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ABSTRACT ARTICLE HISTORY

For more than half a century, networks of radiative association, dissociative recombination, and Received 18 August 2022
bimolecular reactions have been postulated to drive the low-temperature chemistry of cold molec- ~ Accepted 7 October 2022
ular clouds. Third-body stabilizations of collision complexes have been assumed to be ‘irrelevant’ KEYWORDS

due to short lifetime of such complexes. Here, we conduct crossed molecular beam studies of
ground state atomic silicon with diacetylene in combination with electronic structure calculations
and microcanonical kinetics models operating under cold molecular cloud conditions. Our combined
experimental, electronic structure, and microcanonical kinetics modelling investigations provide
compelling evidence that three-body collisions of molecular hydrogen with long-lived reaction inter-
mediates accessed through intersystem crossing are prevalent deep inside molecular clouds. This
concept might be exportable to reactions involving polycyclic aromatic hydrocarbons thus afford-
ing a versatile machinery to complex organics via third-body stabilizations of bimolecular collision
complexes deep inside cold molecular clouds.

Third-body collisions;
silicon-carbon bond; reaction
dynamics; astrochemistry

1. Introduction understanding of the elementary processes driving the

Since the discovery of the methylidyne radical (CH)
nearly 100 years ago towards the interstellar medium
[1,2], cold molecular clouds such as the Taurus (TMC-
1) and Orion Molecular Clouds (OMC-1) have been
acclaimed as molecular factories and natural laboratories
on a macroscopic scale for developing our fundamental

molecular synthesis in our universe [3]. An unravelling
of these mechanisms on the most fundamental, micro-
scopic level is vital in constraining the cosmic carbon
budget [4], in defining the basic elementary reactions
that drive the synthesis of complex, often astrobiologi-
cally relevant molecules such as sugars and amino acids
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in deep space [5], and in providing a better understand-
ing of the processes which control the formation of Solar
Systems including our own. However, with some 250
molecules ranging in complexity from molecular hydro-
gen (H3) to the sugar-related glycolaldehyde molecule
(HCOCH,OH) and aromatics such as indene (CyHg)
[6-8] to fullerenes (Cgg, C79) [9,10] detected in interstel-
lar and circumstellar environments, even complex reac-
tion networks involving bimolecular ion-molecule [11]
and neutral-neutral reactions [12] along with dissocia-
tive recombination [12-14] and radiative associations
[15-19] have been frequently unsuccessful in account-
ing for astronomical observations of even major species,
such as abundant aromatic molecules like indene (CoHg)
and organosilicon species like the cyclic silicon dicarbide
(SiCy), with astrochemical models predicting fractional
abundances of up to three [8,20] and one order of mag-
nitude lower than astronomically observed [21,22]. This
lack of agreement suggests uncharted yet essential fun-
damental molecular mass growth mechanisms produc-
ing complex molecules in deep space [23]. The elucida-
tion of these machineries is vital to eventually compre-
hend the fundamental processes that affect the lifecy-
cle of carbonaceous and organic matter in our Galaxy.
In the outflow of circumstellar envelopes of carbon-
rich asymptotic giant branch (AGB) stars, organosili-
con molecules such as SiCy, (n = 1-4) represent funda-
mental molecular building blocks of silicon-carbide dust
grains [24-26]. Previously the reaction of the silylidyne
radical (SiH) with diacetylene (C4H;) was investigated
and the formation of 1-ethynyl-3-silacyclopropenylidene
molecule (SiC4H;) was confirmed; this species might be
ultimately photolyzed to the silicon tetracarbide (SiCy)
molecule [25].

Here, by exploiting crossed molecular beam studies
of ground state atomic silicon (Si(*P)) with diacety-
lene (C4H;) and combining these results with electronic
structure calculations along with microcanonical kinet-
ics models operating under cold molecular cloud condi-
tions, we report on the role of non-adiabatic dynamics
in the impending third-body stabilisation of long-lived
bimolecular collision complexes in the gas phase deep
inside cold molecular clouds. Third-body collisions are
collisions that stabilise transient reaction intermediates
[AB]* formed from bimolecular collisions of the reac-
tants A and B via an inert species M. Molecular hydrogen
is an abundant constituent of molecular clouds (reac-
tion (1)), but third-body collisions involving molecular
hydrogen (M = H;) have been previously believed to
be irrelevant in cold molecular clouds. This is because
traditional lifetimes of bimolecular collision complexes
[AB]* are in the order of picoseconds, which are too
short to allow significant stabilisation via a third body

collision [27].
A+B— [AB]* 2 AB (1)

This reaction represents a benchmark and prototype sys-
tem of a barrierless bimolecular reaction accessing long-
lived singlet [SiC4H;]* collision complexes, as detected
here in molecular beam experiments. This reaction pro-
ceeds via non-adiabatic chemical dynamics involving
intersystem crossing (ISC) from the initial triplet sur-
face to a lower-energy singlet surface. In the absence of
stabilising third-body collisions, the system will even-
tual re-cross to the triplet surface and re-dissociate back
to the reactants; other atomic and molecular hydrogen
loss channels are energetically closed. Our microcanon-
ical kinetics model operating under conditions relevant
to cold molecular clouds at temperatures of 10K reveal
that up to 12% of all [SiC4H;]* complexes can be sta-
bilised via third body collisions with molecular hydrogen
where deep inside molecular clouds the number den-
sity of molecular hydrogen can be up to 103 cm™>. The
enhancement of the lifetime of the collision complexes
through triplet-singlet crossing and singlet-triplet re-
crossing might be exportable to aromatic systems such
as those accessed by reactions of ground state carbon
atoms (C(’P)) with polycyclic aromatic hydrocarbons
(PAHs) as simple as naphthalene (C;oHsg), anthracene
(C14H10), and phenanthrene (Ci4Hjo) with the triplet
entrance channel connected to the singlet manifold thus
requiring re-crossing to the triplet surface prior to re-
dissociation thus affording a previously elusive, versatile
mechanism to complex organics via third-body stabiliza-
tions of bimolecular collision complexes deep inside cold
molecular clouds.

2. Experimental and computational
2.1. Experimental: crossed molecular beams

The gas-phase reaction of ground-state silicon atoms
(Si; *P) with diacetylene (HCCCCH; X! 41) was per-
formed under single-collision conditions utilising a
crossed molecular beams machine [28]. In the primary
source chamber, a pulsed supersonic beam of ground
state atomic silicon was generated in situ via laser abla-
tion of a rotating silicon rod (Si; 99.999%; Goodfel-
low Corporation) at 266 nm (Nd:YAG; 5m] per pulse;
30Hz) and seeding the ablated atoms in neon carrier
gas (Ne; 99.999%; Airgas; 60 Hz). The primary beam
was released by a piezoelectric pulsed valve operating
at 60Hz and a backing pressure of 4 atm. No elec-
tronically excited silicon atoms (Si; ! D) were present in
the primary beam under the experimental conditions



[29]. The atomic silicon beam passed through a skim-
mer and was then velocity selected by a four-slit chopper
wheel rotating at 120 Hz. In the interaction region, the
selected section of the silicon beam with a peak veloc-
ity (vp) 0of 998 18 m s~ ! and speed ratio (S) of 4.6+ 0.6
crossed perpendicularly with a pulsed diacetylene beam
(499.5%) seeded in argon (99.9999%; AirGas) at a frac-
tion of 5% (vp = 630+20m s~!, $ =9.240.3) and a
backing pressure of 550 Torr. This resulted in a collision
energy of 12.540.4k] mol~! and centre-of-mass angle
of 48.4 £ 0.5°. Diacetylene was synthesised in house [30].
The 60 Hz frequency of both pulsed valves and the 30 Hz
operation of the laser allows a ‘laser-on’ minus ‘laser-off’
background subtraction.

Scattered species entering the detector were moni-
tored via a triply differentially pumped quadrupole mass
spectrometer (QMS) and ionised in an electron-impact
ioniser (80 eV,2 mA). The ions are then filtered according
to mass-to-charge (m/z) ratio; ions that passed through
the filter are collected by a Daly-type time-of-flight detec-
tor. The detection region is housed in a triply differen-
tially pumped, rotatable ultrahigh vacuum chamber at
typical pressures of 6 x 10712 Torr. The TOF spectra col-
lected at different angles were integrated and normalised
with respect to the intensity at the CM angle to extract
the laboratory angular distribution at a specific m/z ratio.
To obtain information on the chemical dynamics, the
laboratory data were transformed into the CM refer-
ence frame using a forward-convolution routine [31].
The user-defined angular T(¢) and translational energy
P(ET) flux distribution are varied iteratively until a best
fit of the laboratory TOF spectra and angular distribution
is reached.

2.2. Computational: electronic structure
calculations

The electronic structure calculations were carried out
using the GAMESS [32] and MOLPRO [33] packages.
As a first step, we explored the singlet and triplet poten-
tial energy surfaces (PESs) of the SiC4H; system with
the wB97X-D functional [34] with the pcseg-2 basis set
[35]. With this method, we have located several min-
ima and saddle points (SPs) on the PESs and performed
a harmonic vibrational analysis for each of them, from
where the zero-point energies (ZPE) were extracted. For
all SPs, an intrinsic reaction coordinate calculation was
performed to ensure the proper connections pathways.
We have also identified crossings between singlet and
triplet electronic states and have located their minimum
energy on the seam of intersection (MSX). These struc-
tures are not simple stationary structures, and a nor-
mal vibrational analysis is not possible. To extract their

MOLECULARPHYSICS (&) 3

ZPE, we have employed an effective Hessian, following
the procedure outlined in references [36-38]. Briefly, we
first calculate the gradient and the conventional Hessian
matrix of the singlet and triplet PESs independently at
the geometry of the MSX. To generate the effective Hes-
sian matrix, the coordinate perpendicular to the seam
is projected out along with the translational and rota-
tional degrees of freedom. The new Hessian matrix is
then diagonalised to yield the 3N —7 vibrational frequen-
cies of the MSX, using the implementation of Ganon
and coworkers [39]. After this initial exploration of the
PESs, we refined the energies for each of the struc-
tures by performing single point energy calculations
using the explicitly correlated CCSD(T)-F12 method
[40,41] with the cc-pVTZ-F12 basis set [42]. All energy
values reported in this work are ZPE corrected and
are hereafter referred as CCSD(T)-F12/aug-cc-pVTZ-
F12//wB97X-D/pcseg-2 + ZPE(WB97X-D/pcseg-2).

2.3. Computational: microcanonical kinetics model

Isomerisation kinetics for transitions with saddle points
were calculated using conventional transition state the-
ory (TST) and rigid rotor/ harmonic oscillator state
counts using the electronic structure information com-
puted above. Kinetics for intersystem crossing were cal-
culating similarly using the properties of the minimum
energy points on the crossing seams along with the dou-
ble passage Landau-Zener approximation [43-45]. As
reviewed by Harvey [44], this approach which is some-
times called nonadiabatic TST (NA-TST), involves rate
equations that appear similar to conventional TST but
with an additional integral over a nonadiabatic transition
probability. NA-TST was used to generate microcanoni-
cal fluxes connecting singlet and triplet wells as indicated
in Figure 3, and these spin-forbidden fluxes were used
in the kinetic model alongside TST fluxes for the con-
ventional spin-allowed transition states. Finally, the bar-
rierless kinetics for *Si + C4H, capture were calculated
using variable reaction coordinate (VRC)-TST [46] at
the CASPT2/aug-cc-pVTZ level of theory. Microcanon-
ical rate constants k;(E) were calculated for the forward
and reverse reactions for each of these transition states
and crossing seams i, where the total energy is defined
relative to the separated reactants. These microcanon-
ical rate constants k;(E) were exploited then to solve
a time-dependent master equation via straightforward
propagation to describe the populations of the energeti-
cally accessible wells. Results were found to be insensitive
to the ‘dead end’ wells (T3-T4; S4-S6), and these were
omitted from the model to allow for larger integration
timesteps, leaving T1, T2, S1, S2, and S3. The results
were also found to be insensitive to the partitioning of the
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initial population, as the steady state is established on the
order of hundreds of nanoseconds, whereas the lifetimes
of interest here are more than three orders of magnitudes
larger. The rate of production of 3Si + C4H, was mon-
itored, and its exponential rate of production gives the
desired dissociation rate constant kg.

3. Results
3.1. Crossed molecular beam studies

The crossed molecular beam experiments of ground-
state atomic silicon (Si; 3P) with diacetylene (HCC-
CCH; X'Z4) were carried out at a collision energy of
12.54 0.4k mol ™! (Supplementary material). Consider-
ing the natural isotope abundances of silicon (2851, 92.2%;
2981, 4.7%; *Si, 3.1%) and carbon (*2C, 98.9%; 1°C, 1.1%),
signal was searched for from m/z = 80 (3°SiC4H, )
to 76 (33SiC4T). Ton counts at m/z = 76 (?8SiC,T), 78
(30siCy™t, 29Si3CCs T, 22SiC4HT, 28Si13CC3HT, 28SiCy
H,1), and 79 (3°SiC4HT, #°Si'3CC3;HT, #°SiC4H, T,
285i13CC3H, 1) were accumulated at levels of 19 2%,
22 42% and 6 &= 1% compared to signal at 77 (¥%SiCy ™,
BSi13CC, T, 28SiC4H™) (Figures 1 and 2). It is important
to note that the time-of-flight (TOF) spectra recorded
from m/z = 79 to 76 are identical after scaling suggest-
ing the existence of a single channel (Figure S1). How-
ever, our electronic structure calculations revealed that
the atomic hydrogen loss channel forming the thermo-
dynamically most stable 1,3-butadiynylsilyl (SiCCCCH;
X2%7) is endoergic by 58 k] mol~! and hence not acces-
sible considering the collision energy. Further, although
the molecular hydrogen loss channel forming sili-
con tetracarbide isomer 4-silylene-1,2,3-butatrienylidene
(SiCCCC; X'TT) is exoergic by 6kJ mol™!, the exit
transition states connecting the SiC4H; reaction inter-
mediates are at least 80 k] mol~! above the energy of the
separated reactants; therefore, the molecular hydrogen
loss is closed, too. The absence of the molecular hydro-
gen loss channel is also supported by the inability to fit
the TOF spectra and laboratory angular distribution with
products of a mass combination of 76 amu (C4Si) plus
2 amu (Hj). Therefore, the laboratory data suggest that
both the atomic and molecular hydrogen loss channels
are absent under our experimental conditions.

Where can signal at m/z = 76-79 arise from? The lab-
oratory data suggest the existence of long-lived SiC4H,
adducts (*3SiC4H,, 78 amu; 2°SiC4H,, 79 amu) with life-
times exceeding their flight time from the collision cen-
tre to the electron-impact ioniser of 643 & 6 ps. In this
case, signal at m/z = 76 and 77 originates from disso-
ciative electron impact ionisation of the SiC4H, adducts
in the ioniser. Considering the best signal-to-noise

ratio, TOF spectra were collected at distinct laboratory
angles in 2.5° intervals at m/z = 77 revealing a for-
ward-backward symmetric, narrow laboratory angular
distribution (LAD) centred around the centre-of-mass
(CM) angle of 48.4+0.5° (Table S1). To support this
hypothesis, the experimental data were transformed from
the laboratory to the CM reference frame accounting
for the beam velocities, velocity spreads, and apparatus
functions[47]. Here, the laboratory data (Figure 1) could
be fit with a single-channel forming a SiC4H, adduct
via the reaction of Si (28 amu) with C4H, (50 amu).
The CM translational energy flux distribution, P(ET),
peaks at only around 1kJ mol~!. The maximum trans-
lational energy Emax (13 £2K]J mol™!) is in line with
the collision energy (12.5 £ 0.4 k] mol ™) (Figure 2). As
for adduct formation and detection in crossed molecu-
lar beam studies, the centre-of-mass angular distribution
was isotropic (flat) [48-50]. Overall, the experimental
data provide compelling evidence of the exclusive for-
mation of SiC4H; adducts as the result of a collision of
silicon (°P) with diacetylene; the lifetime of (some of)
these adducts has to exceed the flight time of 643 & 6 ps.

3.2. Potential energy surfaces

With the laboratory and CM data affording persua-
sive testimony on the existence of a long-lived SiC4H,
adduct(s) at a collision energy of 12.5 £ 0.4 k] mol ™!, we
transfer these findings now to interstellar environments
to evaluate the lifetime and impact in these cold envi-
ronments at 10 K. To achieve this objective, we first com-
pute the underlying singlet and triplet potential energy
surfaces (PESs) for the bimolecular reaction between
silicon (Si; 3P) and diacetylene (HCCCCH; X!'% g+)
along with non-adiabatic processes (intersystem cross-
ing) and excited state dynamics to an accuracy of about
5kJmol~!. Thereafter, a microcanonical kinetics model
for the spin-orbit coupled singlet and triplet surfaces
is constructed from electronic structure, transition state
theory, and non-adiabatic kinetics calculations; the com-
puted microcanonical rate constants were exploited to
solve a time-dependent master equation describing the
populations of the energetically accessible reaction inter-
mediates in Figure 3 (Figure S2, Table S2). This strategy
allows assessing the impact of the collision energy and
temperature on the overall reaction mechanism(s) and
lifetimes of distinct SiC4H; adducts and to generalise the
laboratory result to conditions in the interstellar medium.

The electronic structure calculations identified seven-
teen reaction intermediates on the triplet (T1-T6) and
singlet surfaces (S1-S11) along with transition states
connecting these intermediates via hydrogen migration,
ring-opening, and ring-closures as well as exit transition
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Figure 1. Laboratory angular distribution (A) and time-of-flight spectra (B) are recorded at m/z = 77. The solid circles with their error
bars represent the normalised experimental distribution; the open circles indicate the experimental data. The red lines represent the best
fits obtained from the optimised centre-of-mass (CM) functions, as depicted in Figure 2. Colours of the atoms: silicon, purple; carbon, grey

and hydrogen, white.

states for molecular and atomic hydrogen losses lead-
ing to SiC4 (p1, p4) and SiC4H (p2, p3) reaction prod-
ucts, respectively. At the collision energy of interest of
12.540.4kJ mol ™1, just four triplet (T1-T4) and six sin-
glet (S1-S6) intermediates are energetically accessible.
Although the remaining intermediates reside in potential

energy wells and are bound with respect to the energy of
the separated reactants, these intermediates are separated
from T1-T4 and S1-S6 by transition states exceeding
the experimental collision energy and, hence, are ener-
getically not reachable. In detail, on the triplet surface,
ground state atomic silicon adds barrierlessly to one of
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Figure 3. Singlet and triplet potential energy surfaces (PES) along with minima on the seam of crossings (MSX). Cartesian coordinates
and vibrational frequencies of reactants, intermediates, transition states, and products are compiled in the Supplementary material.

the terminal carbon atoms of the ethynyl moiety form-
ing the acyclic, C; symmetric intermediate T1. The latter
can isomerise via a hydrogen shift from the carbon to
the silicon atom or through cyclisation to intermediates
T2 and T3, respectively. T2 may undergo ring-closure
to T4. The ground state of the atomic silicon is a triplet
and therefore the reaction initially proceeds on the triplet
surface, but the singlet adducts S1 and S2 are lower in
energy than the triplet ones. This causes the singlet and
triplet surfaces to cross one another at a geometry close

to that of the triplet adducts T1 and T2 connecting to
S1 and 82, respectively. The local minima on this seam
of crossings (MSX) are labelled as MSX1 and MSX2.
Similar spin orbit coupling matrix elements were com-
puted for the two crossing seams (53.6 and 44.0 cm™!
for MSX1 and MSX2, respectively, computed using Mol-
pro’s implementation of the Breit-Pauli model [51] at
the CASSCF/cc-pVTZ level of theory). Note that inter-
system crossing (ISC) from T1 to S1 is accompanied
by a ring closure to the Cs symmetric S1 intermediate



2-ethynyl-silacyclopropenylidene, which represents the
global minimum of the SiC4H, PES. S1 and S2 are
connected through a transition state barrier 46 k] mol ™!
below the energy of the separated reactants; S3, S4,
$5, and S6 can be accessed via ring closure, hydro-
gen migration, cis-trans isomerisation, and hydrogen
shift, respectively. However, none of the reaction inter-
mediates can undergo unimolecular decomposition via
molecular or atomic hydrogen losses to SiC4 (p1, p4)
and SiC4H (p2, p3), respectively. Although the overall
formation of 4-silylene-1,2,3-butatrienylidene (p1; SiC-
CCC; X!=7*) plus molecular hydrogen is exoergic by
6kJ mol~!, even the energetically most favourable tran-
sition state connecting intermediate S2 to p2 resides
88kJ mol~! above the energy of the separated prod-
ucts and, hence, is energetically not accessible. Likewise,
atomic hydrogen loss channels to 1,3-butadiynylsilyl (p2;
SiCCCCH; X2x ™) and 2-ethynyl-silacycloprop-2-en-1-
ylidene (p3; ¢-SiCCCCH; X?A’) are endoergic by 58
and 100 kJ mol 1, respectively, and hence are closed, too.
Therefore, neither atomic nor molecular hydrogen loss
channels are energetically open neither under our exper-
imental conditions nor in the cold interstellar medium
(10K).
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3.3. Microcanonical kinetics model

A microcanonical kinetics model for the spin-orbit cou-
pled singlet and triplet surfaces was developed from the
electronic structure calculations to characterise the life-
time of the singlet adducts once they are formed via ISC
under experimental conditions mimicking the crossed
molecular beam study and in the low temperature con-
ditions of cold molecular clouds (10K). In detail, the
microcanonical kinetics model reveals that at the colli-
sion energy of 12.5kJ mol ™!, populations of the adducts
are primarily distributed between S1 and S2 with negli-
gible populations of less than 2 x 1073 in the triplet wells
T1 and T2 (Figure 4). Upon collision between triplet sili-
con and diacetylene, the transient T1 adduct is formed,
which then produces S1 via ISC mediated by MSX1.
Notably, intersystem crossing to the singlet states dom-
inates the branching for both T1 and T2, which leads
to rapid equilibration among the lower-energy longer-
lived singlet wells and the transient triplet wells. The
singlet adducts S1 and S2 cannot undergo unimolecu-
lar decomposition on the singlet surface to electronically
excited silicon atoms (Si(!D)) plus diacetylene since the
overall pathway is effectively endoergic by 78 k] mol~!.

10 3Si + C,H, -
0.9
0.8
0.7
5 06
;g; 0.5
S 04 \\\\‘: e
0.3 T T TR
65 6 7 8 9 10
0.1 -
L S |

0.0

6 8 10

Time (s)

Figure 4. Time-dependent populations. The populations are calculated using a microcanonical kinetics simulation for the experimental
collision energy of 12.5 k) mol~'; the triplet wells have populations too low to be visible (< 2 x 1073).
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Consequently, in order to decompose, the adducts S1 and
$2 have to cross back from the singlet to the triplet sur-
face prior to unimolecular fragmentation to ground state
silicon plus diacetylene. Therefore, the triplet-singlet
crossing and singlet-triplet re-crossing is fundamental
and central to establishing the decomposition rates of
the adducts. Overall, the loss of the adducts and re-
emerging of the reactants is visualised in Figure 4 along
with the time-dependent populations of the S1, §2 and
83 adducts; recall that the triplet wells have populations
too low to be visible at a level of less than 2 x 107, Any
population that ‘visits’ T1 or T2 is rapidly either recy-
cled back to the singlets or, less frequently, dissociates
to Si(*P) + diacetylene. The collision energy dependent
half-life ¢1/>(E) is related to the decomposition rate ky
via t1/2(E) = In(2)/k4(E). At the experimental collision
energy, the microcanonical master equation simulations
predict a half-life of t;,, = 108 us. A population anal-
ysis using this computed half-life reveals that 1-2% of
the adducts survive the flight time of 643 ps from the
collision centre in the molecular beams machine to the
electron-impact ioniser of the detector. This long lifetime
may be rationalised by expressing the rate for the re-
formation of the reactants (>Si, C4H,) as #ig = kT1r1T1,
where ng and nt; are the populations of the re-formed
reactants and intermediate T1, respectively, and kr R is
the reverse of the capture rate constant of the reactants
to T1. At 12.5kJ mol™}, kryr is 4.3 x 107 s7L. This corre-
sponds to a half-life of just 0.020 ms suggesting that the
rate constant for the bond fission step alone is insuffi-
cient to explain the observed half-life. Instead, the long
lifetime may be attributed to the small steady state popu-
lation of the triplet adduct T1 (n1; = 1.5 x 107%), which
is a consequence of its rapid equilibration with the much
lower-energy singlet complexes accessible via ISC.

3.4. Molecular clouds

Having benchmarked the microcanonical kinetics model
with the experimental detection of the SiC4H, adduct,
we export this framework to determine the fraction
of adducts that can be stabilised via third body colli-
sions with molecular hydrogen deep inside cold molec-
ular clouds at 10K (Figure 5). Starting from the
Maxwell-Boltzmann velocity distribution at 10 K (Figure
5(A)) and computed collision rate constants Z between
molecular hydrogen and the adduct, the number of
collisions per second, z, at number densities, n, of
molecular hydrogen deep inside the core of molecular
clouds of n =108 cm™ is computed z = Zn at 10K
(Figure 5(B)). Stabilisation requires that the lifetime of
the adduct exceeds the time between third-body col-
lisions, teo = 1/z (Figure 5(C)). At the maximum in

the Maxwell-Boltzmann distribution, typical collision
times of 10 s result, with collision times increasing sig-
nificantly at lower velocities yielding time scales of 100s
between collisions of the adduct with molecular hydro-
gen. Figure 5(C) can be converted to the dependence of
the time between collisions (f.oy) on the collision energy
(E) (Figure 5(D)). The decomposition rate of the SiC4H
adducts computed using our kinetic model (k;) is shown
versus the collision energy in Figure 5(E). Putting this
all together yields Figure 5(F), which compares colli-
sion times fc with the decomposition half-lives as a
function of the collision energy. Typically, the complex
lifetimes are shorter than .o, suggesting inefficient sta-
bilisation, but notably there is some population at low
collision energies where this trend is reversed. By inte-
grating branching between these two outcomes over the
Maxwell-Boltzmann distributions of collision energies,
we can associate up to 12% of the adducts with stabilisa-
tion at 10 K and n = 108 cm ™3, i.e. at conditions relevant
to the centre of cold molecular clouds; this fraction may
drop to 1.2% and about 0.1% upon moving away from the
core (108 cm™3) to regions of n = 107 cm ™3 and n = 10°
cm ™3, respectively. This analysis further supposes that
collision-induced stabilisation proceeds with unit effi-
ciency and with an overall collision rate constant Z of
about 1072 cm®s™ 1. The latter was computed using com-
puted 12-6 Lennard-Jones parameters [52] for the adduct
(SiC4H3) and molecular hydrogen (H;) of 0 = 411 pm
for the collision diameter and & = 90.96 cm™! for the dis-
persion energy. Similar results were computed using a
capture model from Troe et al. [53] (1.1 x 107° cm?®s~!)
and Klippenstein’s long-range transition state theory [54]
(1.5 x 1072 cm3s™1).

4. Discussion and conclusions

The explicit identification of long-lived adducts in the
crossed molecular beam reaction of silicon atoms with
diacetylene and the implications of these findings to
third-body collisions deep inside cold molecular clouds
through the exploitation of electronic structure and
microcanonical kinetics models have far reaching conse-
quences in understanding the astrochemical evolution of
low-temperature interstellar environments. It is believed
that radiative association reactions including ion-neutral
and neutral-neutral reactions with a typical rate of radia-
tive relaxation of 102-10% s~! are suggested to dominate
in the cold interstellar clouds. The model studies pre-
dict that the radiative association reaction of ionised
atomic carbon (CT) with molecular hydrogen (H,) initi-
ates a reaction sequence leading to simple hydrocarbons;
radiative association reactions involving the methyl ion
(CH3™) are thought to be involved in the formation of
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more complex organic species in denser regions [55-57].
Laboratory studies on the radiative association are espe-
cially difficult since it can only occur at very low density
and very low temperature. To date, only radiative associa-
tions via ion-molecule reaction have been studied experi-
mentally. Gerlich et al. measured the association rates for
the ion-neutral systems in the ion traps down to very low
temperature of 5K [16,58,59]. During the reaction, the
density dependence of the neutral target gas is measured
and the results that association experiments are best per-
formed at densities where stabilisation of the collision
complex by a third body collision becomes comparable
with radiative stabilisation is revealed. In addition, ion-
molecule associative reactions were explored by Armen-
trout et al. using guided ion beam mass spectrometry,
which deepen our understanding of ionic structures and
reaction dynamics [60-62]. Here, the conceptual frame-
work of a third-body stabilisation of long-lived collision

complexes inside cold molecular clouds suggests that a
previously neglected class of chemical reactions - third-
body collisions of molecular hydrogen with long-lived
reaction intermediates of bimolecular collisions - may
influence low-temperature interstellar chemistry. The
behaviour of this class of reactions relies on five prerequi-
sites: (i) a barrierless entrance channel from the reactants
to the intermediate, (ii) efficient intersystem crossing
such as triplet-singlet crossing (non-adiabatic dynam-
ics), (iii) the closure of all exit channels for bimolecular
reactions due to reaction endoergicities or energetically
insurmountable exit transition states, (iv) re-crossing of
the reaction intermediate(s) from the singlet to the triplet
surface prior to re-dissociation of the triplet complexes
to the initial reactants, and (v) life-time(s) of the reac-
tion intermediate(s) longer than the time between colli-
sions with molecular hydrogen - the dominant molecular
component in cold molecular clouds.
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Which factors could enhance these prerequisites?
First, a facile intersystem crossing and efficient spin-orbit
coupling (SOC) could be facilitated through the ‘heavy
atom effect’ [63,64] and hence barrier-less bimolecu-
lar reactions initiated by, e.g. silicon atoms (Si(P))
with unsaturated hydrocarbons such as diacetylene
as studied here. Although ground state silicon atoms
do not react with astronomically abundant Cl to
C3 hydrocarbons such as methane (CHjy), acetylene
(CyH3), ethylene (CyH4), methylacetylene (CH3CCH),
allene (H,CCCHy;), propylene (C3Hg) and even ben-
zene (C¢Hg) via bimolecular reactions [65], early kinetics
experiments by Canosa et al. and Basu and Husain pro-
posed fast reaction rates of up to a few 10710 cm3s™!
of the reactions of Si(*P) with unsaturated hydrocarbons
at temperatures as low as 15K [66,67]. These discrepan-
cies might be reconciled by accounting for a barrierless
entrance channel, facile non-adiabatic dynamics along
with intersystem crossing from the triplet to the sin-
glet surface, no available bimolecular reactive exit chan-
nels, and a re-crossing of the reaction intermediates from
the singlet to the triplet surface. These processes could
enhance the lifetime of the reaction intermediates so that
the organosilicon adducts can be stabilised through a
third body with the buffer gas in the CRESU studies thus
implicating potential reaction pathways to an organosil-
icon chemistry in deep space at ultralow temperatures.
Note that ‘light’ atoms of the second row of the periodic
system of the elements such as ground state atomic oxy-
gen (O(*P)) also undergo ISC upon reaction with unsatu-
rated hydrocarbons such as methylacetylene (CH3;CCH),
allene (H,CCCH,), and benzene (CgHg) [68-70]; how-
ever, these bimolecular reactions have entrance barri-
ers ranging from 6.7 to 15.9 kJmol ™!, which cannot be
overcome at typical cold molecular cloud temperatures
of 10K. Second, the life-time of the intermediates can
be enhanced by increasing the availability of oscillators
such as low frequency bending fundamentals along with
ring deformation and puckering modes such as of poly-
cyclic aromatic hydrocarbons (PAHs) in the interstel-
lar medium [3,71-73]. This could in turn enhance the
lifetime of intermediates formed via bimolecular colli-
sions with ground state atomic silicon and potentially the
lighter atomic carbon thus providing an unconventional
route to previously neglected third-body regimes in deep
space.

Overall, our combined experimental, computational,
and microcanonical kinetics study represents a first step
toward a systematic understanding of the potential role
of third-body stabilizations of long-lived collision com-
plexes inside cold molecular clouds. This concept pro-
vides a previously elusive, potentially versatile mecha-
nism to complex organics thus bringing us closer in

the elucidation of the fundamental pathways driving the
complex chain of reactions toward organic matter on the
microscopic, molecular level in our Galaxy.
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