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A theoretical study of the (SiEl)*™ and (SiGH,)* 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 (SiGH)" system is a cyclic isomer, derived from protonation of the;$i©und state. The proton affinities

of the three lowest-lying isomers of Sj@ave been computed, obtaining relatively high values in all cases.
The lowest-lying (SiGH2)" species has a linear carbon backbone and can be formally derived from the bonding
of Si™ to vinylidenecarbene (I-4E1,) through an electron lone pair. The cyclic isomer obtained from
cyclopropenylidene (c-£1,) is also quite stable, lying only about42 kcal/mol above the ground state. For

the reaction of Si with c-GH,, charge transfer is endothermic, whereas production of'Si€ slightly
exothermic and exhibits a small barrier. The preferred channel is formation of cycliglSiGince it is
clearly exothermic and barrier-free. In the case of the reaction bf+Si-CsH, charge transfer is also
endothermic and the path leading to linear Si@volves a high energy barrier. There are two possible
competitive processes which are barrier-free: production of lineagH8i@nd formation of cyclic SigH™
through a previous isomerization into a cyclic @izt species. Therefore, the reactions of Siith both

¢c-CsH; and I-GH,, are feasible in the interstellar medium and consequently possible sources of precursors of

SiCs.

Introduction dissociative recombination could finally produce $iC

Binary silicon carbides have received much attention in recent + S
years. In addition to their interest in microelectronicamall St + CH, —~ SIGH" +H @)
binary silicon—carbon clusters are relevant in astrophysics. So - _
far SiC2 SiC,,3 and SiG* have been detected in space. These SIGH™ +e—SiG+H (2)
silicon carbides are strongly related to the family of organosulfur
compounds SE in which case S@& and SG® have been Two different GH, isomers have been detected in the

observed in the interstellar medium. Therefore, s8€ems a interstellar medium. Cyclopropenylidene, g3, was first
good candidate for detection in space. A theoretical study by gbserved in space several years@gmd is one of the most
Alberts et al’ predicts a rhomboidal structure, with a transan- apundant interstellar hydrocarbons, as well as the first interstellar
nular carbor-carbon bond, to be the ground state. Nevertheless, organic ring. Propadienylidene (singlet vinylidenecarbene),
the linear isomer and a second rhomboidal structure with a |-CH,, was observed in spakdamore recently and has a linear
carbon-silicon transannular bond lie only 4.1 and 4.3 kcal/ carbon backbone and two hydrogens bonded to a terminal
mol, respectively, higher in energy according to the theoretical carbon atom. Theoretical studié&predict cyclopropenylidene
calculation. Consequently, there are in principle three different to be the ground state, whereas vinylidenecarbene lies about
SiCs isomers that could be formed in space. Which of them is 14 kcal/mol higher in energy. Experimental studies on these
produced could depend on the synthetic route. reactions are difficult to carry out, due to the difficulty in
Given the conditions reigning in the interstellar medium, preparing GH, species. Therefore, theoretical studies could be
namely low density and low temperature, important reactions particularly valuable in order to ascertain whether $5tGuld
must be exothermic and have low (or zero) activation energy. be formed in space trough a reaction scheme involving the
Those are the main reasons for the importance of ianlecule reaction of St with C3H; species. In fact, we have carried out

reactions in interstellar chemistry. In fact, binary silieararbon a similar study® in the case of the phosphorus analogugR,C
compounds have been proposed to be formed in the reaction ofconcluding that both cyclic and linears isomers could be
Sit with hydrocarbong.In particular, both experimentai®and produced in space.

theoretical studiéd have shown that SiCcould be produced In the present work, we have carried out a theoretical study
through a synthetic route initiated by the reaction of ®ith of reaction 1, determining its energetics as well as characterizing
acetylene. A similar reaction scheme may be proposed for thethe relevant transition states.This will allow a prediction not
production of SiG. In first place the reaction of Siwith CsH> only of the reaction enthalpy, but also of possible activation

may lead to the protonated form of SjCand subsequent barriers involved in the production of Sig*. Both GH,
isomers, cyclic and linear, will be considered as reactants, since
*To whom correspondence should be addressed. both are present in the interstellar medium. In first place, a study
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of the possible products, the (SK)™ species, will be presented. Jm2 1516
Other possible products which may compete, like thesSiC N o

| | - | g sy H 1(1A,1A')
species, have been theoretically studied in a previous Work.
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The geometries of the different species studied in the present
work have been obtained at MP2 (second-order Mglidesset)
level with the 6-31G* basis sét.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 functitahd
the 6-311G** basis sét for carbon and hydrogen atoms and
the McLean and Chandler basis®dsupplemented 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 Mgllet Plesset (MP4) levét23 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) levét, 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 stddpn SiG™, QCISD-
(T)/6-311G** calculations on B3LYP geometries were shown
to provide very similar results to the most expensive CCSD-
(T)/cc-pVTZ/IB3LYp/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 packag®.

Results and Discussion

(SiCsH)* Isomers.We have found several (SiB)* 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 (SiEl)* 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 Si€in Table 2. All structures shown
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in Figure 1 are true minima, since all their vibrational frequen- Figure 1. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
cies are positive (the corresponding harmonic vibrational optimized geometries for the different SK" species. Distances are

frequencies and IR intensities are available upon request).

given in angstroms and angles in degrees.

Structuresl—6 are formally obtained from protonation of the ~ Since the lowest-lying linear state of i a triplef (°),
corresponding singlet and triplet states of linear Si@hich triplet protonated species are also favored over the singlet ones

can be schematically represented by the following valence bondWhen protonation takes place at a carbon atom (specesl
structures: 4). On the other hand, when protonation takes place at silicon

the stability order is reversed, since all theoretical levels agree
in that structureb is lower in energy tharé. 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 (structuresd

A :Si=C,=C,=Cj
%" :Si—C,=C,=Cj



3312 J. Phys. Chem. A, Vol. 103, No. 17, 1999

Redondo et al.

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

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

MP2 27.9 211 114.7 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 63.6 215 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 58.3 215 40.1 71.4 73.3
B3LYP 112 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 70.4 715
ZPVE (MP2) 12.40 12.60 11.51 12.20 10.48 1144 1401 1396 12.28 1343 13.32 13.48 12.01 12.30
ZPVE (B3LYP) 1395 13.75 12.43 12.20 10.67 10.94 1457 1353 11.66 13.28 13.76 13.97 11.02 12.37

a Zero-point vibrational energy differences were obtained at the MBIR6-31G* 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 SiG at Different Levels of Theory?

rhomboidal SiG

linear

SIG C—Ctrans. bond SiC 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

aZPVE differences were obtained at the MFRII/6-31G* level
(MP2, MP4, PMP4), or at the B3LYP/6-311G** level (B3LYP,
QCISD(T)).

2). Nevertheless, protonation aj {S not always preferred over
protonation at silicon, since structugis less stable thas,
and4 lies only about 817 kcal/mol below6 depending on the
level of calculation. We have also obtained the corresponding
singlet and triplet species derived from protonation gt it
they have similar relative energies thaiand4 (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

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

Structurel2 can be formally derived from a three-membered
ring of SiG, which was found by Alberts et &lto 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 structure

Finally, structured3and14 are the singlet and triplet states
obtained upon protonation at silicon of the corresponding states
of the most stable rhomboidal S§&Gomer. Again, protonation
at the carbon atom is preferred over protonation at silicon for
cyclic species, since both3 and 14 lie much higher than the
corresponding protonated structures at carbon (struciuses
8).

Concerning the relative energies shown in Table 1 it is
generally observed that there are no large discrepancies between
the Mgller—Plesset values and the QCISD(T) ones. The largest
discrepancy is noted for isomérand can be mainly ascribed
to the differences in the MP2 and B3LYP geometries in this
case. In most cases (with the exception3pf4, and 6) the
difference between relative energies computed at the PMP4 and

stable and are not presented in this work for the sake of space QCISD(T) levels is smaller than 3 kcal/mol. On the other hand

It is interesting to point out that structufeis 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) associated to HCC bending (of course a
1A state requires two determinants for its proper description).

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

Nevertheless, the relative energy of this species at the MP4 levelP&tween B3LYP and ab initio values for the relative energy of

differs only in 10 kcal/mol with the corresponding B3LYP value.
On the other hand, a much more dramatic change is observe
in the case of structur@ In this case the MP2 level predicts a

linear arrangement, whereas the molecule is nonlinear at the

B3LYP level.

Structures and8 are the singlet and triplet protonated species
derived from the most stable rhomboidal $i€omer? with a
transannular carbercarbon bond. Structurésand10 are the

the triplet linear isomeR. Whereas at the PMP4 and QCISD-

AT) levels the energy difference between structuzeand 7

virtually reproduces the relative energy of the parent linear and
cyclic SiG 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 (SiEl)* isomers, since a different
global minimum is predicted. Nevertheless, we believe that most

corresponding protonated derivatives obtained from the secondjikely the ab initio results are more reliable in this case, since

SiC; four-membered ring with transannular silicecarbon
bond? whereas structurél is the result of protonation at a
terminal carbon atom of the singlet species. We did not find

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

the corresponding triplet isomer in this case, since our attemptsQCISD(T) and projected MP4 provides further support for this

of optimization led to structur@. This is not surprising since a
topological analysis of the electron density in terms of Bader’s
theory® carried out by Sudhakar and Lammertgfisnows that

in fact the parent Si€isomer has a T-shape structure in its
singlet state, whereas we have found that the triplet Si€cies
has a truly four-membered ring structure with peripheralSi

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 structur&. Therefore, the B3LYP result seems
to be halfway between Hartre€-ock and correlated values. The
anomalous behavior of B3LYP for computing the relative energy
of the cyclic and linear isomers of (SiB)" is also observed

bonds. Therefore, in the case of the singlet state the noncentrafor the parent neutral molecule. Whereas for Sioth MP4
carbon atoms have lone pairs and are preferred protonation sitesand QCISD(T) relative energies are consistent with the results

resulting in structurel1 which is much more stable (about 66

obtained by Alberts et al.at the B3LYP level the linear isomer
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TABLE 3: Proton Affinities (kcal/mol) at Different Levels of
Theory for the Lowest-Lying Isomers of SiG

rhomboidal SiG
C—Ctrans. bond SiC trans. bond
213.7

linear
SIG
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is predicted to lie 8 kcal/mol below the cyclic isomer (see Table (}gg;g)(/ ’
2), nearly the same value obtained for (S Joz (}33M:

Protonation of the third low-lying Si€isomer, the four- si P~
membered ring with the transannular silieezarbon bond which ARy a3 lﬁ\(i-géﬁ,
according to Alberts et dllies only about 4.3 kcal/mol above amh N
the SiG ground state, results in less stable structures. We have
already pointed out that protonation takes place preferentially si
at a terminal carbon atom, resulting in structuté All 1831
theoretical methods agree in this case, since all predict an energy 8
difference with the global minimum, structurgaround 20 kcal/ c) (}ii %
mol. The most important difference observed for this structure, . Q;V \ (;ggV \
compared with the parent neutral isomer, is the lengthening of ¢ aih

17(3A)

1.082

the silicon-central carbon distance (1.880 A at correlated /1515 Noxw /@/; \liosb
levels). This means that upon protonation the siliemarbon HT 1 H HY a9 H
transanular bond is weakened, and this undoubtedly affects the 18(°B4) 19(°B,)
stability of this structure.

The results for the (SigE)™ system allow an estimate of the Hy
proton affinity of SiG, which is an important property in gas doos| 1278 H
phase chemistry and particularly in proton-rich interstellar v Cr) 1o ’ 1298
media, where proton transfer reactions may play an important (’% “@ 4, N

923
(1.933)
1.907

(2.011),

Tall 1 (1.724) 02 Hy
role. The proton affinity is computed as lm e o

W87 Sy 130

PA(T) = — AE, — AE, — AE, + 5/2RT DS Comts8 175 \
DIH(H,C,C,C1)=226.9 (228 3) (1372)
DIH(H,C,C, Co)=168.3 (169.9)
where AE. is the electronic energy difference\E, the 20(2A) (10%8)
vibrational energy difference (which can be taken as the zero- H

DIH(SiCCC)=126.9 (133.1)
DIH(HCCC)=102.9 (95.6)

point vibrational energy difference), anflE; the rotational

1798 C (1 01)1146

energy difference for the reaction s 1177)
2p0
s/\\ /dggs) 2128)
; + Qi +
SIC, + H' — (SICH) NP,
We will only provide results for the PA of the three lowest- DHHICC 1098 (1067) A%, C\<\}§‘5’§)
lying isomers of SiG, namely the four-membered ring with 22(2) HZTSi(\{g’?‘;) C—5H
{1.484) (1.082)

14

DIH(H,CCSi)=179.5 {178.9)
DIH(H,SiCC)=117.8 (117.7)

transannular carbercarbon bond, the linear triplet isomer, and
the rhomboidal species with transannular silieearbon bond.
Furthermore, only values for protonation at the most favorable
site will be provided; that is, only production of structuig®,
and 11 will be considered. The results at different levels of
theory are shown in Table 3. Figure 2. MP2/6-31G* and B3LYP/6-311G** (in parentheses)

It can be readily seen that there is a very good agreementoptimized geometries for the different Si;* isomers. Distances are
between the PA’s at different levels of theory in all cases. The given in angstroms and angles in degrees.
three SiG 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 ~ The optimized geometries for the different (S#G)" struc-
of the SiG ground state and the linear isomer are very similar tures are shown in Figure 2, whereas their relative energies
at the most reliable levels of theory, whereas in the case of theare given in Table 4. All structures are true minima on the
second rhomboidal structure, where protonation takes place at(SiCsH,)™ surface. The corresponding harmonic vibrational
a terminal carbon atom to give structut® a somewhat lower  frequencies and IR intensities are provided as Supporting
PA is obtained. Information.

(SiCsH2)* Isomers.Only the more relevant (SiEl;)* species Structuresl5 and 16 have linear carbon backbones and can
will be discussed. Therefore we will present stable structures be viewed as the result of the interaction of Siith vinyli-
on the doublet (SigH,)* surface, since the reaction of'Swith denecarbene (I4E1,) through the end carbon. The corresponding
CsH, will take place in principle on the doublet surface. electronic configurations are the following:

23(3AY)
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TABLE 4: Relative Energies (kcal/mol) for the (SiCsH,)™ Species at Different Levels of Theory with the 6-311G** Basis Set

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 0.0 471 77.7 2.8 18.6 24.4 31.0 433 37.0
PMP4 0.0 46.9 76.8 8.6 24.3 275 33.7 47.4 42.9
B3LYP 0.0 45.4 745 12.0 30.8 35.8 40.4 59.9 54.9
QCISD(T) 0.0 43.0 713 8.8 25.2 27.7 33.7 49.1 455
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 ¥MBIR6-31G* level (MP2, MP4, and PMP4) or at the B3LYP/6-311G**

level (B3LYP and QCISD(T)).
SiCH,"(°B)):

{corg 7a°8a°9a°10a° 2b,” 2b,° 1153° 3b,” 3b,*
SiCH," (°B,):

{corg 7a°8a°9a°10a° 2b? 2b,? 113%3b,2 4b,’

Itis readily seen that both electronic configurations correlate
with Sit + |-CsH,. Vinylidenecarbene has the following
electronic configuration

[-C;H,
(‘A 1a°2a° 33" 43° 53" 63" 1b," 73" 1b," 2b,°

whereas Si(?P), undeiC,, symmetry, splits into three spatially
degenerate states

Si"(*P?B,): 1a°2a°3a’1b/ 1b”4a° 2b*
Si"(*PB,): 1a°2a°3a°1b,” 1b°4a°2b,"
Si"(P2A): 1a°2a°3a°1b21b%4a° 23"
The 2B; and?B, states correspond to the structufiésand
16. We have also searched for th&; state, but our attempts

led to a different electronic configuration of the same symmetry

SiCH, " (°A)):
{corg 7a°8a°9a°10a° 2b? 2b,? 3b,2 3b,? 113"

which does not correlate with §PP2A;) + I-C3Hz(*A;). Since

Another open-chain structurg®) has also been characterized,
corresponding to A’ electronic state. ThéA"” state is only
obtained at the HartreeFock level, whereas at both the MP2
and B3LYP levels it collapses into the cyclic structdi@ In
the case of structur&? there is a hydrogen atom bonded to the
central carbon atom. Both carbenarbon 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 5"
structures presented in this work.

Structuresl8 and 19 result from the interaction of Siwith
cyclopropenylidene through an apex, a carbon atom which has
a lone pair. The corresponding electronic configurations for these
structures, which hawB; and?B; electronic states respectively,
are the following:

SiCH," (°By):
{corg 6a°3b,°7a°8a°9a° 2b,? 4b,? 1052 3b,*
SiCH,"(°B,):
{corg 6a°3b, 7a°8a° 9a° 2b,* 4b,” 105° 5b,
Both states correlate with §PP) + c-C3Hy(tA;), since
cyclopropenylidene has the following ground-state configura-
tion:
c-CH,(*A)):
la’2a” 1b," 33" 2b," 43" 53" 3b," 1by” 6a,°

On the other hand the lowest-lyirfd\; state corresponds to
the following electronic configuration

this 2A; state was found to lie much higher in energy than the SiC3H2+(2A1):

other two states, and has an imaginary frequency at both MP2

and B3LYP levels, it will not be discussed further. The fact
that the?B; and?B; states are favored over tBA; one is not
surprising. The interaction of Siwith I-C3H, through the end
carbon along théB, or 2B; surfaces is clearly attractive, since
there is a possibility for donation of electron density from the
lone pair of carbon toward the vacantgrbital (a symmetry)

of silicon. On the other hand, th#&\; surface should be less

{corg 6a°7a,° 3b,” 8a° 9a° 2b,* 4b,” 3b,° 103"

and therefore does not correlate with*@P2A;) + c-CHo-
(*A,). 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 théB; and?B, states compared with the

favorable since in that case there is an electron occupying the?A; one is the same as in the case of the structures derived

3p; orbital and therefore we have a three-electron interaction.

Of the two states?B; and ?B,, the former is much more
stable, since there is also a favorafsinteraction between the
2y, orbital of vinylidenecarbene and the vacant p orbital of the
same symmetry. In the case of #f&2 state the unpaired electron

from I-C3Ho. In the case ofB; and?B; states there is a favorable
interaction between the lone pair of the carbon and the vacant
p; (a1 symmetry) orbital of Si. The 2B, state is favored over
the B, state in this case due to an additional delocalization of
the by electron of SF(?P2B;) into the ky orbital of the carbon

occupies that p orbital and therefore there is an unfavorable atom (although in c-¢H, the 1k orbital is formally delocalized

three-electron interaction. This results in a much longerGSi
distance for the’B, state than for théB; one. On the other

over the entire molecule, it is essentially located between the
two symmetric carbon atoms). This results in a much shorter

hand, the rest of geometrical parameters are very similar for Si—C bond distance for théB; state, as can be seen in Figure

both states.

2.



Reaction of St with C3H,

The rest of the (SigHz)™ structures shown in Figure 2 are
four-membered rings. Structu® can be viewed as the result
of the interaction of Si with a side of c-GH,, whereas
structures21 and 22 are obtained fron20 through migration
of a hydrogen atom to a carbon atom, and struc28drom
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 structur\¢ electronic state) at the BSLYP
level. As can be seen in Figure 2, in structu?@sand21 there

are no transannular-&C bondings since at least on20f or
both 1) carbon atoms are bonded to hydrogen atoms. This
results in a long €-C; distance in both cases. On the other
hand, a very short transannulag-€C; bond distance (1.408
A) is found for 22 and even in structurg3 the bond distance
(1.552 A at the B3LYP level) suggests the possibility of
transannular €C bonding.

The energy results shown in Table 4 show tB@twhich is
the direct result of the interaction of 'Sivith c-CgH,, is the
most stable four-membered ring structure, followe®hyvhich
has also two €&H bonds. It is also noticeable that migration of
a hydrogen atom to a silicon ator2d) results in a more stable
structure than migration to a carbon already bonded to a
hydrogen atomZ42).

The most important conclusion from the relative energy
values shown in Table 4 is that the two most stable §8i"
species are, by far, those obtained from the bonding ofvih
I-C3H» and c-GH> through an electron lone-pair (structutes
and 18).

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 structlsdies 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 porbital 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 &b there is a delocalization of two 2b
electrons of I-GH, into a second vacant 3p orbital of'Sifor
structurel8 only delocalization of one jpelectron of St into

the vacant carbon orbital of the same symmetry contributes to
the bonding. In fact, the SiC bond distance is much shorter
in 15 than in structurel8. The stability order for (SigHy)™*
isomers is in contrast with that found for the triplet @Pg)"
specie<8 In the case of the (P1,)" system, the cyclic isomer
resulting from the interaction of phosphorus ion with g=gis
lower in energy (about 8.6 kcal/mol at the PMP4 level) than
the open-chain isomer obtained from the attachmentfofoP
the end carbon of I-¢H,. P™ ions @GP ground state) can only
form a dative bond with either c48, or |-CsH, through the
carbon lone pair. Therefore, the relative energy is very close to
that found for the two hydrocarbons.
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Figure 3. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the relevant transition states involved in the
reaction of St with c-GsH,. Distances are given in angstroms and angles

in degrees.

to a symmetric stretching of the;@nit at 1231 cm (MP2) or
1216 cn1! (B3LYP).

Reaction of Si* with C3Ho. 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 iC,
production of SiG", and charge transfer

— SICH" + H(®S)
Si"(P)+ CiH,(*A) — SIC," + Hy('S,")
— SiCP)+ CH, (PA)

The possible SigH™ structures have already been discussed,
whereas the different SiC isomers have been considered in a
previous workt” 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 Siith
c-CsH». The relative energies (with respect to the reactants) of

From the values of Table 4 it is clear that the most obvious the possible products, intermediates, and relevant transition states
targets for a possible experimental detection are structifes are given in Table 5 at different levels of theory. In Figure 3,
and 18. The IR spectrum ofl5 should be dominated by the geometries of the transition states are shown, whereas the
symmetric C-C stretching which is predicted to be the most energy profile for the reaction of Si+ c-C3H, at selected levels
intense at both MP2 and B3LYP levels, and its fundamental is of theory (PMP4 and QCISD(T)) is shown in Figure 4.
estimated at 2113 cm (unscaled MP2) and 1979 cr As can be seen in Table 5 there is a very good agreement in
(B3LYP). In the case 018 the most intense band corresponds this case at all levels of theory. In fact, the PMP4 and QCISD-
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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 Sit with c-C3H»?

AZPVE
MP2 MP4 PMP4 B3LYP QCISD(T) MP2 B3LYP
Reactants
Sit + ¢-CzH, 0.0 0.0 0.0 0.0 0.0
Intermediates
18(%By) —89.9 —88.3 —88.5 —95.4 —88.6 1.36 1.53
19(°By) —74.0 —72.5 —72.8 —-76.5 —-72.3 1.65 1.72
20(?A) —66.6 —66.8 —69.6 —-715 —69.8 1.38 0.98
21(?A") —60.0 —60.2 —63.4 —67.0 —63.8 1.05 0.95
22(?A) —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 15 5.7 —5.89 —6.77
TS6 —22.8 —-21.8 —25.5 —-26.5 —-23.2 —2.26 —2.65
Products

SIGHT (7) + H —18.4 —14.4 —14.4 —-8.2 —-11.9 —-5.37 —5.57
SiGH* (1) +H 7.6 7.1 7.1 10.6 8.6 —6.06 —6.39
SiGst (A1) + Hz -1.7 -2.0 —-2.8 -0.2 -1.9 —-6.14 —6.60
SiGs" (?B2) + H; 22.7 15.1 11.0 12.8 115 —6.55 —7.45
SiHT + ¢c-GH(?By) 30.4 28.3 275 26.9 28.3 5.54 5.11
SiH + c-GH*'(*A1) 80.8 77.2 77.1 79.2 74.6 4.19 5.47

a Zero-point vibrational energy differences were obtained at the MBR6-31G* level (MP2, MP4, PMP4) or at the B3LYP/6-311G** level
(B3LYP and QCISD(T)). The imaginary frequencies for the transition states at thesM#B-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 |-C 3H»2

AZPVE
MP2 MP4 PMP4 B3LYP QCISD(T) MP2 B3LYP
Reactants
Sit + I-C3H, 0.0 0.0 0.0 0.0
Intermediates
15(°B,) —106.8 —-103.7 —109.6 —-118.4 —109.2 1.96 1.37
16(%B5) —59.1 —56.5 —62.7 —-73.0 —66.2 1.71 1.16
17?A") —26.9 —26.0 —32.8 —43.9 —38.0 2.20 0.86
Transition States
TS7CA") —14.8 —-11.6 —-24.1 —-27.1 —-19.3 —4.88 —5.47
TS8EA") 22.3 22.4 9.2 —7.3 —-0.3 1.03 —5.06
TS9CA" 2A) —24.5 —23.8 —28.6 —-51.3 —39.9 0.89 —-2.09
TS10@A") —-1.4 9.8 —3.00
TS11¢A") 229 22.8 10.3 -1.4 6.7 —-4.07 —4.92
TS12(s.0.s.p) 56.6 69.2 —6.16
Products

SiICCCH(*A) +H —-8.9 -5.2 —-5.2 -8.0 -3.3 —6.23 —5.43
SiICCCH(32) + H —15.7 —-12.5 —-19.7 —26.9 —-19.5 —6.03 —5.63
SiGH(3II) + Hy 10.2 6.8 0.8 -10.3 —6.8 —5.60 —6.42
SiHT + I-C3H(?IT) 30.0 27.7 22.2 15.4 17.1 2.95 3.93
SiH + I-C3H () 45.1 41.8 41.7 45.1 44.3 2.99 4.07

a Zero-point vibrational energy differences were obtained at the MBIR6-31G* level (MP2, MP4, PMP4) or at the B3LYP/6-311G** level
(B3LYP and QCISD(T)). The imaginary frequencies for the transition states at the-MRB-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).

(T) results are within 2 kcal/mol in most cases. It is also symmetry) is clearly endothermic at all levels of theory. The
interesting to point out that B3LYP values are very close to the channel leading to S is also slightly exothermic only for
most realiable ab initio values (the worst case being the relativeits cyclic 2A; ground state. Formation of the other low-lying
energy of19). The most important discrepancy is found for TS2, four-membered ring?B; electronic stat€) is endothermic by
since this transition state is not found at the B3LYP level (our more than 11 kcal/mol. Therefore, we will only consider the
attempts to optimize this transition state at the B3LYP level reaction channels for the production of the ground states of
led to TS6). SiCH™ and SiG™.

It is readily seen in Table 5 that production of SiC is The first step for all channels should be attachment 6ft&i
exothermic only in the case of the most stable isomer, structurec-CzH,, leading to either théB, or 2B, states, the former being
7 corresponding t&,, symmetry. Production of isomérl (Cs the preferred one. Both species may isomerize into the four-
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Figure 4. Energy profile, in kcal/mol, for the reaction of 'Sivith ¢-CsH; at the PMP4 and QCISD(T) (in parentheses) levABPVE corrections
have been included at the MP2/6-31G* and B3LYP/6-311G** levels, respectively.

membered ring20, following a nonsymmetric path which  different C-H bond distances led to the structure shown in

involves transition state TS1 Figure 3, in which the hydrogen atoms are in a quasi-linear
arrangement.
Sit + c-CH,— SiC)3H2+ (18,19 Ist SiostﬂL (20) Finally, there is another path starting fr@@ which involves

isomerization int®23 through migration of a hydrogen atom to
TS1 lies well below the reactants (about 65 kcal/mol at both Silicon, followed by elimination of hydrogen:
PMP4 and QCISD(T) levels), and therefore formatior20fis
easily obtained. All feasible mechanisms start now from this ; + TS6 o + L cicpnt
species. One possibility is direct hydrogen elimination fr2en SIGH,” (207 SIGH, (29— SIGH (N +H ()
i i +
leading to SiGH Only elimination of the hydrogen atom bonded to silicon may
. + TS2 . .+ lead to exothermic products. Path (d) is also feasible since the
SiGH," (20— SiGH" () +H (@ 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 ofSkith cyclo-
propenylidene there are three different mechanisms which lead
to cyclic SIGH™, 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 Si®&
slighly exothermic but involves a small barrier. Therefore, the

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 SiGH™ + H). In fact, the relative energies of
TS2 at the PMP4 levelH{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-GHp, path (a) is feasible under preferred channel is production of SKTF.

intrestellar conditions, The results for the reaction of Siwith vinylidenecarbene

Another possibility is isomerization @0 into 22, the isomer - h h
. ._are shown in Table 6. The geometries of the transition states
with two hydrogens bonded to the same carbon atom. This .

species may undergo hydrogen atom elimination or hydrogen 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
m-ole+cule abstraction leading, respectively, to €+ H or Figure 6.
SIG™ + Ha. 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
. 53 . 55 y B3LYP values, with differences up to 22 kcal/mol (TS9), and
SiCH," (20) — SIiCH," (22) — SiC;" (A, + H, (c) reversed signs in the relative energies (TS8, TS1, SiC&€C
Hy). Furthermore, there are two transition states, namely TS10
Whereas both TS3 and TS4 are found to lie below the and TS12, which could be obtained only at the B3LYP level,
reactants at all levels of theory, and consequently path (b) maysince our attempts at the MP2 level failed. The discrepancy
take place, TS5 is slightly higher in energy thar $i c-CsHo. between DFT and MP results can be partly ascribed to the spin
Therefore, path (c) implies a small barrier which could hinder contamination, which is very high for the HF wavefunctions of
production of cyclic Sig" through this mechanism, or at least some of the intermediates and transition states for this reaction,
favor the other channel leading to SKC". We should point whereas it is virtually negligible when density functional theory
out that all our attempts to obtain an optimized structure for is employed. Therefore, since spin contamination may severely
TS5 with two equivalent €H bond distances failed, since a affect the convergence of the MP series, the B3LYP results
second-order saddle point was always obtained. Allowing should be more reliable. For the reaction of iith the cyclic

TS3 TS4

SiCH, " (20) —> SiCH," (22 == SIC;H" (7) + H (b)
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Figure 5. MP2/6-31G* and B3LYP/6-311G** (in parentheses)
optimized geometries for the relevant transition states involved in the
reaction of St with I-C3H,. Distances are given in angstroms and angles
in degrees.

hydrocarbon, spin contamination of the HF wave functions was
much lower and in many cases virtually negligible too. We have

Redondo et al.

We have characterized both transition states, TS7 and TS8,
which are ofA" and?A’ symmetry, respectively. In both cases,
the C-H distance of the broken bond is relatively large,
especially for the?A"” 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 + I|-C3Hz, 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 just0.3 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 structures5and16 may occur. In the case of
15(°B;) migration of a hydrogen atom proceeds through
transition state TS9 (which is nonplanar at the B3LYP level)
and leads directly to the cyclic isom&B(?B;), since there is
no a stable open-chain structure similarlfg corresponding
to 2A" electronic state. Therefore, this path (g) leads to structure
18:

" +1-C;H, — SICCCH,"(°B) = SiCH," (18) (g)

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 witgHg-C
Therefore, it may finally lead to the cyclic Si8* isomer7.

Migration of a hydrogen atom in structufé(?B,) leads to
the isomerl7, which has &A" 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 struditire
is formed, hydrogen atom elimination could lead to the final
product, singlet SICCCH through transition state TS11. This

seen in that case a good agreement between DFT and ab initidPath, (h), can be summarized as follows

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+ H,, 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 &
:CCCH; through a dative bond. Two specids (°B;) and 16
(?B,), can be formed. ThéB; 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 théB; state, and to singlet SICCCHwvhen the
reaction proceeds through tRB, state:

* +1-C,H, — SICCCH,(°B,) —= SICCCH' (%) + H

Si* + I-C;H, — SicCCH,'(B,)

SICCHCH (?A") =2 SicCCHT(*A) + H (h)

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 SICCCH". We were only able to obtain at the
B3LYP level aC,,-symmetric structure for the corresponding
transition state TS12, when the reaction starts from the SiC-
CCH,™ 2B, state (structurd5). In fact, TS12 is a second-order
saddle point, since it has two imaginary frequencies. One of

(e) the associated modes corresponds to elimination,piHereas
the second one is of,lsymmetry and points to distortion of
the Cy, symmetry with two different €H distances and CCH

angles. Our attempts to obtain this transition stateCin

" +1-C;H, — SiICCCH,"(® B,) —= SICCCH' (*A) + H

()
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Figure 6. Energy profile, in kcal/mol, for the reaction of 'Sivith I-C3H; at the PMP4 and QCISD(T) (in parentheses) levABPVE corrections
have been included at the MP2/6-31G* and B3LYP/6-311G** levels, respectively.

symmetry (following the second mode with imaginary fre- relatively high proton affinities (about 230 kcal/mol for the
guency) led to transition state TS7. In the case of’Biestate cyclic ground state, 228 kcal/mol for the linear isomer, and 215
(structurel6) we were unable to obtain even a second-order kcal/mol for the four-membered ring with transannulat-Si
saddle point.We have reported the relative energies at thebonding). This means that SiCspecies should be easily
B3LYP and QCISD(T) level of TS12 (in fact a second-order protonated in interstellar media.

saddle point) in order to have at least a crude estimate of the The two most stable (SiEl,)* species are those formally

possible barrier associated to this process obtained from the bonding of Siwith vinylidenecarbene and
cyclopropenylidene through an electron lone pair, resulting in
Si* +I-C;H, — SiCCCH,"(°B,) 512 gicect (*IT) + H, structuresl5 and18, respectively. Nevertheless, the attachment
(i) of the silicon cation results in a reversed stability order, since

15 (derived from |-GHy) is predicted to lie belovi8 (obtained
Both levels predict that TS12 should lie high above the from c-GHy) by 9 keal/mol (PMP4 and QCISD(T)) or 12 keal/
reactants (56.6 and 69.2 kcal/mol at the B3LYP and QCISD- mol (B3LYP).
(T) levels, respectively). Therefore, the barrier associated to path In the case of the reaction of'Swith c-CsH, charge transfer
(i) seems high enough to discard the feasibility of this channel, is not a competitive process because of its endothermicity. On
even if our results are based on an approximation. It is also the other hand, production of SCis only slightly exothermic
expected that the activation barrier should be of the same (around—2 kcal/mol), whereas production of cyclic SKC

magnitude when structurks(?B,) is initially formed. (7) is clearly exothermic (more than 10 kcal/mol at the most
_ realiable levels of theory). Production of SiCis subject to a
Conclusions small energy barrier (ranging from 1.5 to 5.7 kcal/mol depending

A theoretical study of the (SiBl)* and (SiGH,)* species on the level of theory employed), whereas there are three

has been carried out at two different levels of theory. Geometries different mechanisms leading to cyclic SKC" which are
and vibrational frequencies for the different isomers have been Parrier-free. Therefore, the most ffvorable channel for this
obtained at the MP2/6-31G* and B3LYP/6-311G** levels. '€action is production of cyclic SiE™.
Electronic energies have been computed at the MP4/6-311G**//  For the reaction of Siwith I-CsH charge transfer is also
MP2/6-31G* and QCISD/T)/6-311G**//B3LYP/6-311G** ley-  endothermic, whereas production of linear SiCCand singlet
els. All theoretical levels, except B3LYP, predict that the global and triplet linear SICCCH is all exothermic. Five different
minimum of the (SiGH)* system is a cyclic isomer (structure Mechanisms have been explored. One of these paths connects
7), with 1A electronic state, which is derived from protonation With a cyclic structure which finally could lead to the cyclic
of the SiG ground state. On the other hand, a linear triplet state SiCH™ isomer. This seems the preferred channel for this
(structure?) is predicted to lie more than 7 kcal/mol below reaction, since it takes place through a transition state which
structure? at the B3LYP level. Since a good correlated level is lies well below those involved in the other paths. Only
usually required for analyzing the competition between cyclic Production of the triplet linear isomer, through direct hydrogen
and noncyclic structures, the ab initio results seem more reliable €limination from the lowest-lying SigH,* isomer 15, seems
than DFT ones in this case, and therefore struciiseems the ~ t0 be competitive. Production of SiCCCseems to proceed
most likely candidate to the (Sil)* ground state. through a significant barrier, whereas the singlet linear isomer
The proton affinities of the three lowest-lying isomers of §iC ~ involves small energy barriers.
have been computed. A good agreement between the PA’'s at Therefore, the main conclusion of the present work is that
different levels of theory is obtained. The three isomers have the reactions of Siwith c-CzH, and I-GH,, are feasible in the
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interstellar medium, and the preferred product should be cyclic  (7) Alberts, I. L.; Grev, R. S.; Schaefer, H. . Chem. Phys199Q
SiCzH*. Only production of the linear SICCCHsomer (inits 93 5046.

triplet ground state) seems to be competitive. Therefore, theseAstr(cfghys {gSSté 552 Mz'lcl,%r_’ T. 3. Wiodek, S.; Bohme, D. Kastron.

reactions could be possible sources of SiCspace. In addition, (9) Creasy, W. R.; O’Keefe, A.; McDonald, J. R.Phys. Chenl987,
from the comparison of B3LYP and ab initio results, it is 91, 2848.

observed that both theoretical methods are generally in relative | (10) Wlodek, S.; Fox, A.; Bohme, D. KI. Am. Chem. Sod991, 113
good agreement when spin contamination is not too high, except (ﬂ) Largo, A.; Barrientos, CJ. Phys. Chem1994 98, 3978,

in those cases where correlation effects are very important. On  (12) Thaddeus, P.; Vrtilek, J. M.; Gottlieb, C. Astrophys. J1985
the other hand, when spin contamination is significant (for 299, L63.

example in some of the intermediates and transition states -(#?agdeéﬂi;hgm \/Jr-t?”g?“\;ieskgt-r ?b;mc/;su%"fé é\q’-?g’éigia[‘ég- C.; Paubert,
involved in the reaction of S|yv!th I-C3Hy), important differ- "(14) DeFrees. D. J.: McLean. A. D\st.rophys. 11986 308, L31.
ences between DFT and ab initio results are found. (15) Jonas, V.; Bohme, M.: Frenking, G.Phys. Chenl992 96, 1640.

(16) del Ro, E.; Barrientos, C.; Largo, Al. Phys. Chem1996 100,
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