)+ species has a linear carbon backbone and can be formally derived from the bonding
of Si+ to vinylidenecarbene (l-C3H2) through an electron lone pair. The cyclic isomer obtained from
cyclopropenylidene (c-C3H2) is also quite stable, lying only about 9-12 kcal/mol above the ground state. For
the reaction of Si+ with c-C3H2, charge transfer is endothermic, whereas production of SiC3

+ is slightly
exothermic and exhibits a small barrier. The preferred channel is formation of cyclic SiC3H+, since it is
clearly exothermic and barrier-free. In the case of the reaction of Si+ + l-C3H2 charge transfer is also
endothermic and the path leading to linear SiC3

+ involves a high energy barrier. There are two possible
competitive processes which are barrier-free: production of linear SiC3H+ and formation of cyclic SiC3H+

through a previous isomerization into a cyclic SiC3H2
+ species. Therefore, the reactions of Si+ with both

c-C3H2 and l-C3H2 are feasible in the interstellar medium and consequently possible sources of precursors of
SiC3.

Introduction

Binary silicon carbides have received much attention in recent
years. In addition to their interest in microelectronics,1 small
binary silicon-carbon clusters are relevant in astrophysics. So
far SiC,2 SiC2,3 and SiC4

4 have been detected in space. These
silicon carbides are strongly related to the family of organosulfur
compounds SCx, in which case SC25 and SC3

6 have been
observed in the interstellar medium. Therefore, SiC3 seems a
good candidate for detection in space. A theoretical study by
Alberts et al.7 predicts a rhomboidal structure, with a transan-
nular carbon-carbon bond, to be the ground state. Nevertheless,
the linear isomer and a second rhomboidal structure with a
carbon-silicon transannular bond lie only 4.1 and 4.3 kcal/
mol, respectively, higher in energy according to the theoretical
calculation. Consequently, there are in principle three different
SiC3 isomers that could be formed in space. Which of them is
produced could depend on the synthetic route.

Given the conditions reigning in the interstellar medium,
namely low density and low temperature, important reactions
must be exothermic and have low (or zero) activation energy.
Those are the main reasons for the importance of ion-molecule
reactions in interstellar chemistry. In fact, binary silicon-carbon
compounds have been proposed to be formed in the reaction of
Si+ with hydrocarbons.8 In particular, both experimental9,10and
theoretical studies11 have shown that SiC2 could be produced
through a synthetic route initiated by the reaction of Si+ with
acetylene. A similar reaction scheme may be proposed for the
production of SiC3. In first place the reaction of Si+ with C3H2

may lead to the protonated form of SiC3, and subsequent

dissociative recombination could finally produce SiC3:

Two different C3H2 isomers have been detected in the
interstellar medium. Cyclopropenylidene, c-C3H2, was first
observed in space several years ago12 and is one of the most
abundant interstellar hydrocarbons, as well as the first interstellar
organic ring. Propadienylidene (singlet vinylidenecarbene),
l-C3H2, was observed in space13 more recently and has a linear
carbon backbone and two hydrogens bonded to a terminal
carbon atom. Theoretical studies14,15predict cyclopropenylidene
to be the ground state, whereas vinylidenecarbene lies about
14 kcal/mol higher in energy. Experimental studies on these
reactions are difficult to carry out, due to the difficulty in
preparing C3H2 species. Therefore, theoretical studies could be
particularly valuable in order to ascertain whether SiC3 could
be formed in space trough a reaction scheme involving the
reaction of Si+ with C3H2 species. In fact, we have carried out
a similar study16 in the case of the phosphorus analogue, C3P,
concluding that both cyclic and linear C3P isomers could be
produced in space.

In the present work, we have carried out a theoretical study
of reaction 1, determining its energetics as well as characterizing
the relevant transition states.This will allow a prediction not
only of the reaction enthalpy, but also of possible activation
barriers involved in the production of SiC3H+. Both C3H2

isomers, cyclic and linear, will be considered as reactants, since
both are present in the interstellar medium. In first place, a study* To whom correspondence should be addressed.

Si+ + C3H2 f SiC3H
+ + H (1)

SiC3H
+ + e f SiC3 + H (2)
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of the possible products, the (SiC3H)+ species, will be presented.
Other possible products which may compete, like the SiC3

+

species, have been theoretically studied in a previous work.17

Computational Methods

The geometries of the different species studied in the present
work have been obtained at MP2 (second-order Møller-Plesset)
level with the 6-31G* basis set.18 In addition, for comparative
purposes, density functional theory (DFT) was also employed
for obtaining optimized geometries. For the DFT calculations
we selected the B3LYP exchange-correlation functional19 and
the 6-311G** basis set20 for carbon and hydrogen atoms and
the McLean and Chandler basis set21 (supplemented with a set
of d functions) for silicon.

Harmonic vibrational frequencies have been computed on
each optimized structure at its corresponding level of theory.
This allows an assessment of the nature of stationary points, as
well as an estimate of the zero-point vibrational energy (ZPVE)
correction. In order to compute the ZPVE values at the MP2
level, the corresponding vibrational frequencies were scaled by
a factor of 0.94.

On the MP2/6-31G* geometries, single-point calculations at
the fourth-order Møllet-Plesset (MP4) level22,23 were carried
out in order to compute electronic energies. In the case of
B3LYP geometries we performed subsequent single-point
calculations at the QCISD(T) level,24 which stands for a
quadratic CI calculation with singles and doubles substitutions
followed by a perturbative treatment of triple substitutions. In
both cases, MP4 and QCISD(T), we employed the 6-311G**
basis set and the frozen-core approximation (inner-shell orbitals
were not included for computing electron correlation energies).
We must recall that in our previous study17 on SiC3

+, QCISD-
(T)/6-311G** calculations on B3LYP geometries were shown
to provide very similar results to the most expensive CCSD-
(T)/cc-pVTZ//B3LYp/cc-pVTZ level. Therefore, QCISD(T)/6-
311G** seems a reasonable compromise between cost and
quality for these systems.

All calculations were carried out with the Gaussian-94
program package.25

Results and Discussion

(SiC3H)+ Isomers.We have found several (SiC3H)+ isomers,
in both their singlet and triplet states, but we will only present
the results for those which are more stable. The geometrical
parameters of 14 (SiC3H)+ species are shown in Figure 1, and
the corresponding relative energies at different levels of theory
are given in Table 1 (PMP4 stands for projected MP4 values).
For comparison purposes we give the relative energies of the
lowest-lying isomers of SiC3 in Table 2. All structures shown
in Figure 1 are true minima, since all their vibrational frequen-
cies are positive (the corresponding harmonic vibrational
frequencies and IR intensities are available upon request).

Structures1-6 are formally obtained from protonation of the
corresponding singlet and triplet states of linear SiC3, which
can be schematically represented by the following valence bond
structures:

Since the lowest-lying linear state of SiC3 is a triplet7 (3Σ-),
triplet protonated species are also favored over the singlet ones
when protonation takes place at a carbon atom (species2 and
4). On the other hand, when protonation takes place at silicon
the stability order is reversed, since all theoretical levels agree
in that structure5 is lower in energy than6. As expected,
protonation at carbon is preferred over protonation at silicon
when both atoms have lone pairs. Therefore, the preferred
protonation site is the terminal carbon atom (structures1 and

Figure 1. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the different SiC3H+ species. Distances are
given in angstroms and angles in degrees.

1∆ :SidC1dC2dC3:

3Σ- :Si-C1dC2dC3:
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2). Nevertheless, protonation at C2 is not always preferred over
protonation at silicon, since structure3 is less stable than5,
and4 lies only about 8-17 kcal/mol below6 depending on the
level of calculation. We have also obtained the corresponding
singlet and triplet species derived from protonation at C1, but
they have similar relative energies than3 and4 (lying about 1
kcal/mol higher at the B3LYP level). All other structures with
silicon in a central position of the carbon chain are even less
stable and are not presented in this work for the sake of space.

It is interesting to point out that structure1 is only linear at
the B3LYP level, whereas at the MP2 level it is slightly bent.
Forcing linearity at the MP2 level results in an imaginary
frequency (92i cm-1) associated to HCC bending (of course a
1∆ state requires two determinants for its proper description).
Nevertheless, the relative energy of this species at the MP4 level
differs only in 10 kcal/mol with the corresponding B3LYP value.
On the other hand, a much more dramatic change is observed
in the case of structure6. In this case the MP2 level predicts a
linear arrangement, whereas the molecule is nonlinear at the
B3LYP level.

Structures7 and8 are the singlet and triplet protonated species
derived from the most stable rhomboidal SiC3 isomer,7 with a
transannular carbon-carbon bond. Structures9 and10 are the
corresponding protonated derivatives obtained from the second
SiC3 four-membered ring with transannular silicon-carbon
bond,7 whereas structure11 is the result of protonation at a
terminal carbon atom of the singlet species. We did not find
the corresponding triplet isomer in this case, since our attempts
of optimization led to structure2. This is not surprising since a
topological analysis of the electron density in terms of Bader’s
theory26 carried out by Sudhakar and Lammertsma27 shows that
in fact the parent SiC3 isomer has a T-shape structure in its
singlet state, whereas we have found that the triplet SiC3 species
has a truly four-membered ring structure with peripheral Si-C
bonds. Therefore, in the case of the singlet state the noncentral
carbon atoms have lone pairs and are preferred protonation sites,
resulting in structure11 which is much more stable (about 66

kcal/mol at the QCISD(T) level) than structure9 which is
obtained upon protonation at central carbon where no lone pairs
exist.

Structure12can be formally derived from a three-membered
ring of SiC3, which was found by Alberts et al.7 to lie about 36
kcal/mol above the ground state. In this case we only present
the triplet state, since all attempts to obtain an optimized
structure for the singlet state led to structure7.

Finally, structures13 and14 are the singlet and triplet states
obtained upon protonation at silicon of the corresponding states
of the most stable rhomboidal SiC3 isomer. Again, protonation
at the carbon atom is preferred over protonation at silicon for
cyclic species, since both13 and14 lie much higher than the
corresponding protonated structures at carbon (structures7 and
8).

Concerning the relative energies shown in Table 1 it is
generally observed that there are no large discrepancies between
the Møller-Plesset values and the QCISD(T) ones. The largest
discrepancy is noted for isomer6 and can be mainly ascribed
to the differences in the MP2 and B3LYP geometries in this
case. In most cases (with the exception of3, 4, and 6) the
difference between relative energies computed at the PMP4 and
QCISD(T) levels is smaller than 3 kcal/mol. On the other hand
the largest discrepancies are observed between the B3LYP
values and ab initio relative energies. The worst case is again
structure6, because of the rather different geometrical param-
eters obtained at the B3LYP level. Nevertheless, this is one of
the less stable structures. More significant is the discrepancy
between B3LYP and ab initio values for the relative energy of
the triplet linear isomer2. Whereas at the PMP4 and QCISD-
(T) levels the energy difference between structures2 and 7
virtually reproduces the relative energy of the parent linear and
cyclic SiC3 linear isomers (see the values in Table 2), the
stability order is reversed at the B3LYP level, with the linear
protonated species lying 7.7 kcal/mol below the cyclic one. This
is the most important qualitative difference between B3LYP
and ab initio results for the (SiC3H)+ isomers, since a different
global minimum is predicted. Nevertheless, we believe that most
likely the ab initio results are more reliable in this case, since
correlation effects are very important in those cases where three-
or four-membered rings are competing with noncyclic structures.
The coincidence in the relative energies of two models like
QCISD(T) and projected MP4 provides further support for this
assertion. Furthemore, it is worth pointing out that at the HF/
6-311G** level the linear triplet structure lies more than 21
kcal/mol below structure7. Therefore, the B3LYP result seems
to be halfway between Hartree-Fock and correlated values. The
anomalous behavior of B3LYP for computing the relative energy
of the cyclic and linear isomers of (SiC3H)+ is also observed
for the parent neutral molecule. Whereas for SiC3 both MP4
and QCISD(T) relative energies are consistent with the results
obtained by Alberts et al.,7 at the B3LYP level the linear isomer

TABLE 1: Relative Energies (kcal/mol) for the (SiC3H+) States at Different Levels of Theory with the 6-311G** Basis Seta

1 2 3 4 5 6 7 8 9 10 11 12 13 14

MP2 27.9 21.1 114.7 88.4 73.7 102.2 0.0 57.4 91.2 68.3 26.0 43.9 78.8 73.8
MP4 21.7 14.4 102.0 78.5 61.6 95.0 0.0 59.6 85.3 63.6 21.5 41.7 71.4 74.6
PMP4 21.7 6.8 102.0 73.1 61.6 90.2 0.0 59.6 85.3 58.3 21.5 40.1 71.4 73.3
B3LYP 11.2 -7.7 88.2 57.0 58.3 65.1 0.0 53.6 88.3 52.9 18.7 29.8 80.4 69.5
QCISD(T) 20.4 4.2 91.4 64.8 62.4 74.0 0.0 57.1 86.2 57.1 20.5 36.8 70.4 71.5
ZPVE (MP2) 12.40 12.60 11.51 12.20 10.48 11.44 14.01 13.96 12.28 13.43 13.32 13.48 12.01 12.30
ZPVE (B3LYP) 13.95 13.75 12.43 12.20 10.67 10.94 14.57 13.53 11.66 13.28 13.76 13.97 11.02 12.37

a Zero-point vibrational energy differences were obtained at the MP2)full/6-31G* level (MP2, MP4, and PMP4) or at the B3LYP/6-311G**
level (B3LYP and QCISD(T)).

TABLE 2: Relative Energies (kcal/mol) for the
Lowest-Lying Isomers of SiC3 at Different Levels of Theorya

rhomboidal SiC3linear
SiC3 C-C trans. bond Si-C trans. bond

MP2 17.2 0.0 11.8
MP4 11.4 0.0 7.8
PMP4 8.0 0.0 7.8
B3LYP -7.7 0.0 4.7
QCISD(T) 6.7 0.0 7.4
ZPVE (MP2) 6.90 6.72 6.59
ZPVE (B3LYP) 7.17 6.84 6.63

a ZPVE differences were obtained at the MP2)full/6-31G* level
(MP2, MP4, PMP4), or at the B3LYP/6-311G** level (B3LYP,
QCISD(T)).
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is predicted to lie 8 kcal/mol below the cyclic isomer (see Table
2), nearly the same value obtained for (SiC3H)+.

Protonation of the third low-lying SiC3 isomer, the four-
membered ring with the transannular silicon-carbon bond which
according to Alberts et al.7 lies only about 4.3 kcal/mol above
the SiC3 ground state, results in less stable structures. We have
already pointed out that protonation takes place preferentially
at a terminal carbon atom, resulting in structure11. All
theoretical methods agree in this case, since all predict an energy
difference with the global minimum, structure7, around 20 kcal/
mol. The most important difference observed for this structure,
compared with the parent neutral isomer, is the lengthening of
the silicon-central carbon distance (1.880 Å at correlated
levels7). This means that upon protonation the silicon-carbon
transanular bond is weakened, and this undoubtedly affects the
stability of this structure.

The results for the (SiC3H)+ system allow an estimate of the
proton affinity of SiC3, which is an important property in gas
phase chemistry and particularly in proton-rich interstellar
media, where proton transfer reactions may play an important
role. The proton affinity is computed as

where ∆Ee is the electronic energy difference,∆Ev the
vibrational energy difference (which can be taken as the zero-
point vibrational energy difference), and∆Er the rotational
energy difference for the reaction

We will only provide results for the PA of the three lowest-
lying isomers of SiC3, namely the four-membered ring with
transannular carbon-carbon bond, the linear triplet isomer, and
the rhomboidal species with transannular silicon-carbon bond.
Furthermore, only values for protonation at the most favorable
site will be provided; that is, only production of structures7, 2,
and 11 will be considered. The results at different levels of
theory are shown in Table 3.

It can be readily seen that there is a very good agreement
between the PA’s at different levels of theory in all cases. The
three SiC3 isomers have very high proton affinities, and therefore
could undergo protonation quite easily if they are present in
proton-rich interstellar media. It is worth noting that the PAs
of the SiC3 ground state and the linear isomer are very similar
at the most reliable levels of theory, whereas in the case of the
second rhomboidal structure, where protonation takes place at
a terminal carbon atom to give structure11, a somewhat lower
PA is obtained.

(SiC3H2)+ Isomers.Only the more relevant (SiC3H2)+ species
will be discussed. Therefore we will present stable structures
on the doublet (SiC3H2)+ surface, since the reaction of Si+ with
C3H2 will take place in principle on the doublet surface.

The optimized geometries for the different (SiC3H2)+ struc-
tures are shown in Figure 2, whereas their relative energies
are given in Table 4. All structures are true minima on the
(SiC3H2)+ surface. The corresponding harmonic vibrational
frequencies and IR intensities are provided as Supporting
Information.

Structures15 and16 have linear carbon backbones and can
be viewed as the result of the interaction of Si+ with vinyli-
denecarbene (l-C3H2) through the end carbon. The corresponding
electronic configurations are the following:

TABLE 3: Proton Affinities (kcal/mol) at Different Levels of
Theory for the Lowest-Lying Isomers of SiC3

rhomboidal SiC3linear
SiC3 C-C trans. bond Si-C trans. bond

MP2 223.2 228.0 213.7
MP4 224.8 228.8 214.1
PMP4 232.3 228.8 214.1
B3LYP 228.0 228.9 214.9
QCISD(T) 229.9 228.2 215.2
∆ZPVE (MP2) 5.70 7.30 6.73
∆ZPVE (B3LYP) 6.58 7.73 6.91

PA(T) ) - ∆Ee - ∆Ev - ∆Er + 5/2RT

SiC3 + H+ f (SiC3H)+

Figure 2. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the different SiC3H2

+ isomers. Distances are
given in angstroms and angles in degrees.
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It is readily seen that both electronic configurations correlate
with Si+ + l-C3H2. Vinylidenecarbene has the following
electronic configuration

whereas Si+(2P), underC2V symmetry, splits into three spatially
degenerate states

The 2B1 and 2B2 states correspond to the structures15 and
16. We have also searched for the2A1 state, but our attempts
led to a different electronic configuration of the same symmetry

which does not correlate with Si+(2P,2A1) + l-C3H2(1A1). Since
this 2A1 state was found to lie much higher in energy than the
other two states, and has an imaginary frequency at both MP2
and B3LYP levels, it will not be discussed further. The fact
that the2B1 and2B2 states are favored over the2A1 one is not
surprising. The interaction of Si+ with l-C3H2 through the end
carbon along the2B2 or 2B1 surfaces is clearly attractive, since
there is a possibility for donation of electron density from the
lone pair of carbon toward the vacant pz orbital (a1 symmetry)
of silicon. On the other hand, the2A1 surface should be less
favorable since in that case there is an electron occupying the
3pz orbital and therefore we have a three-electron interaction.

Of the two states,2B1 and 2B2, the former is much more
stable, since there is also a favorableπ-interaction between the
2b2 orbital of vinylidenecarbene and the vacant p orbital of the
same symmetry. In the case of the2B2 state the unpaired electron
occupies that p orbital and therefore there is an unfavorable
three-electron interaction. This results in a much longer Si-C
distance for the2B2 state than for the2B1 one. On the other
hand, the rest of geometrical parameters are very similar for
both states.

Another open-chain structure (17) has also been characterized,
corresponding to a2A′ electronic state. The2A′′ state is only
obtained at the Hartree-Fock level, whereas at both the MP2
and B3LYP levels it collapses into the cyclic structure18. In
the case of structure17 there is a hydrogen atom bonded to the
central carbon atom. Both carbon-carbon bond distances are
quite similar and close to typical double bond lengths. As can
be seen in Table 4, this is the less stable of all (SiC3H2)+

structures presented in this work.
Structures18 and19 result from the interaction of Si+ with

cyclopropenylidene through an apex, a carbon atom which has
a lone pair. The corresponding electronic configurations for these
structures, which have2B1 and2B2 electronic states respectively,
are the following:

Both states correlate with Si+(2P) + c-C3H2(1A1), since
cyclopropenylidene has the following ground-state configura-
tion:

On the other hand the lowest-lying2A1 state corresponds to
the following electronic configuration

and therefore does not correlate with Si+(2P,2A1) + c-C3H2-
(1A1). Since this state lies much higher in energy than the other
two three-membered ring structures (about 77 kcal/mol at the
B3LYP level), it will not be considered further. The reason for
the higher stability of the2B1 and2B2 states compared with the
2A1 one is the same as in the case of the structures derived
from l-C3H2. In the case of2B1 and2B2 states there is a favorable
interaction between the lone pair of the carbon and the vacant
pz (a1 symmetry) orbital of Si+. The 2B1 state is favored over
the 2B2 state in this case due to an additional delocalization of
the b1 electron of Si+(2P,2B1) into the b1 orbital of the carbon
atom (although in c-C3H2 the 1b1 orbital is formally delocalized
over the entire molecule, it is essentially located between the
two symmetric carbon atoms). This results in a much shorter
Si-C bond distance for the2B1 state, as can be seen in Figure
2.

TABLE 4: Relative Energies (kcal/mol) for the (SiC3H2)+ Species at Different Levels of Theory with the 6-311G** Basis Seta

15 16 17 18 19 20 21 22 23

MP2 0.0 48.7 79.9 -1.4 14.3 21.8 28.4 40.4 30.0
MP4 0.0 47.1 77.7 2.8 18.6 24.4 31.0 43.3 37.0
PMP4 0.0 46.9 76.8 8.6 24.3 27.5 33.7 47.4 42.9
B3LYP 0.0 45.4 74.5 12.0 30.8 35.8 40.4 59.9 54.9
QCISD(T) 0.0 43.0 71.3 8.8 25.2 27.7 33.7 49.1 45.5
ZPVE (MP2) 20.59 20.35 20.83 20.75 21.03 20.76 20.43 21.58 19.09
ZPVE (B3LYP) 20.75 20.54 20.24 21.67 21.86 21.12 21.09 21.63 19.59

a Zero-point vibrational energy differences were obtained at the MP2)full/6-31G* level (MP2, MP4, and PMP4) or at the B3LYP/6-311G**
level (B3LYP and QCISD(T)).

SiC3H2
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2 8a1
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The rest of the (SiC3H2)+ structures shown in Figure 2 are
four-membered rings. Structure20 can be viewed as the result
of the interaction of Si+ with a side of c-C3H2, whereas
structures21 and 22 are obtained from20 through migration
of a hydrogen atom to a carbon atom, and structure23 from
migration of a hydrogen atom to silicon. The main difference
between MP2 and B3LYP geometries for these species concern
structure22, which is found to be asymmetric at the MP2 level,
but has a symmetric structure (2A1 electronic state) at the B3LYP
level. As can be seen in Figure 2, in structures20 and21 there
are no transannular C-C bondings since at least one (20) or
both (21) carbon atoms are bonded to hydrogen atoms. This
results in a long C1-C3 distance in both cases. On the other
hand, a very short transannular C1-C3 bond distance (1.408
Å) is found for 22 and even in structure23 the bond distance
(1.552 Å at the B3LYP level) suggests the possibility of
transannular C-C bonding.

The energy results shown in Table 4 show that20, which is
the direct result of the interaction of Si+ with c-C3H2, is the
most stable four-membered ring structure, followed by21which
has also two C-H bonds. It is also noticeable that migration of
a hydrogen atom to a silicon atom (23) results in a more stable
structure than migration to a carbon already bonded to a
hydrogen atom (22).

The most important conclusion from the relative energy
values shown in Table 4 is that the two most stable (SiC3H2)+

species are, by far, those obtained from the bonding of Si+ with
l-C3H2 and c-C3H2 through an electron lone-pair (structures15
and18).

It is worth pointing out that attachment of the silicon cation
changes the stability order of the open-chain and three-
membered ring structures. Cyclopropenylidene is more stable
than vinylidenecarbene by more than 10 kcal/mol (12.5, 11.1,
and 11.8 at the PMP4, B3LYP, and QCISD(T), respectively).
On the other hand, the open-chain structure15 lies below the
cyclic isomer18 by more than 8 kcal/mol at the PMP4 and
QCISD(T) levels, and by 12 kcal/mol at the B3LYP level. Since
in both cases the bonding is of a dative nature (interaction of
Si+ with a vacant pz orbital with a lone pair), one should expect
in principle that the stability order could remain. However, there
is an additional interaction which contributes to the bonding.
Whereas in the case of15 there is a delocalization of two 2b2

electrons of l-C3H2 into a second vacant 3p orbital of Si+, for
structure18 only delocalization of one b1 electron of Si+ into
the vacant carbon orbital of the same symmetry contributes to
the bonding. In fact, the Si-C bond distance is much shorter
in 15 than in structure18. The stability order for (SiC3H2)+

isomers is in contrast with that found for the triplet (PC3H2)+

species.28 In the case of the (PC3H2)+ system, the cyclic isomer
resulting from the interaction of phosphorus ion with c-C3H2 is
lower in energy (about 8.6 kcal/mol at the PMP4 level) than
the open-chain isomer obtained from the attachment of P+ to
the end carbon of l-C3H2. P+ ions (3P ground state) can only
form a dative bond with either c-C3H2 or l-C3H2 through the
carbon lone pair. Therefore, the relative energy is very close to
that found for the two hydrocarbons.

From the values of Table 4 it is clear that the most obvious
targets for a possible experimental detection are structures15
and 18. The IR spectrum of15 should be dominated by
symmetric C-C stretching which is predicted to be the most
intense at both MP2 and B3LYP levels, and its fundamental is
estimated at 2113 cm-1 (unscaled MP2) and 1979 cm-1

(B3LYP). In the case of18 the most intense band corresponds

to a symmetric stretching of the C3 unit at 1231 cm-1 (MP2) or
1216 cm-1 (B3LYP).

Reaction of Si+ with C3H2. In this section we will discuss
the reaction of silicon ions with either cyclopropenylidene or
vinylidenecarbene. Basically, there are in principle three dif-
ferent channels for this reaction: production of SiC3H+,
production of SiC3+, and charge transfer

The possible SiC3H+ structures have already been discussed,
whereas the different SiC3+ isomers have been considered in a
previous work.17 Charge transfer can be discarded because of
its endothermicity since silicon has a lower ionization potential
(7.8 eV at the PMP4 level) than both cyclopropenylidene and
vinylidenecarbene (8.6 and 10.3 eV, respectively, at the PMP4
level). Other possibilities, such as the abstraction channels
leading to either SiH+ + C3H or SIH + C3H+, have also been
considered. However, these channels were also found to be
clearly endothermic (see Tables 5 and 6).

First, we will present the results for the reaction of Si+ with
c-C3H2. The relative energies (with respect to the reactants) of
the possible products, intermediates, and relevant transition states
are given in Table 5 at different levels of theory. In Figure 3,
the geometries of the transition states are shown, whereas the
energy profile for the reaction of Si+ + c-C3H2 at selected levels
of theory (PMP4 and QCISD(T)) is shown in Figure 4.

As can be seen in Table 5 there is a very good agreement in
this case at all levels of theory. In fact, the PMP4 and QCISD-

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

f SiC3H
+ + H(2S)

Si+(2P) + C3H2(
1A1) f SiC3

+ + H2(
1Σg

+)

f Si(3P) + C3H2
+(2A1)
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(T) results are within 2 kcal/mol in most cases. It is also
interesting to point out that B3LYP values are very close to the
most realiable ab initio values (the worst case being the relative
energy of19). The most important discrepancy is found for TS2,
since this transition state is not found at the B3LYP level (our
attempts to optimize this transition state at the B3LYP level
led to TS6).

It is readily seen in Table 5 that production of SiC3H+ is
exothermic only in the case of the most stable isomer, structure
7 corresponding toC2V symmetry. Production of isomer11 (Cs

symmetry) is clearly endothermic at all levels of theory. The
channel leading to SiC3+ is also slightly exothermic only for
its cyclic 2A1 ground state. Formation of the other low-lying
four-membered ring (2B2 electronic state17) is endothermic by
more than 11 kcal/mol. Therefore, we will only consider the
reaction channels for the production of the ground states of
SiC3H+ and SiC3

+.
The first step for all channels should be attachment of Si+ to

c-C3H2, leading to either the2B1 or 2B2 states, the former being
the preferred one. Both species may isomerize into the four-

TABLE 5: Relative Energies (kcal/mol) at Different Levels of Theory with the 6-311G** Basis Set of the Species Involved in
the Reaction of Si+ with c-C3H2

a

∆ZPVE

MP2 MP4 PMP4 B3LYP QCISD(T) MP2 B3LYP

Reactants
Si+ + c-C3H2 0.0 0.0 0.0 0.0 0.0

Intermediates
18(2B1) -89.9 -88.3 -88.5 -95.4 -88.6 1.36 1.53
19(2B2) -74.0 -72.5 -72.8 -76.5 -72.3 1.65 1.72
20(2A) -66.6 -66.8 -69.6 -71.5 -69.8 1.38 0.98
21(2A′) -60.0 -60.2 -63.4 -67.0 -63.8 1.05 0.95
22(2A) -48.0 -47.9 -49.7 -47.4 -48.4 2.20 1.49
23(2A′) -58.4 -54.1 -54.2 42.4 -52.0 -0.29 -0.55

Transition States
TS1 -61.7 -61.4 -64.4 -68.7 -65.5 0.56 0.15
TS2 -13.5 -11.0 -13.5 - - -4.23 -
TS3 -20.7 -19.4 -21.3 -21.6 -19.9 -1.12 -1.95
TS4 -10.7 -8.2 -9.3 -7.7 -8.3 -3.60 -4.86
TS5 5.2 5.4 3.6 1.5 5.7 -5.89 -6.77
TS6 -22.8 -21.8 -25.5 -26.5 -23.2 -2.26 -2.65

Products
SiC3H+ (7) + H -18.4 -14.4 -14.4 -8.2 -11.9 -5.37 -5.57
SiC3H+ (11) + H 7.6 7.1 7.1 10.6 8.6 -6.06 -6.39
SiC3

+ (2A1) + H2 -1.7 -2.0 -2.8 -0.2 -1.9 -6.14 -6.60
SiC3

+ (2B2) + H2 22.7 15.1 11.0 12.8 11.5 -6.55 -7.45
SiH+ + c-C3H(2B2) 30.4 28.3 27.5 26.9 28.3 5.54 5.11
SiH + c-C3H+(1A1) 80.8 77.2 77.1 79.2 74.6 4.19 5.47

a Zero-point vibrational energy differences were obtained at the MP2)full/6-31G* level (MP2, MP4, PMP4) or at the B3LYP/6-311G** level
(B3LYP and QCISD(T)). The imaginary frequencies for the transition states at the MP2)full/6-31G* level (B3LYP/6-311G** values in parentheses)
are the following: TS1: 719i (495i); TS2; 1115i; TS3: 1205i (1176i); TS4: 1174i (346i); TS5: 1182i (644i); TS6: 1431i (1039i).

TABLE 6: Relative Energies (kcal/mol) at Different Levels of Theory with the 6-311G** Basis Set of the Species Involved in
the Reaction of Si+ with l-C 3H2

a

∆ZPVE

MP2 MP4 PMP4 B3LYP QCISD(T) MP2 B3LYP

Reactants
Si+ + l-C3H2 0.0 0.0 0.0 0.0

Intermediates
15(2B1) -106.8 -103.7 -109.6 -118.4 -109.2 1.96 1.37
16(2B2) -59.1 -56.5 -62.7 -73.0 -66.2 1.71 1.16
17(2A′) -26.9 -26.0 -32.8 -43.9 -38.0 2.20 0.86

Transition States
TS7(2A′′) -14.8 -11.6 -24.1 -27.1 -19.3 -4.88 -5.47
TS8(2A′) 22.3 22.4 9.2 -7.3 -0.3 1.03 -5.06
TS9(2A′′,2A) -24.5 -23.8 -28.6 -51.3 -39.9 0.89 -2.09
TS10(2A′) -1.4 9.8 -3.00
TS11(2A′) 22.9 22.8 10.3 -1.4 6.7 -4.07 -4.92
TS12(s.o.s.p) 56.6 69.2 -6.16

Products
SiCCCH+(1∆) + H -8.9 -5.2 -5.2 -8.0 -3.3 -6.23 -5.43
SiCCCH+(3Σ) + H -15.7 -12.5 -19.7 -26.9 -19.5 -6.03 -5.63
SiC3

+(2Π) + H2 10.2 6.8 0.8 -10.3 -6.8 -5.60 -6.42
SiH+ + l-C3H(2Π) 30.0 27.7 22.2 15.4 17.1 2.95 3.93
SiH + l-C3H+(2Σ) 45.1 41.8 41.7 45.1 44.3 2.99 4.07

a Zero-point vibrational energy differences were obtained at the MP2)full/6-31G* level (MP2, MP4, PMP4) or at the B3LYP/6-311G** level
(B3LYP and QCISD(T)). The imaginary frequencies for the transition states at the MP2)full/6-31G* level (B3LYP/6-311G** values in parentheses)
are the following: TS7: 186i (58i); TS8; 1222i (349i); TS9: 591i (798i); TS10: (2029i); TS11: 1449i (882i); TS12: (1301i).
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membered ring20, following a nonsymmetric path which
involves transition state TS1

TS1 lies well below the reactants (about 65 kcal/mol at both
PMP4 and QCISD(T) levels), and therefore formation of20 is
easily obtained. All feasible mechanisms start now from this
species. One possibility is direct hydrogen elimination from20
leading to SiC3H+

The implied transition state, TS2, is also nonplanar and is
found to lie about 13.5 kcal/mol below reactants at the PMP4
level. This transition state is not obtained at the B3LYP level,
suggesting that hydrogen atom loss at this level of theory takes
place directly without any barrier (only the difference in stability
between20 and SiC3H+ + H). In fact, the relative energies of
TS2 at the PMP4 level (-13.5) is very close to the value for
the products (-14.4), suggesting that maybe at higher levels of
theory this transition state could disappear. In any case, since
TS2 lies below Si+ + c-C3H2, path (a) is feasible under
intrestellar conditions.

Another possibility is isomerization of20 into 22, the isomer
with two hydrogens bonded to the same carbon atom. This
species may undergo hydrogen atom elimination or hydrogen
molecule abstraction leading, respectively, to SiC3H+ + H or
SiC3

+ + H2.

Whereas both TS3 and TS4 are found to lie below the
reactants at all levels of theory, and consequently path (b) may
take place, TS5 is slightly higher in energy than Si+ + c-C3H2.
Therefore, path (c) implies a small barrier which could hinder
production of cyclic SiC3+ through this mechanism, or at least
favor the other channel leading to SiC3H+. We should point
out that all our attempts to obtain an optimized structure for
TS5 with two equivalent C-H bond distances failed, since a
second-order saddle point was always obtained. Allowing

different C-H bond distances led to the structure shown in
Figure 3, in which the hydrogen atoms are in a quasi-linear
arrangement.

Finally, there is another path starting from20which involves
isomerization into23 through migration of a hydrogen atom to
silicon, followed by elimination of hydrogen:

Only elimination of the hydrogen atom bonded to silicon may
lead to exothermic products. Path (d) is also feasible since the
first step implies transition state TS6, which is well below the
reactants at all levels of theory, whereas elimination of hydrogen
from silicon takes place directly without any barrier (we have
carried out a scan for this process, performing optimizations at
different Si-H distances, and found no sign of a transition state).

We may conclude that for the reaction of Si+ with cyclo-
propenylidene there are three different mechanisms which lead
to cyclic SiC3H+, paths (a), (b), and (d), which are barrier-free.
Furthermore, charge transfer is not a competitive process, since
it is endothermic. On the other hand, production of SiC3

+ is
slighly exothermic but involves a small barrier. Therefore, the
preferred channel is production of SiC3H+.

The results for the reaction of Si+ with vinylidenecarbene
are shown in Table 6. The geometries of the transition states
involved in this case are given in Figure 5, and the energy profile
for the reaction at the PMP4 and QCISD(T) levels is shown in
Figure 6.

Inspection of the results given in Table 6 shows that there
are significant differences between QCISD(T) and PMP4 values
in this case. The discrepancy is even higher between PMP4 and
B3LYP values, with differences up to 22 kcal/mol (TS9), and
reversed signs in the relative energies (TS8, TS1, SiCCC+ +
H2). Furthermore, there are two transition states, namely TS10
and TS12, which could be obtained only at the B3LYP level,
since our attempts at the MP2 level failed. The discrepancy
between DFT and MP results can be partly ascribed to the spin
contamination, which is very high for the HF wavefunctions of
some of the intermediates and transition states for this reaction,
whereas it is virtually negligible when density functional theory
is employed. Therefore, since spin contamination may severely
affect the convergence of the MP series, the B3LYP results
should be more reliable. For the reaction of Si+ with the cyclic

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

Si+ + c-C3H2 f SiC3H2
+ (18, 19)98
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hydrocarbon, spin contamination of the HF wave functions was
much lower and in many cases virtually negligible too. We have
seen in that case a good agreement between DFT and ab initio
methods.

According to the B3LYP and QCISD(T) results shown in
Table 6, production of the singlet and triplet states of SiCCCH+,
as well as production of SiCCC+ + H2, are all exothermic
channels. On the other hand, MP4 theory predicts an endother-
micity of 6.8 kcal/mol for the last of these processes, which is
further reduced upon projection to near thermoneutrality (0.8
kcal/mol at the PMP4 level).

The first step in the reaction is the attachment of Si+ to
:CCCH2 through a dative bond. Two species,15 (2B1) and16
(2B2), can be formed. The2B1 state is clearly favored because
of its higher stability. Once these species are formed, hydrogen
atom elimination may occur leading directly to triplet SiCCCH+

in the case of the2B1 state, and to singlet SiCCCH+ when the
reaction proceeds through the2B2 state:

We have characterized both transition states, TS7 and TS8,
which are of2A′′ and2A′ symmetry, respectively. In both cases,
the C-H distance of the broken bond is relatively large,
especially for the2A′′ state, and the rest of geometrical
parameters are very close to those of the respective final
products. Whereas TS7 is clearly predicted to lie below the
reactants at all levels of theory, very different results are obtained
for TS8 depending on the theoretical method employed. MP2
and MP4 levels place this transition state more than 20 kcal/
mol above Si+ + l-C3H2, an energy difference which is
substantially reduced at the projected-MP4 level. On the other
hand, B3LYP predicts that TS8 should lie below the reactants,
and QCISD(T) provides a value of just-0.3 kcal/mol. In any
case, it is clear that, even if it is quite likely that path (f) is
finally barrier-free, path (e) should be not only thermochemically
but also kinetically favored over path (f).

In addition, there are other possible paths for the reaction.
Isomerization of structures15 and16 may occur. In the case of
15(2B1) migration of a hydrogen atom proceeds through
transition state TS9 (which is nonplanar at the B3LYP level)
and leads directly to the cyclic isomer18(2B1), since there is
no a stable open-chain structure similar to17, corresponding
to 2A′′ electronic state. Therefore, this path (g) leads to structure
18:

This path connects the reaction initiated with the open-chain
hydrocarbon with a cyclic structure which may undergo the same
processes considered when the reaction started with c-C3H2.
Therefore, it may finally lead to the cyclic SiC3H+ isomer7.

Migration of a hydrogen atom in structure16(2B2) leads to
the isomer17, which has a2A′′ electronic state. We were able
to characterize the corresponding transition state, TS10, at the
B3LYP level. At the MP2 level we obtained a second-order
saddle point (two imaginary frequencies, one of them corre-
sponding to out-of-plane bending), and all our attempts to
optimize this transition state without symmetry failed. Therefore,
only the B3LYP geometry, as well as B3LYP and QCISD(T)
realtive energies, are provided in this case. Once structure17
is formed, hydrogen atom elimination could lead to the final
product, singlet SiCCCH+, through transition state TS11. This
path, (h), can be summarized as follows

Both transition states, TS10 and TS11, are predicted to lie
slightly below the reactants, at the B3LYP level. However, at
the QCISD(T) level both lie above the reactants by 9.8 and 6.7
kcal/mol, respectively. The PMP4 value for TS11 predicts an
even higher barrier of 10.3 kcal/mol. Then it is quite likely that,
considering the QCISD(T) values as the most reliable ones, path
(h) could be affected by a nonnegligible barrier.

Finally, we have also considered elimination of a hydrogen
molecule from SiCCCH2+. We were only able to obtain at the
B3LYP level aC2V-symmetric structure for the corresponding
transition state TS12, when the reaction starts from the SiC-
CCH2

+ 2B1 state (structure15). In fact, TS12 is a second-order
saddle point, since it has two imaginary frequencies. One of
the associated modes corresponds to elimination of H2, whereas
the second one is of b2 symmetry and points to distortion of
theC2V symmetry with two different C-H distances and CCH
angles. Our attempts to obtain this transition state inCs

Figure 5. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the relevant transition states involved in the
reaction of Si+ with l-C3H2. Distances are given in angstroms and angles
in degrees.

Si+ + l-C3H2 f SiCCCH2
+(2B1)98

TS7
SiCCCH+(3Σ) + H

(e)

Si+ + l-C3H2 f SiCCCH2
+(2B2)98

TS8
SiCCCH+ (1∆) + H

(f)

Si+ + l-C3H2 f SiCCCH2
+(2B1)98

TS9
SiC3H2

+ (18) (g)

Si+ + l-C3H2 f SiCCCH2
+(2B2)98

TS10

SiCCHCH+(2A′)98
TS11

SiCCCH+(1∆) + H (h)
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symmetry (following the second mode with imaginary fre-
quency) led to transition state TS7. In the case of the2B2 state
(structure16) we were unable to obtain even a second-order
saddle point.We have reported the relative energies at the
B3LYP and QCISD(T) level of TS12 (in fact a second-order
saddle point) in order to have at least a crude estimate of the
possible barrier associated to this process

Both levels predict that TS12 should lie high above the
reactants (56.6 and 69.2 kcal/mol at the B3LYP and QCISD-
(T) levels, respectively). Therefore, the barrier associated to path
(i) seems high enough to discard the feasibility of this channel,
even if our results are based on an approximation. It is also
expected that the activation barrier should be of the same
magnitude when structure16(2B2) is initially formed.

Conclusions

A theoretical study of the (SiC3H)+ and (SiC3H2)+ species
has been carried out at two different levels of theory. 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)/6-311G**//B3LYP/6-311G** lev-
els. All theoretical levels, except B3LYP, predict that the global
minimum of the (SiC3H)+ system is a cyclic isomer (structure
7), with 1A1 electronic state, which is derived from protonation
of the SiC3 ground state. On the other hand, a linear triplet state
(structure2) is predicted to lie more than 7 kcal/mol below
structure7 at the B3LYP level. Since a good correlated level is
usually required for analyzing the competition between cyclic
and noncyclic structures, the ab initio results seem more reliable
than DFT ones in this case, and therefore structure7 seems the
most likely candidate to the (SiC3H)+ ground state.

The proton affinities of the three lowest-lying isomers of SiC3

have been computed. A good agreement between the PA’s at
different levels of theory is obtained. The three isomers have

relatively high proton affinities (about 230 kcal/mol for the
cyclic ground state, 228 kcal/mol for the linear isomer, and 215
kcal/mol for the four-membered ring with transannular Si-C
bonding). This means that SiC3 species should be easily
protonated in interstellar media.

The two most stable (SiC3H2)+ species are those formally
obtained from the bonding of Si+ with vinylidenecarbene and
cyclopropenylidene through an electron lone pair, resulting in
structures15and18, respectively. Nevertheless, the attachment
of the silicon cation results in a reversed stability order, since
15 (derived from l-C3H2) is predicted to lie below18 (obtained
from c-C3H2) by 9 kcal/mol (PMP4 and QCISD(T)) or 12 kcal/
mol (B3LYP).

In the case of the reaction of Si+ with c-C3H2 charge transfer
is not a competitive process because of its endothermicity. On
the other hand, production of SiC3

+ is only slightly exothermic
(around-2 kcal/mol), whereas production of cyclic SiC3H+

(7) is clearly exothermic (more than 10 kcal/mol at the most
realiable levels of theory). Production of SiC3

+ is subject to a
small energy barrier (ranging from 1.5 to 5.7 kcal/mol depending
on the level of theory employed), whereas there are three
different mechanisms leading to cyclic SiC3H+ which are
barrier-free. Therefore, the most favorable channel for this
reaction is production of cyclic SiC3H+.

For the reaction of Si+ with l-C3H2 charge transfer is also
endothermic, whereas production of linear SiCCC+ and singlet
and triplet linear SiCCCH+ is all exothermic. Five different
mechanisms have been explored. One of these paths connects
with a cyclic structure which finally could lead to the cyclic
SiC3H+ isomer. This seems the preferred channel for this
reaction, since it takes place through a transition state which
lies well below those involved in the other paths. Only
production of the triplet linear isomer, through direct hydrogen
elimination from the lowest-lying SiC3H2

+ isomer15, seems
to be competitive. Production of SiCCC+ seems to proceed
through a significant barrier, whereas the singlet linear isomer
involves small energy barriers.

Therefore, the main conclusion of the present work is that
the reactions of Si+ with c-C3H2 and l-C3H2 are feasible in the

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

Si+ + l-C3H2 f SiCCCH2
+(2B1)98

TS12
SiCCC+(2Π) + H2

(i)
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interstellar medium, and the preferred product should be cyclic
SiC3H+. Only production of the linear SiCCCH+ isomer (in its
triplet ground state) seems to be competitive. Therefore, these
reactions could be possible sources of SiC3 in space. In addition,
from the comparison of B3LYP and ab initio results, it is
observed that both theoretical methods are generally in relative
good agreement when spin contamination is not too high, except
in those cases where correlation effects are very important. On
the other hand, when spin contamination is significant (for
example in some of the intermediates and transition states
involved in the reaction of Si+ with l-C3H2), important differ-
ences between DFT and ab initio results are found.
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