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Gas-phase preparation of silylacetylene (SiH;CCH)
through a counterintuitive ethynyl radical

(C5H) insertion

Shane J. Goettl't, Allen Vincent't, Mateus X. Silva’t, Zhenghai Yang', Breno R. L. Galvao®*,

Rui Sun'*, Ralf I. Kaiser'*

Elementary reaction mechanisms constitute a fundamental infrastructure for chemical processes as a whole. How-
ever, while these mechanisms are well understood for second-period elements, involving those of the third period
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and beyond can introduce unorthodox reactivity. Combining crossed molecular beam experiments with electronic
structure calculations and molecular dynamics simulations, we provide compelling evidence on an exotic inser-
tion of an unsaturated sigma doublet radical into a silicon-hydrogen bond as observed in the barrierless gas-phase
reaction of the D1-ethynyl radical (C;D) with silane (SiH,4). This pathway, which leads to the D1-silylacetylene
(SiH3CCD) product via atomic hydrogen loss, challenges the prerequisite and fundamental concept that two reac-
tive electrons and an empty orbital are required for the open shell, unsaturated radical reactant to insert into a

single bond.

INTRODUCTION

Since the discovery of the very first organic free radical, triphenyl-
methyl ['C(Ce¢Hs)3], by Gomberg in 1900 (1), crossed molecular
beam experiments (2-11) advanced our fundamental understand-
ing of the chemical dynamics of elementary reactions of prototype
organic radicals such as methylidyne (CH, X?IT) (12) and ethynyl
(C,H, X2 (13) involving abstraction [1], addition [2], and inser-
tion [3] mechanisms on the molecular level (Fig. 1). The unique
electronic structure of a doubly occupied, carbene-type sp orbital
along with the singly occupied p, and empty p, orbitals of methyli-
dyne (14) facilitates an abstraction of, e.g., atomic hydrogen (1), an
addition pathway to, for instance, unsaturated carbon-carbon bonds
(2), and an insertion into carbon-hydrogen single bonds (3). These
pathways involve either direct reactions (abstraction) (15, 16) or
comprise indirect reaction dynamics through formation of reactive
intermediates containing sp>- and/or sp>-hybridized carbon atoms.
However, reactions of the ethynyl radical, where the radical center
is essentially localized in the sp orbital (17), have been constrained
only to hydrogen abstraction (4) and addition to unsaturated bonds
of, e.g., olefins and acetylenes (5) (Fig. 1). The lack of an insertion
pathway of the ethynyl radical into single bonds, e.g., carbon-hydrogen,
has been attributed to the prerequisite that two electrons and an
empty orbital (or an orbital that is easily emptied during interaction
of the reactants) are required for the attacking reactant (X) so that
two new single bonds (E—X and X—H) can be formed yielding the
E—X—H moiety upon insertion into the single bond (E—H) of the
other reactant (6) (18-20). These elementary gas-phase reactions
signify vital prototypes that may proficiently increase the struc-
tural complexity of organic molecules often involving highly un-
saturated, short-lived transient species such as homologous series
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of electron-deficient carbenes carrying divalent carbon atoms (21-24)
with fundamental roles in preparative organic chemistry (25) and in
chemical synthesis on the industrial scale (26).

Whereas the dynamics of these elementary reactions along with
fundamental molecular mass growth processes up to, e.g., polycyclic
aromatic hydrocarbons (27-29) through carbon-carbon bond cou-
pling have been unraveled at the molecular level in impressive de-
tail, the knowledge of abstraction [1], addition [2], and insertion
[3] mechanisms involving closed-shell reactants carrying atoms of
the third row, such as silicon, at the most fundamental, atomistic
level has just scratched the surface. Recent crossed molecular beam
studies of the gas-phase reactions of the cyano (CN, X*Z") (30) and
phenyl (C¢Hs, X2A;) (31) radicals with silane (SiH,) revealed, in ad-
dition to the expected hydrogen abstraction pathways (7) and (8),
a facile radical substitution (Sg) mechanism via penta-coordinated
silicon atoms involving Walden inversion (32) with a nearly collin-
ear geometry of the attacking radical reactant and the leaving hy-
drogen [(9) and (10)]. Although these reactions have shaped our
fundamental understanding in chemical synthesis (33) and in phys-
ical organic chemistry from the viewpoint of chemical bonding and
molecular structure theory (34), especially for substituting func-
tional groups (35) and facilitating carbon-silicon bond couplings
(36, 37), insertion pathways of ethynyl (C,H, X22") radicals into
single bonds carrying third row atoms such as the silicon-hydrogen
moiety have been classified as “nonexistent” until now.

‘CN+SiHy — HCN+'SiH3 (7)

.C6H5+SiH4 - C6H6+.SiH3 (8)

‘CN+SiH, — SiH3CN+H (9)

‘CeH5+SiH, — C¢HsSiH3+"H (10)

Here, crossed molecular beam experiments of the D1-ethynyl
radical (C,D, X*= 1) with silane (SiHy, X'A,) merged with electronic
structure calculations and quasi-classical trajectory (QCT) simula-
tions grant a unique glance of the unconventional reaction dynam-
ics in the gas-phase preparation of the D1-silylacetylene molecule
(SiH3CCD, X'A)) plus atomic hydrogen. Because the D1-ethynyl
radical features no empty orbitals and silane is a closed-shell mole-
cule with no double/triple bonds or electron lone pairs, only direct
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Fig. 1. Elementary reaction mechanisms. Schematic representation of the reactions of methylidyne (CH) and ethynyl (CCH) radicals with ethylene (C;H,) showcasing the
abstraction [1], addition [2], and insertion [3] pathways, leading to products (reactions 1 and 4) or the initial collision complex (reactions 2, 3, and 5). The methylidyne
moiety is highlighted in red and the ethynyl moiety is highlighted in blue. Reaction 6 refers to a general insertion mechanism.

reaction mechanisms are expected; however, as is detailed herein,
this is unexpectedly not the case. The ethynyl-silane system can be
classified as a prototype reaction with an unusual reactivity com-
pared to the isovalent carbon system [methane (CHy,), X'A,], where
only the hydrogen abstraction mechanism to D1-acetylene plus the
methyl radical is open (38), exposing that isovalent systems such as
C,D-SiHy versus C,D-CHjy have distinct chemical reactivities. The
combination of crossed molecular beam experiments with electronic
structure calculations and QCT simulations as presented here affords
fundamental reaction mechanisms and promotes intimate knowl-
edge of bond-breaking and isomerization processes of highly reac-
tive organometallic radical intermediates. The close match between
experimental chemical dynamics studies and the conclusions from
QCT simulations reveals that molecular beam studies merged with
dynamics simulations have progressed to such a level that poly-
atomic reactions can be untangled at the molecular level, thus offer-
ing a unified picture of the underlying gas-phase chemistry and
chemical bonding of isovalent systems involving silicon under single-
collision conditions in the gas phase.

RESULTS

Laboratory reference frame

The bimolecular gas-phase reaction of D1-ethynyl radicals (C,D, X*Z*)
with silane (SiH4, X'A;) was conducted under single-collision con-
ditions exploiting a crossed molecular beams machine (Materials and
Methods). Time-of-flight (TOF) spectra were recorded at distinct mass/
charge ratios (m/z) of 57 (**8i2C,H;D™, »8i*C,H, D™, 8i2C,H; ",
8i'“C,HD", and **$i*C*CH,D"), 56 (**Si"*C,H,D", **Si"*C,H, ",

Goettl et al., Sci. Adv. 10, eadq5018 (2024) 15 November 2024

29612, HD*, 28i'2C,H5+, 8i12C,D*, 8i12C,H,*, 2si*C12CHD*,
and **$i"®C"?CH;"), and 55 (**Si'*C,HD", *si"*C,H;*, #°Si'*C,D,
28i12C,H, T, P8i2C,HT, #si*CM2CD™, and *$i"*C"2CH,™). No sig-
nal was detected from m/z = 58 to 60, indicating that no adducts
were produced. Accounting for the masses of the reactants of D1-
ethynyl (26 u) and silane (28 u), signal at m/z = 57 can be associ-
ated with the formation of SiC,H3D (57 u) product(s) plus atomic
hydrogen (1 u) (11). The TOFs at m/z = 57, 56, and 55 overlap after
scaling (fig. S1), suggesting that signal at m/z = 56 and 55 origi-
nates from dissociative electron impact ionization of the parent
product (SiC,H3D). Further, no deuterium atom loss was observed,
revealing that the hydrogen atom ejection occurs from the silane
reactant. Consequently, TOFs were acquired at m/z = 57 at the
center-of-mass (CM) angle (G¢y) of 25.4° + 0.9° as well as at higher
and lower angles in 5° steps (Fig. 2B). All TOFs are broad, spanning
ion counts about 400 to 800 ps. The corresponding laboratory angular
distribution (LAD) was obtained by normalizing the angular TOFs
to the CM angle (Fig. 2A). The LAD encompasses about 30° in the
plane of the reactants and features a nearly forward-backward sym-
metry within the error limits. Overall, the laboratory data propose
the D1-ethynyl versus atomic hydrogen exchange on the silane moi-
ety (11) forming SiC,H3D isomer(s) in the gas phase.
‘C,D (26 u)+SiH, (32 u) — SiC,H;D (57 w)+"H (1 w) (11)

CM reference frame

With the detection of SiC,H3D product(s), we now extract informa-
tion on the reaction dynamics along with the nature of the interme-
diates and products. This is accomplished through a transformation
of the data from the laboratory reference frame to the CM reference

20f8

$207 ‘ST JOQUIDAON UO FI0°90UIIOS MM //:SdNY WoIj papeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

>

1200 (—/F/— T T 7/
s 1000} .
g
£ . 800} 1
o 9
£ 36001 .
82 400t pf ]
= S
E 200} C .
£ 00 ¢ CM ¢
2 v

0 _|/,I 1 1 1 1 IIII 1
0 10 20 30 40 90
Laboratory angle (°)

B 60 T T T T T T

7] 19.3° 24 .3° 29.3°

C

3 40}

o

kel

(0]

N

T 20}

o
g 00 % ] °
2 0 & gg%o 8 ol 8° o &
20 o °

0 400 800 O 400 800 O 400 800 1200
Laboratory time-of-flight (us)

Fig. 2. Data in the laboratory reference frame. Laboratory angular distribution
(LAD) (A) and time-of-flight (TOF) spectra (B) recorded at mass/charge ratio (m/z) =
57 for the reaction of the D1-ethynyl radical (C;D) with silane (SiH4). CM repre-
sents the center-of-mass angle, and 0° and 90° define the directions of the D1-
ethynyl and silane beams, respectively. The black circles depict the data, red lines
depict the experimental fits, and blue lines depict the dynamics simulations fits.
Carbon atoms are colored gray, silicon is purple, hydrogen is white, and deuterium
is light blue.

frame (Materials and Methods), yielding the CM translational energy
[P(ET)] and angular [T(0)] flux distributions together with the as-
sociated flux contour map (Fig. 3). The P(Et) (Fig. 3A) can be used
to extract the reaction energy (A,G) accounting for energy conser-
vation (A;G = E¢ — Emax) (39) for those products formed without
internal excitation with the collision energy Ec and the maximum
product translational energy Emax. The P(Et) exhibits an Epax of
204 + 31 kJ mol ™', which results in a reaction energy of 164 + 32 kJ
mol ™" at the experimental collision energy of 40.2 + 1.3 kJ mol ™.
In addition, the P(Et) peaks in the vicinity of 45 k] mol ™}, which is
indicative of a tight exit transition state to the product(s). The flux
contour map T(0) (Fig. 3B) features a forward-backward symmetry
and intensity over the complete angular range suggestive of indirect
reactive scattering dynamics through complex formation (SiC,H4D)
(39) whose lifetime is longer than its rotation period. The weak po-
larization of the T(0) is the direct result of the inability of the light
hydrogen atom to carry away a substantial fraction of the total angu-
lar momentum, which, in turn, leads to a substantial rotational exci-
tation of the final products. These findings are reflected in the flux
contour map (Fig. 3C).

Potential energy surface

Electronic structure calculations were conducted at the CCSD(T)-
F12/cc-pVTZ-F12//B2PLYP-D3/cc-pV(T+d)Z + ZPE(B2PLYP-
D3/cc-pV(T+d)Z) level of theory to provide energies of the
reactants, transition states, and products with an expected accuracy

Goettl et al., Sci. Adv. 10, eadq5018 (2024) 15 November 2024

of +4 k] mol™ (40). These calculations identified product channels,
leading to the D1-silylacetylene molecule (SiH;CCD, X'A}, p1) plus
atomic hydrogen and also to the silyl radical (SiHs, X*A}, p2) plus
D1-acetylene (C,HD, X'=*) (Fig. 4). The computationally predicted
exoergicity of the reaction of —151 + 4 kJ mol™" to prepare the
D1-silylacetylene molecule correlates nicely with the experimentally
derived reaction energy of —164 + 32 kJ mol ™", thus providing com-
pelling evidence on the gas-phase preparation of Cs, symmetric D1-
silylacetylene via the elementary reaction of the D1-ethynyl radical
with silane (11). In detail, our computations identify three reaction
pathways to D1-silylacetylene involving direct and indirect (com-
plex forming) dynamics. First, extensive geometry scans near the
configurational space connecting the separated reactants to the final
products D1-silylacetylene plus atomic hydrogen show that the po-
tential energy monotonically decreases. This pathway implicates a
radical substitution mechanism (Sg) (41), in which the silicon atom
is pentacoordinated depicting a trigonal bipyramidal geometry (struc-
ture shown in Fig. 5A), where the D1-ethynyl radical is present at
one of the apices. This is reflected in a nearly collinear (180°) geom-
etry of the axial Si—H bond with the D1-ethynyl moiety along with
a simultaneous bond-forming—bond-breaking process and Walden
inversion of the hydrogen atoms at the silicon atom.

Besides radical substitution (Sg), two additional mechanisms
involve indirect scattering dynamics through complex formation
(SiC;H4D). In the minimum energy path associated with the ap-
proach of the two reactants, the D1-ethynyl radical performs an
unusual insertion into one of the Si—H bonds of silane, which oc-
curs without any activation energy. This leads to the doublet radi-
cal intermediate il (X*A’), which resides in a deep potential energy
well and is stabilized by 266 k] mol ™" with respect to the separated
reactants. The 2-silylethenyl intermediate il either undergoes uni-
molecular decomposition via atomic hydrogen loss through a tight
exit transition state located 21 kJ mol™" above the energy of the
separate products, forming D1-silylacetylene (p1), or isomerizes
via atomic hydrogen shift, yielding intermediate i2 (X*A’) before
its fragmentation to p1 through hydrogen loss. The hydrogen shift
(i1 — i2) is associated with a barrier of 164 k] mol™" but resides
well below the energy of the separated reactants and, hence, can be
crossed easily. Overall, the electronic structure calculations predict
up to three energetically accessible channels to the observed D1-
silylacetylene molecule involving direct and indirect (i1 — p1 + H;
il = i2 = p1 + H) scattering dynamics. However, which of the
three pathways truly leads to the formation of D1-silylacetylene?

Molecular dynamics simulations

This open query commands QCT calculations, thus bridging the
dynamics experiments with the theoretical understanding of the
D1-ethynyl-silane system. These trajectory studies reveal exciting
results and provide compelling evidence confirming the three reac-
tion mechanisms (see the previous section), leading to the gas-phase
formation of the experimentally observed D1-silylacetylene mole-
cule (SiH3CCD, p1). Of the 1000 reactive trajectories, about 25% led
to the formation of p1; an account of the remaining trajectories can
be found in Materials and Methods. Because of excess energy in the
system, the trajectories do not experience the exact structures re-
ported in Fig. 4, and snapshots of one example trajectory of each
mechanism are depicted in Fig. 5. About 34% of the p1-forming tra-
jectories follow direct scattering dynamics via a radical substitution
mechanism (Sg) (Fig. 5A), with a further breakdown depicted in
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Fig. 3. Data in the CM reference frame. CM product translational energy (A) and angular (B) flux distributions, as well as the associated flux contour map (C), leading to
the formation of SiC;HsD isomer(s) in the reaction of D1-ethynyl (C;D) with silane (SiHa). Red lines define the best-fit functions, while shaded areas provide the error limits.
The CM functions overlaid in blue are obtained from the dynamics simulations. The flux contour map represents the intensity of the reactively scattered products as a
function of product velocity (u) and scattering angle (6), and the color bar indicates flux gradient from high (H) to low (L) intensity.
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Fig. 4. Simplified potential energy surface of the C;D + SiH, reaction. Schematic potential energy surface for the reaction of the D1-ethynyl radical (C;D) with silane
(SiHa), leading to p1 and p2 at the CCSD(T)-F12/cc-pVTZ-F12//B2PLYP-D3/cc-pV(T+d)Z + ZPE(B2PLYP-D3/cc-pV(T+d)Z) level. Energies for the ethynyl (CoH)-silane (SiH4)

system are given in parenthesis, and dotted lines denote direct reaction mechanisms.

fig. S3. As the D1-ethynyl radical approaches silane with its unpaired
electron in the collinear sigma orbital, the hydrogen atoms undergo
Walden inversion while one of the silicon-hydrogen bonds elongate,
culminating in the eventual emission of the hydrogen atom and
silicon-carbon bond formation in D1-silylacetylene.

The dominating fraction (66%) of the pl-forming trajectories
follow indirect scattering dynamics through an unconventional

Goettl et al., Sci. Adv. 10, eadq5018 (2024) 15 November 2024

insertion pathway via 2-silylethenyl (i1). The D1-ethynyl radical ap-
proaches silane in a sideway orientation instead of collinearly as
in the substitution case (Fig. 5B). With hydrogen being transferred
from silicon to carbon, the reaction path leads energetically down-
hill via efficient insertion of the D1-ethynyl radical into the silicon-
hydrogen bond to intermediate il, which ejects a hydrogen atom
forming the separated products. The QCT simulations identify a
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Fig. 5. Representative trajectories for the substitution and insertion mechanisms. Key distances of the carbon-silicon (green line) and silicon-leaving-hydrogen-
atom (blue line) versus time for the substitution (A) and insertion (B and C) reaction mechanisms with snapshots inserted from representative trajectories. The ejected
hydrogen atom is highlighted with a red arrow in the final snapshot. The pie chart represents the percentage of reactive trajectories which follow substitution (red area)

and insertion (blue area).

second route from il (Fig. 5C). Rather than undergoing carbon-
hydrogen bond cleavage as in the previous case, a hydrogen shift
to the terminal carbon atom yields i2 featuring a D1-methylene
moiety. Similar hydrogen migration reactions along unsaturated car-
bon chains with comparable accessible energy have been reported
previously (42, 43). This intermediate then ejects atomic hydrogen,
ultimately generating D1-silylacetylene. It is worth noting that the
dynamics simulations did identify not only an atomic hydrogen loss
from i2 but also an atomic deuterium loss (65% H loss and 35%
D loss). Considering that 34% of the reactive trajectories leading
to D1-silylacetylene are direct, 42% of the trajectories follow the
i1 = p1 + H mechanism, and only 24% involve yet the second in-
termediate via il — i2 — p1 + H, the overall hydrogen to deute-
rium branching ratio is predicted to be 92% versus 8%. The low
predicted fraction of the emitted deuterium might explain its ex-
perimental non-detection. We would like to note that although the
electronic structure calculations also revealed pathways to higher
energy isomers of p1 (fig. S2), the dynamics simulations suggest that
these high energy isomers are not formed in the gas-phase reaction
of D1-ethynyl with silane.

To gauge the predictive power and, hence, the quality of the QCT
simulations, the theoretically derived CM translational energy and
scattering angle distributions are compared with the experimental
TOF and LAD data (Figs. 2 and 3). Considering the CM angular dis-
tribution, the dynamics simulations predict an essentially forward-
backward symmetric distribution with fluxes in the vicinity of the
poles substantially lower compared to the broad, nearly isotropic

Goettl et al., Sci. Adv. 10, eadq5018 (2024) 15 November 2024

plateau from 20° to 150°. Within the error limits, the predicted
CM angular distribution agrees well with the experiments. The
translational energy distribution also forecasts a broad distribution
maximum from 30 to 60 k] mol ™", which correlates well with the max-
imum of the simulated translational energy distribution of 45 kJ
mol ", The highest CM translational energy found in the QCT simu-
lations is 150 kJ mol ™', smaller than the experimental findings of
205 + 25 kJ mol™!. Nevertheless, the CM functions obtained from
the dynamics simulations replicate the TOF data and the LAD ex-
ceptionally well (Fig. 2), disclosing that dynamics calculations of com-
plex systems such as for the D1-ethynyl-silane system have advanced
to such a level to forecast the chemical dynamics of complex, mul-
tiatomic systems including “heavy” reactants with elements of the
third row quantitatively.

DISCUSSION

An unconventional insertion by an unsaturated doublet hydrocar-
bon radical was discovered in the bimolecular gas-phase reaction
of the D1-ethynyl radical (C,D) with silane (SiHy) as explored un-
der single-collision conditions by the crossed molecular beam tech-
nique coupled with electronic structure calculations and molecular
dynamics simulations. The reaction pathways lead via atomic hy-
drogen loss to the D1-silylacetylene molecule (SiH3;CCD) through
carbon-silicon bond coupling as observed experimentally featuring
both direct and indirect entrance channels, in which one-third of
the reactive trajectories access a radical substitution (Sg) pathway
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without barrier through D1-ethynyl radical center attack on the si-
lane silicon atom and simultaneous hydrogen ejection and Walden
inversion. The remaining two-thirds follow a unique barrierless
insertion of the terminal D1-ethynyl carbon into a Si—H bond
of silane, where the 2-silylethenyl intermediate undergoes either
unimolecular decomposition via atomic hydrogen loss or a [1,2]-H
shift before ejection of a hydrogen atom preparing D1-silylacetylene
in overall exoergic reactions. The D1-ethynyl radical reactivity with
silane can be compared to the isovalent carbon-centered counter-
part methane (CHy). In the ethynyl-methane system, the abstrac-
tion pathway leading over an 11 kJ mol™" barrier to the methyl
radical (CH3) plus acetylene (C;H;) is the most energetically
favored pathway, while radical substitution to methylacetylene
(CH3CCH) via atomic hydrogen loss features a high barrier of
72 kJ mol™! (38). Both mechanisms require substantial input en-
ergy (e.g., high temperatures) to overcome the barriers to reaction,
while the barrierless nature of the equivalent routes in the C,H-
SiHy system allows rapid access at low temperatures. The pathway
in the reaction of ethynyl with methane featuring insertion of
the terminal ethynyl carbon into a carbon-hydrogen bond of meth-
ane, in analogy to the insertion mechanism observed in the cur-
rent study, was not found. The large difference in the reactivity
of methane and silane with respect to collisions with the ethynyl
radical can be rationalized from the difference in their frontier or-
bitals (Fig. 6). While methane has a nondegenerate lowest unoc-
cupied molecular orbital (LUMO) (more localized in the hydrogen
atoms), silane presents three degenerate unoccupied orbitals that
are substantially different from that of methane. The percentage
contributions per basis function type on each atom were assessed
by evaluating the Léwdin reduced orbital population, which proves
that a strong d character could be observed in all three degener-
ate LUMOs of silane, while no d-orbital contribution is present in
the frontier molecular orbitals of methane. Overall, the ethynyl-
silane reaction represents a fundamental framework showcasing

CH,

Gap =14.8eV

M
& w

Energy (eV)

1

o

the unique dynamics of isovalent systems, i.e., C,D-SiH, versus
C,D-CHy, in main group XIV, furthering our knowledge of simi-
larities and differences of the chemical bonding and reactivity of
isovalent systems at their roots.

MATERIALS AND METHODS

Experimental methods

The reactions of the D1-ethynyl radical (C,D, X**) with silane
(SiHy, 99.999%, Linde) were conducted under single-collision con-
ditions using a crossed molecular beams machine (44). Briefly, a
pulsed supersonic D1-ethynyl beam was produced in situ via laser
ablation of a rotating graphite rod using the fourth harmonic of a
Nd:YAG laser (Quanta-Ray Pro 270, Spectra-Physics) at 30 Hz and
7 to 10 m] per pulse. The ablated species were seeded in neat deute-
rium gas (D, 99.999%, Linde) at a backing pressure of 3000 torr,
which also acted as a reactant, where atomic deuterium abstraction
by dicarbon (C,) yields the D1-ethynyl radical (45-47). The reactant
beam was skimmed then velocity selected by a four-slot chopper
wheel, giving peak velocities (vp) 0of 2218 + 34 m s~ and speed ratios
(S) of 4.4 + 0.4. Any D1-ethynyl radicals formed in the AT ex-
cited state, which has a lifetime of <1 ps, relaxed back to the X*X*
ground state in the ~30-ps time interval for the radical to travel
from the ablation center to the interaction region (48). The D1-
ethynyl beam crossed perpendicularly with a neat silane beam
(SiHy, vp = 827 £ 20 m s, S =101 + 0.2) pulsed at 60 Hz
and —400 V with a backing pressure of 550 torr, granting a colli-
sion energy (E.) of 40.2 + 1.3 kJ mol™! and CM angle (®@¢m) of
25.4 + 0.9°. It should be noted that the laser ablation also produces
carbon atoms, as well as dicarbon and tricarbon molecules. Carbon
and dicarbon have masses 14 and 2 u less than the D1-ethynyl
radical, respectively, and thus do not interfere with observed signal
in the present study. Assuming the possibility of reactions of tricar-
bon with silane, this would produce a C;SiHy collision complex at

SiH,

G S

Gap=134eV

©®Q

Fig. 6. Frontier orbitals for methane and silane. Comparison between the lowest unoccupied molecular orbitals (LUMOs) of the isovalent methane and silane mole-
cules. Methane features a nondegenerate LUMO strongly localized in the hydrogen atoms, while those of silane are triply degenerate with strong d character and a

smaller highest occupied molecular orbital-LUMO gap.
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m/z = 68; however, there are no possible fragments that can give
signal at the m/z = 57 observed for the title reaction.

Reactively scattered products were collected by a triply differen-
tially pumped mass spectrometric detector that is rotatable in the
plane defined by both reactant beams. Products are ionized by elec-
tron impact ionization at 80 eV and emission current of 2 mA before
mass filtering via a quadrupole mass spectrometer (150QC, Extrel)
operating in the TOF mode. Up to 7.2 X 10° TOF spectra were col-
lected at each angle in 5° steps for the range 10° < ® < 40° with re-
spect to the D1-ethynyl beam (® = 0°). Integrating the TOFs and
normalizing to the CM angle created a LAD. To obtain information
on the chemical dynamics, the laboratory data were fit using a for-
ward convolution routine, in which user-defined CM translational
energy [P(Er)] and angular [T(0)] flux distributions were refined it-
eratively until a reasonable fit of the data was achieved (49, 50). The
image of the overall outcome of the reaction was developed from
these functions, defined as I(4,0) = P(u) X T(0), and is portrayed as
a flux contour map (4).

Electronic structure calculations

The potential energy surface for the reaction of D1-ethynyl (C,D)
with silane (SiH,) was obtained by quantum chemical calculations
using the MOLPRO (51) and ORCA (52, 53) software. First, geom-
etry optimizations were carried out at the density functional theory
(54) level using the B2PLYP-D3 double hybrid functional including
Grimme’s dispersion correction and Becke-Johnson damping (55, 56)
coupled with the cc-pV(T+d)Z basis set (57-59). At each stationary
structure obtained, a harmonic vibrational analysis was performed
at the same level of theory to extract vibrational frequencies and
zero-point energy (ZPE) corrections. In the case of transition state
structures, their connections to other structures were confirmed by
performing intrinsic reaction coordinate calculations. Even though
the final coordinates and frequencies are at the B2PLYP-D3/cc-
pV(T+d)Z level, the energies were subsequently refined by per-
forming single point calculations using the explicitly correlated
RCCSD(T)-F12 (60, 61) method with the cc-pVTZ-F12 basis set
(62). This calculation strategy is hereafter denoted as CCSD(T)-F12/
cc-pVTZ-F12//B2PLYP-D3/cc-pV(T+d)Z + ZPE(B2PLYP-D3/cc-
pV(T+d)Z) with refined energies providing accuracies within 4 kJ
mol™! (40).

Ab initio molecular dynamics simulations

The ab initio molecular dynamics simulations were performed with
a combined software package of NWChem (63) and VENUS (64, 65),
where the energy gradients calculated using NWChem were passed
on to VENUS to solve the classical equations of motion to propagate
the trajectories. The reactants, C,D and SiHy, were initially separat-
ed by 9 A. To match conditions of the experiment, the rotational and
vibrational energies of each reactant were sampled corresponding to
a fixed temperature of 10 K. Velocity verlet (66, 67) with a time step
of 0.1 fs was used to propagate the trajectories, and, for those trajec-
tories that have an energy jump of 1 kcal mol™" or larger, the time
step was reduced and restarted with the same initial conditions. The
trajectories were stopped once the products or the reactants were
12 A apart. The reactants collided with each other with a fixed trans-
lational energy of 40.2 kJ mol ™! at fixed impact parameters (b) be-
tween 0 and by, where b, is the maximum b at which none of the
collisions result in products. by,x, which was 5.0 A in this study, was
determined by sampling 50 trajectories at each b starting from 0

Goettl et al., Sci. Adv. 10, eadq5018 (2024) 15 November 2024

to 6.0 A with a stride of Ab = 0.5 A. Once by, was determined,
fixed b values were sampled from 0 to 5 A with Ab = 0.25 A and at
each b, 120 trajectories were sampled, resulting in a grand total of
2520 trajectories. To account for the collision probability that is
directly proportional to b (68), the scattering angle, product trans-
lational energy distributions, and percent branching ratios of the
products were weighted by b.
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