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ABSTRACT: Ethynylsilylene (HCCSiH; X1A′) has been prepared in the gas phase through
the elementary reaction of singlet dicarbon (C2) with silane (SiH4) under single-collision
conditions. Electronic structure calculations reveal a barrierless reaction pathway involving 1,1-
insertion of dicarbon into one of the silicon−hydrogen bonds followed by hydrogen migration
to form the 3-sila-methylacetylene (HCCSiH3) intermediate. The intermediate undergoes
unimolecular decomposition through molecular hydrogen loss to ethynylsilylene (HCCSiH;
Cs; X

1A′). The dicarbon−silane system defines a benchmark to explore the consequence of a
single collision between the simplest “only carbon” molecule (dicarbon) with the prototype of
a closed-shell silicon hydride (silane) yielding a nonclassical silacarbene, whose molecular
geometry and electronic structure are quite distinct from the isovalent triplet propargylene
(HCCCH; C2;

3B) carbon-counterpart. These organosilicon transients cannot be prepared
through traditional organic, synthetic methods, thus opening up a versatile path to access the
previously largely elusive class of silacarbenes.

Since the groundbreaking detection of cyclopropenylidene
(c-C3H2, X

1A1, 1), vinylidenecarbene (H2CCC, X
1A1, 2),

and propargylene (HCCCH, X3B, 3) in the laboratory and in
interstellar and circumstellar environments,1 isomers of C3H2
(1−3) and their isovalent SiC2H2 species (p1−p6) have
attracted substantial interest from the physical (organic) and
computational chemistry communities from the fundamental
points of view of chemical bonding and electronic structure
theory (Scheme 1). Singlet cyclopropenylidene (c-C3H2; 1;
C2v;

1A1) represents the global minimum of the C3H2 surface;
this isomer can be best described as a highly unsaturated
(partially) 2π-Hückel aromatic, C2v symmetric three membered
ring molecule with an apical carbene carbon. Cyclopropeny-
lidene was first detected by Reisenauer et al. in low-
temperature argon matrices at 10 K1 prior to its identification
in a helium−acetylene gas discharge2 and toward the Taurus
Molecular Clouds (TMC-1). Photon exposure at 313 nm
converts cyclopropenylidene (c-C3H2; 1; C2v;

1A1) to triplet
propargylene (HCCCH; 3; C2;

3B), which itself isomerizes to
singlet vinylidenecarbene (H2CCC; 2; C2v;

1A1).
3 The latter

was identified in a helium−acetylene discharge prior to its
observation toward TMC-1.4 The C2 symmetric triplet
propargylene (HCCCH; 3; C2;

3B) has each unpaired electron
formally localized at each terminal carbon atom.5,6 This results
in a 1,3-diradical, which is at least 53 kJ mol−1 more stable than
its a1A′ singlet state.7 Crossed molecular beam studies revealed
that cyclopropenylidene (1) together with vinylidenecarbene
(2) and/or propargylene (3) can be prepared through
elementary gas-phase reactions of methylidyne (CH(X2Π))

with acetylene (C2H2(X
1Σg

+))8 and of ground-state carbon
atoms (C(3P)) with the vinyl radical (C2H3(X

2A′)).9
The substitution of a single carbon atom by an isovalent

silicon atom leads to SiC2H2 isomers (p1−p6). In analogy to
the isovalent cyclopropenylidene (c-C3H2, X

1A1, 1), singlet 1-
silacyclopropenylidene (c-SiC2H2; p1; C2v;

1A1) represents the
global minimum on the SiC2H2 surface.10 Maier et al.
generated 4 by pulsed flash pyrolysis of 2-ethynyl-1,1,1-
trimethyldisilane and trapping in argon matrix at 10 K.11 These
authors also revealed that co-condensation of atomic silicon
and acetylene in an argon matrix leads to addition of silicon to
the carbon−carbon triple bond andafter inter system
crossing (ISC)to 1-silacyclopropenylidene (c-SiC2H2; p1;
C2v;

1A1).
12 Izuha et al. recorded the rotational spectrum of p1

after discharging a mixture of silane (SiH4), acetylene (C2H2),
and helium.13 Photolysis of p1 in an argon matrix leads to the
higher energy isomers ethynylsilylene (HCCSiH; p3; Cs;

1A′),
vinylidenesilanediyl (SiCCH2; p2; C2v;

1A1), and silacyclopro-
pyne (c-CCSiH2; p5; C2v;

1A1).
11 Among these higher-energy

isomers, only singlet vinylidenesilanediyl (SiCCH2; p2; C2v;
1A1) was characterized via Fourier transform microwave
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spectroscopy.14 It is important to note that the carbon
analogue of p5the singlet cyclopropyne molecule c-
CCCH2 (X1A1)is a saddle point; triplet cyclopropyne

(a3B2), however, was found to be a local minimum.15 This
reveals that a replacement of a single carbon by an isovalent
silicon atom leads to molecules such as silacyclopropyne (c-

Scheme 1. Molecular Structures, Electronic Ground State Wave Functions, Point Groups, and the Relative Energies of C3H2
(1−3) and SiC2H2 (p1−p6) Isomersa

aEnergies are shown in kJ mol−1.

Figure 1. (a) Time-of-flight (TOF) spectra recorded at m/z = 54 (C2SiH2
+) for reaction of dicarbon (C2; X

1Σg
+/a3Πu) with silane (SiH4; X

1A1).
The open circles are experimental data; the quasiclassical theory (QCT)-based fit is shown in blue, and the fit resulting from the “best fit” center-of-
mass translational energy distribution is shown in red. (b) Laboratory angular distribution obtained at m/z = 54 (C2SiH2

+) from the reaction of
dicarbon (C2;X

1Σg
+/a3Πu) with silane (SiH4; X

1A1). The circles are experimental data; the QCT-based fit is shown in blue, and the fit resulting
from the “best fit” center-of-mass translational energy distribution is shown in red.
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CCSiH2; p5; C2v;
1A1), whose carbon analogue does not

exist.11 Considering the complexity of a directed gas-phase
synthesis under single-collision conditions, which so far has led
only to the preparation of silacyclopropenylidene (c-SiC2H2;
p1; C2v;

1A1),
16 and the short lifetimes of these transient

species under “bulk” conditions, free silacarbenes 1-silacyclo-
propenylidene (p1), vinylidenesilanediyl (p2), ethynylsilylene
(p3), ethynylisilylene (p4), silacyclopropyne (p5), and
silavinylidenecarbene (p6) exemplify one of the most obscured
classes of organic transient molecules.
Herein, we present a peek into the unknown gas-phase

chemistry of ethynylsilylene (HCCSiH; p3; Cs;
1A′), the

isovalent counterpart of triplet propargylene (HCCCH; 3; C2;
3B). This is achieved by preparing ethynylsilylene under single-
collision conditions via the bimolecular reaction of singlet
dicarbon (C2) with silane (SiH4) employing the crossed
molecular beams method and merging the experiments with
electronic structure calculations and dynamics simulations. An
investigation at the most fundamental, microscopic level
reveals new insights into the reaction mechanisms and inherent
chemical dynamics through which highly reactive organosilicon
molecules such as ethynylsilylene (HCCSiH; p3) are
synthesized in the gas phase. Besides the physical organic
chemistry viewpoint of understanding structure, reactivity, and
bond-breaking processes, the dicarbon−silane system is also
attractive from the astrophysical viewpoint to elucidate
fundamental reaction pathways to silacarbenes, which so far
have eluded detection in interstellar and carbon-rich circum-
stellar environments although the dicarbon and silane reactants
are omnipresent in carbon-rich envelopes such as of the
carbon-star IRC+10216. Our approach reveals previously
obscure gas-phase chemistry that directly accesses a fascinating
class of highly unsaturated silacarbenes under controlled
conditions: ethynylsilylene (HCCSiH; p3).
The crossed molecular beams studies were carried out at a

collision energy of 22.0 ± 0.3 kJ mol−1.17 Dicarbon was
produced by photodissociation of tetrachloroethylene (C2Cl4,
Sigma-Aldrich, 99.9%) at 248 nm seeded in helium (99.9999%;
AirGas) at levels of 1.4% at 300 K.18 Singlet and triplet C2 was
detected by laser-induced fluorescence.19 The supersonic beam
of dicarbon (C2; X1Σ+

g/a
3Πu; 24 amu) crossed a beam of

silane (SiH4; X
1A1; 32 amu) perpendicularly in the interaction

region of the scattering chamber (Methods; Table S1). A triply
differentially pumped quadrupole mass spectrometer (QMS)
operated at 10−11 Torr in conjunction with an electron impact
ionizer (80 eV; 2 mA) was then exploited to record time-of-
flight spectra (TOF) and the product angular distribution of
the reactively scattered products in the scattering plane at mass
to charge ratios (m/z) from m/z = 56 (C2H4Si

+) to 52
(C2Si

+). It should be noted that the TOF mode does not
record a traditional mass spectrum; the TOF mode records the
flight time of the neutral molecule from the collision center to
the detector, after ionization of the neutral product, at a well-
defined mass-to-charge (m/z) ratio. TOF spectra at different
m/z ratios can be collected by selecting a particular m/z ratio
using the QMS and recording the TOF for each m/z setting
independently.15

Reactive scattering signal was detected from m/z = 54 to 52;
after scaling, the TOF spectra recorded from m/z = 54 to 52
were superimposable. The scattering signal decreased from m/
z = 54 via m/z = 53 to m/z = 52. Reactive scattering signal was
therefore collected at m/z = 54 (C2H2

28Si+) (Figure 1), but
not at m/z = 53 and 52, which result from dissociative electron

impact ionization of the neutral parent. These data propose the
existence of a single reaction channel leading to C2H2

28Si
isomer(s) (54 amu) (hereafter: C2H2Si) along with molecular
hydrogen (2 amu). Neither adducts (C2H4

28Si; 56 amu) nor
the atomic hydrogen loss pathway forming C2H3Si isomer(s)
(55 amu) were observable. Accounting for the signal at m/z =
54 and for the natural isotope abundances of silicon of
30Si(3.1%), 29Si(4.67%), and 28Si(92.23%), the signal for m/z
= 55 (C2H2

29Si+) and m/z = 56 (C2H2
30Si+) is below the

detection limit. The laboratory angular distribution is very
broad and spread over at least 55° in the scattering plane,
indicating a substantial energy release into the translational
degrees of freedom of the products. Furthermore, the nearly
forward−backward symmetry of the laboratory angular
distribution implies indirect scattering dynamics involving
metastable C2H4Si collision complex(es).
To obtain fundamental information on the underlying

reaction mechanisms leading to C2H2Si isomer(s), the
laboratory data were fit with a forward-convolution routine
eventually providing an angular flux distribution, T(θ), and a
translational-energy flux distribution, P(ET), in the center-of-
mass reference frame (Figure 2). The laboratory data could be

replicated with a single-channel fit leading to the formation of
C2H2Si (54 amu) isomers plus molecular hydrogen (2 amu).
The center-of-mass translational energy distribution, P(ET),
displays a high-energy cutoff of 270 ± 20 kJ mol−1. Under
favorable circumstances, for molecules formed without internal
excitation, the high-energy cutoff is the sum of the reaction
exoergicity plus the collision energy. In this limit, a subtraction
of the collision energy would suggest that the reaction is
exoergic by 248 ± 20 kJ mol−1. Further, the P(ET) peaks away
from zero translational energy, revealing a broad plateau from
30 to 70 kJ mol−1; this finding would be consistent with a tight

Figure 2. Center-of-mass translational energy (a) and angular (b) flux
distributions for the formation of C2SiH2 isomers plus molecular
hydrogen via the reaction of dicarbon (C2; X

1Σg
+/a3Πu) with silane

(SiH4; X
1A1). The hatched areas define regions of acceptable fits. In

panel a, the center-of-mass translational energy distribution obtained
by QCT calculations is provided in blue.
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exit transition state and hence significant electron reorganiza-
tion upon decomposition of the C2H4Si intermediate(s) upon
molecular hydrogen loss. In addition, the center-of-mass
angular distribution, T(θ), exhibits flux over the complete
angular range from 0° to 180°. This finding is indicative of
indirect (complex forming) dynamics involving C2H4Si
intermediate(s), whose lifetime(s) is/are longer than the(ir)
rotational period(s).
For complex poly atomic systems, it is beneficial to combine

crossed molecular beam studies with electronic structure
calculations (Figure 3). These calculations (Methods) predict
the overall reaction energies and barriers to an accuracy of
about 5 kJ mol−1.20 Our computations revealed the existence of
six C2H2Si isomers (p1−p6) formed in reactions that are
overall exoergic by between 486 ± 5 and 263 ± 5 kJ mol−1.
The relative stabilities of these isomers correlate well with
previous computational studies by Mebel et al., Ghambarian et
al., Talbi, Schaefer et al., and Thorwirth et al.21−26 Our
computations suggest that for singlet dicarbon, the reaction is
initiated by a defacto barrierless insertion of the singlet
dicarbon molecule into one of the four silicon−hydrogen
bonds of silane leading to singlet 3-sila-methylacetylene
(HCCSiH3; [i1]) (Figure 4). This C3v symmetric intermediate
is the global minimum on the singlet C2H4Si potential energy
surface. The pathway from the reactants to 3-sila-methyl-
acetylene (HCCSiH3; [i1]) is downhill by more than 600 kJ
mol−1 and overall barrierless. Two mechanisms to reach this
intermediate, potentially depending on the starting config-

uration, seem possible. First, as observed in both ab initio
dynamics trajectories and geometry optimizations, 1,1-
dicarbon insertion occurs into one of the four chemically
equivalent Si−H bonds in conjunction with rapid hydrogen
migration (Figure 4a). Second, some trajectories also show
initial hydrogen abstraction, yielding an ethynyl radical (CCH)
and a silyl radical (SiH3) immediately followed by recombi-
nation of the radical fragments to (HCCSiH3; [i1]) (Figure
4b); this pathway suggests the possibility of a roaming
mechanism. Starting from [i1], multiple isomerization path-
ways access sila-cyclopropene (c-C2SiH4; [i2]), 1-sila-2-
methylvinylidene (SiCH(CH3); [i3]), 3-sila-vinylcarbene
(C2H3SiH; [i4]), and 1-sila-allene (H2CCSiH2; [i5]) involving
hydrogen shifts along with ring closure/opening through
transition states located well below the energy of the separated
reactants. The computations also reveal eight unimolecular
decomposition pathways to the reaction products (p1−p6)
with overall tight exit transition states located between 38 and
93 kJmol−1 above the initially formed products. While no
pathway to p4 was found from the intermediates, p4 can be
accessed in principle via isomerization of p3 and/or p5 (Figure
S2). On the triplet surface, our computations show that the
most stable C2H4Si intermediates are over 150 kJ mol−1 higher
in energy than [i5]; the reactions will therefore cross over to
the singlet surface if possible. The singlet−triplet gap during a
typical ab initio trajectory of the silane−triplet dicarbon
reaction becomes negligible as the dicarbon molecule nears
silane, providing an avenue for the triplet reactants to cross

Figure 3. Potential energy surfaces (PESs) (in kJ mol−1) for the reactions of singlet dicarbon with silane along with electronic ground-state
symmetries and point groups of intermediates and products. The lowest-energy pathway from reactants to products is in bold. Atoms are color
coded in white (hydrogen), purple (silicon), and black (carbon). Structures and vibrational frequencies are provided for the reactants,
intermediates, transition states, and products in the Supporting Information (Table S2).
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over to the singlet surface via spin−orbit coupling. Only singlet
intermediates are therefore predicted.
Under normal circumstances, a comparison of the

experimentally derived reaction energy of 248 ± 20 kJ mol−1

with the computed reaction energies leading to the products
p1−p6 would reveal the nature of the (dominant) reaction
channel. In the present situation, however, the present reaction
is more complex. Based on the experimental findings, this
procedure would suggest the formation of silavinylidenecar-

bene (H2SiCC; p6; X
1A1). This product can be accessed via

unimolecular decomposition of 1-sila-allene (H2CCSiH2;
[i5]), which in turn is accessible from singlet 3-sila-
methylacetylene (HCCSiH3; [i1]) via hydrogen migration
(pathway 1) and also through the isomerization sequence [i1]
→ [i2] → [i4] → [i5] (pathway 2). However, considering the
energies of the transition states for pathways 1 and 2 of 174 kJ
mol−1 and up to 236 kJ mol−1, respectively, the unimolecular
decomposition of 3-sila-methylacetylene (HCCSiH3; [i1]) to

Figure 4. Snapshots along the reaction coordinate for (a) an initial barrierless 1,1-insertion of singlet dicarbon into a silicon−hydrogen bond of
silane followed by hydrogen migration leading to the 3-sila-methylacetylene (HCCSiH3) intermediate [i1] and (b) a hydrogen abstraction leading
to the ethynyl and silyl radical pair followed by radical−radical recombination to 3-sila-methylacetylene (HCCSiH3) intermediate [i1].
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ethynylsilylene (HCCSiH; p3) via an exit transition state
located only 38 kJ mol−1 above the final products should be
preferred. Because all four hydrogen atoms in silane are
chemically equivalent, it is not feasible to conduct crossed
beam experiments with partially deuterated reactants to trace
the lost hydrogen(s) and/or deuterium(s).27 One possible
explanation to converge the aforementioned finding is that
ethynylsilylene (HCCSiH; p3) does form in the crossed beam
reaction, but the products are highly internally (rovibration-
ally) excited so that less than the experimentally derived
reaction energy is released into the translational degrees of
freedom of the final products. This in turn would result in a
P(ET) with a lower maximum translational energy than
expected based on the computational predictions. The
products can further isomerize because of an abundance of
rovibrational energy and relatively low barriers between
products; this of course will not affect the product translational
energy however.
To test this hypothesis, we conducted Rice−Ramsperger−

Kassel−Marcus (RRKM) calculations and carried out
quasiclassical trajectory calculations (QCT) (Methods).
RRKM theory assumes complete randomization of the
available energy. Starting from the initial collision complex 3-
sila-methylacetylene (HCCSiH3; [i1]), the RRKM treatment
at a collision energy of 22 kJmol−1 predicts a predominant
formation of ethynylsilylene (HCCSiH; p3; 90%) and
vinylidenesilanediyl (SiCCH2; p2; 8%) with only minor
contributions of the remaining isomers of 2% (Supporting
Information). These initially formed products can further
isomerize; however, RRKM theory predicts that substantial
fractions of p3 exceeding 55% will remain after 1 ns even with
the maximum possible product internal energy (Supporting
Information). Hereafter, quasiclassical trajectory (QCT)
calculations were carried out (Methods; Supporting Informa-
tion). These calculations bridge the dynamics experiments and
the theoretical understanding of the reaction and also provide
theoretically predicted center-of-mass translational energy
distributions (P(ET)) (Figure 2); these predicted distributions
can be exploited then to fit the experimental data (Figure 1).
The QCT calculations were launched from the transition
states, as the hot intermediates are too long-lived to study on a
reasonable QCT time scale; trajectories run for 2.5 ps from the
hot intermediates showed no reaction. The dynamics studies
leading to ethynylsilylene (HCCSiH; p3) predict a center-of-
mass translational energy distribution with a high-energy cutoff
of 250 ± 20 kJ mol−1. Within the error limits, this data
correlates nicely with the best fit center-of-mass functions
based on our experimental data of 270 ± 20 kJ mol−1 (Figure
2). Therefore, we can conclude that the QCT treatment of the
trajectories to ethynylsilylene (HCCSiH; p3) suggests that
ethynylsilylene (HCCSiH; p3) is formed highly rovibrationally
excited. This internal energy in turn results in a P(ET) with a
maximum translational energy well below the computed
reaction energy of 405 ± 5 kJ mol−1. Nevertheless, the
distribution maximum of the predicted P(ET) is shifted by
about 25 kJ mol−1 to higher energies. This might be caused by
leakage of zero-point energy (explicitly considered in quasi-
classical dynamics) into other modes, leading to greater peak
translational energies of the products than expected.
Essentially, this shift results in simulated TOF spectra which
are slightly faster than recorded experimentally; likewise, this
excess energy is reflected in a much broader laboratory angular
distribution than determined experimentally (Figure 1).

Nevertheless, despite this open issue, RRKM studies, QCT
calculations, and the experiments can be reconciled with the
formation of highly rovibrationally excited ethynylsilylene
(HCCSiH; p3) along with molecular hydrogen in an overall
exoergic and entrance barrierless bimolecular reaction.
From the viewpoint of electronic structure and chemical

bonding, it is educational to compare singlet ethynylsilylene
(HCCSiH; X1A′) with triplet propargylene (HCCCH; X3B)
(Scheme 2). The replacement of a carbon atom by an isovalent

silicon atom first changes the geometry from C2 to Cs and the
multiplicity from a triplet to a singlet. This dramatic switch can
be best rationalized by defining triplet propargylene as a 1,3-
diradical with parallel spin, but with singlet ethynylsilylene as a
silacarbene with both electrons paired and localized at the
silicon atom. This agrees with previous theoretical studies
showing silicon tends to avoid multiple bonds, instead
preferring to localize nonbonding electrons onto the silicon
atom.28 This is clearly seen through the geometries of
propargylene and ethynylsilyene. Propargylene has two C−C
bonds with length 1.27 Åsomewhere between the length of a
typical double and triple bond; the substitution of one carbon
for a silicon in ethynylsilylene leads to a Si−C bond length of
1.84 Å, more consistent with a single bond. The H−Si−C
bond angle of 93.2° in ethynylsilylene compared to 162.0° in
propargylene shows that the lone pair on the silicon resides in
an atomic orbital with a large amount of s character while the
unpaired electrons in propargylene reside in p orbitals; this is
consistent with previous studies of silicon-containing com-
pounds, where the behavior is attributed to the inert pair
effect.28−30

To conclude, our study utilizing crossed molecular beam
experiments combined with statistical and quasi classical
trajectory analysis of the gas-phase reaction of singlet and
triplet dicarbon with silane affords persuasive evidence for the
very first directed gas-phase preparation of the Cs symmetric
singlet ethynylsilylene (HCCSiH; p3; 1A′). The reaction of
singlet dicarbon is initiated by a barrierless insertion of
dicarbon into the silicon−hydrogen bond of silane leading
effectively via 1,2-insertion to the singlet 3-sila-methylacetylene
(HCCSiH3; [i1]) collision complex. Alternatively, dicarbon
may abstract a hydrogen yielding an ethynyl radical (CCH)
and a silyl radical (SiH3) followed by either rapid
recombination or possibly a delayed roaming mediated
reaction of the radical fragments to 3-sila-methylacetylene.
Triplet dicarbon ends up at the same intermediate through
spin−orbit coupling between the triplet and singlet surfaces.
This intermediate then undergoes predominantly unimolecular
decomposition via molecular hydrogen loss to highly rovibra-
tionally excited singlet ethynylsilylene (HCCSiH; p3; 1A′).
The initial insertion of dicarbon to form a bound 3-sila-

Scheme 2. Molecular Structures of Triplet Propargylene
(HCCCH; X3B) Computed by Stanton and McMahon et
al.31 and Singlet Ethynylsilylene (HCCSiH; X1A′)
Computed via DFT (Methods)a

aBond angles are presented in degrees, and bond lengths are provided
in Angstroms.
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methylacetylene (HCCSiH3; [i1]) intermediate essentially
bypasses the traditionally “expected” route via singlet
silylcarbene (CCH(SiH3)) through 1,1-insertion, which was
revealed not to be a local minimum. This insertion process is in
strong contrast to the isovalent dicarbon−methane system, in
which dicarbon inserts through 1,1-insertion with only one
carbon atom yielding a bound singlet methylcarbene (CCH-
(CH3)) intermediate, which reacts via hydrogen migration to
singlet methylacetylene (HCCCH3; X

1A1).
32 This defines the

dicarbon−silane system as a prototype of a novel, exotic
insertion mechanism through carbon−silicon bond formation
eventually leading to highly unsaturated singlet ethynylsilylene
(HCCSiH; p3; 1A′), thus clarifying our understanding of
reactivity, molecular structure, and the dynamics of silicon-
containing reaction mechanisms. The facile preparation and
identification of gas-phase singlet ethynylsilylene (HCCSiH;
p3; 1A′) also has significant implications for the chemistry in
circumstellar environments of carbon-rich asymptotic giant
branch (AGB) stars such as IRC+10216. The astronomical
detection of silicon carbides (SiC, c-SiC2, c-SiC3, and SiC4)

33

along with silane (SiH4)
34 and methylsilane (CH3SiH3)

35

toward IRC+10216 documents a striking gas-phase chemistry,
whose initial silicon−carbon bond formation mechanisms are
only beginning to emerge.36 The prospective identification of
hydrogenated silicon−carbon clusters such as singlet ethynyl-
silylene via rotational spectroscopy exploiting the Atacama
Large Millimeter/submillimeter Array would exploit circum-
stellar envelopes as natural laboratories for an exotic silicon−
carbon chemistry under extreme conditions. This would
provide an opportunity to identify fundamental elementary
reactions leading to silicon−carbon bond formation in deep
space by guiding astronomical observations with both
laboratory experiments under single-collision conditions and
theoretical investigations.

■ METHODS
Experimental Methods. The elementary reaction of dicarbon
(C2; X

1Σ+
g/a

3Πu) with silane (SiH4; X
1A1) was explored in the

gas phase under single-collision conditions in a crossed
molecular beams machine.17 A pulsed molecular beam of
dicarbon, prepared via photodissociation of tetrachloro-
ethylene (C2Cl4, Sigma-Aldrich, 99.9%) at 248 nm seeded in
helium (99.9999%; AirGas) at levels of 1.4% at 300 K, passed
through a stainless-steel skimmer. A four-slot chopper wheel
was then used to select well-defined speed ratio (S) and peak
velocity (υp) of the dicarbon beam (Table S1), which was then
crossed with a pulsed silane beam (99.9997%; Linde) in the
interaction region of the scattering chamber. This resulted in a
collision energy (Ecol) of 22.0 ± 0.3 kJ mol−1 and a center-of-
mass (CM) angle of 35.5 ± 0.4○. After electron-impact
ionization of the reactively scattered products, a triply
differentially pumped quadrupole mass spectrometer (QMS)
using the time-of-flight (TOF) mode was exploited to select
ions with a specific mass-to-charge ratio (m/z); these ions were
then accelerated toward a stainless-steel target coated with a
thin layer of aluminum. This triggered an electron cascade,
which utilized an organic scintillator to generate a photon
pulse; the latter was then detected by a photomultiplier tube
(PMT). The product angular distribution in the laboratory
frame (LAB) was obtained by integrating and normalizing the
time-of-flight spectra. A forward-convolution routine was then
used to convert data from the LAB frame to the CM frame by
choosing a product translational energy distribution (P(ET))

and angular distribution (T(θ)) in the CM frame that
reproduced the TOF spectra and angular distribution in the
LAB frame.
Theoretical Methods. The reactant, intermediate, and product

structures were obtained via geometry optimization using the
ωB97M-V37 density functional along with the def2-tzvpd basis
set.38,39 Frequency calculations confirmed no imaginary
frequencies for all structures. A transition-state search starting
from a guess obtained via the freezing string method was used
to obtain transition-state structures, once again using the
ωB97M-V functional along with the def2-tzvpd basis set.
Frequency calculations confirmed a single imaginary frequency
for each transition-state structure. Single-point scaled third-
order Møller−Plesset theory using DFT orbitals
(sMP3:ωB97M-V)40 and coupled cluster theory with single,
double, and perturbative triple excitations (CCSD(T))41 were
then performed on all structures using the aug-cc-pVXZ family
of basis sets42−44 to obtain high-accuracy energies in the
complete basis set limit. Frozen core (FC) corrections were
computed using the aug-cc-pCVTZ family of basis sets.45 The
final energies are computed using the formula

= ω ‐ ‐ ‐

+ ω ‐

+ ‐ ‐

− ω ‐ ‐ ‐

+ ω ‐ ‐ ‐

E E

E

E

E s

E
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where the complete basis set extrapolation for MP3:ωB97M-V
is given by
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corr
3,4

corr

corr

corr
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The energy of the C2 molecule was computed by calculating
the computationally simpler triplet state, then correcting with
an experimental singlet−triplet gap (8.57 kJ mol−1).46

QCT trajectories were run starting from the transition-state
geometries, as the intermediate structures are too long-lived to
study via ab initio molecular dynamics. Only the i1 → p3, i4
→ p1, and i4 → p2 transition states were considered, as these
accounted for the vast majority of products according to
RRKM theory. Excess energy at each geometry was distributed
randomly among the real modes of the transition states. 200
trajectories for each transition state were run for 240 fs, in
which time all trajectories fell to either intermediates or
products. All trajectories were run with the ωB97X-D3
functional47 and the def2-sv(p) basis set. All computations
were run with the Q-Chem suite of electronic structure
programs.48
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Cordoba, E.; Rana, B.; Rask, A. E.; Rettig, A.; Richard, R. M.; Rob, F.;
Rossomme, E.; Scheele, T.; Scheurer, M.; Schneider, M.; Sergueev,
N.; Sharada, S. M.; Skomorowski, W.; Small, D. W.; Stein, C. J.; Su,
Y.-C.; Sundstrom, E. J.; Tao, Z.; Thirman, J.; Tornai, G. J.;
Tsuchimochi, T.; Tubman, N. M.; Veccham, S. P.; Vydrov, O.;
Wenzel, J.; Witte, J.; Yamada, A.; Yao, K.; Yeganeh, S.; Yost, S. R.;
Zech, A.; Zhang, I. Y.; Zhang, X.; Zhang, Y.; Zuev, D.; Aspuru-Guzik,
A.; Bell, A. T.; Besley, N. A.; Bravaya, K. B.; Brooks, B. R.; Casanova,
D.; Chai, J.-D.; Coriani, S.; Cramer, C. J.; Cserey, G.; DePrince, A. E.;
DiStasio, R. A.; Dreuw, A.; Dunietz, B. D.; Furlani, T. R.; Goddard,
W. A.; Hammes-Schiffer, S.; Head-Gordon, T.; Hehre, W. J.; Hsu, C.-
P.; Jagau, T.-C.; Jung, Y.; Klamt, A.; Kong, J.; Lambrecht, D. S.; Liang,
W.; Mayhall, N. J.; McCurdy, C. W.; Neaton, J. B.; Ochsenfeld, C.;
Parkhill, J. A.; Peverati, R.; Rassolov, V. A.; Shao, Y.; Slipchenko, L.
V.; Stauch, T.; Steele, R. P.; Subotnik, J. E.; Thom, A. J. W.;
Tkatchenko, A.; Truhlar, D. G.; Van Voorhis, T.; Wesolowski, T. A.;
Whaley, K. B.; Woodcock, H. L.; Zimmerman, P. M.; Faraji, S.; Gill,
P. M. W.; Head-Gordon, M.; Herbert, J. M.; Krylov, A. I. Software for
the Frontiers of Quantum Chemistry: An Overview of Developments
in the Q-Chem 5 Package. J. Chem. Phys. 2021, 155 (8), 084801.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.1c03036
J. Phys. Chem. Lett. 2021, 12, 10768−10776

10776

https://doi.org/10.1063/1.1330233
https://doi.org/10.1063/1.1330233
https://doi.org/10.1021/ja00262a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00262a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00262a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00068a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00068a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/kin.550130508
https://doi.org/10.1002/kin.550130508
https://doi.org/10.1002/kin.550130508
https://doi.org/10.1021/ja9638869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(94)01426-V
https://doi.org/10.1016/0009-2614(94)01426-V
https://doi.org/10.1016/0009-2614(94)01426-V
https://doi.org/10.1086/184330
https://doi.org/10.1086/184330
https://doi.org/10.1086/184330
https://doi.org/10.1086/184255
https://doi.org/10.1088/2041-8205/806/1/L3
https://doi.org/10.1088/2041-8205/806/1/L3
https://doi.org/10.1088/2041-8205/806/1/L3
https://doi.org/10.3847/2041-8213/abde36
https://doi.org/10.3847/2041-8213/abde36
https://doi.org/10.3847/2041-8213/abde36
https://doi.org/10.3847/2041-8213/abde36
https://doi.org/10.3847/2041-8213/abde36
https://doi.org/10.1063/1.4952647
https://doi.org/10.1063/1.4952647
https://doi.org/10.1063/1.4952647
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.3484283
https://doi.org/10.1063/1.3484283
https://doi.org/10.1021/acs.jctc.0c00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2614(89)87395-6
https://doi.org/10.1016/S0009-2614(89)87395-6
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.470645
https://doi.org/10.1063/1.470645
https://doi.org/10.1063/1.470645
https://doi.org/10.1021/ct300715s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300715s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300715s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0055522
https://doi.org/10.1063/5.0055522
https://doi.org/10.1063/5.0055522
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c03036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

