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ABSTRACT: The bimolecular gas-phase reaction of ground-state atomic silicon (Si; *P)
with disilane (Si,H; lAlg) was explored under single-collision conditions in a crossed
molecular beam machine at a collision energy of 21 kJ mol™". Combined with electronic
structure calculations, the results suggest the formation of Si;H, isomer(s) along with
molecular hydrogen via indirect scattering dynamics through Si;H, collision complex(es)
and intersystem crossing from the triplet to the singlet surface. The nonadiabatic reaction
dynamics can synthesize the energetically accessible singlet Si;H, isomers in overall
exoergic reaction(s) (—93 + 21 kJ mol™"). All reasonable reaction products are either
cyclic or hydrogen-bridged suggesting extensive isomerization processes from the
reactants via the initially formed collision complex(es) to the fragmenting singlet
intermediate(s). The underlying chemical dynamics of the silicon—disilane reaction are
quite distinct from the isovalent carbon—ethane system that does not depict any
reactivity at all, and open the door for an unconventional gas phase synthesis of hitherto
elusive organosilicon molecules under single-collision conditions.

For almost a century, Langmuir’s concept of isoelectro-
nicity’”” has been instrumental in the establishment of
contemporary concepts of chemical structure and bonding.
Specific interest has been devoted to contrasting the
chemistries of carbon and silicon.>™> With both carbon and
silicon located in main group 14, both atoms have each four
valence electrons and hence fulfill the concept of isovalency.
However, the chemical bonding and molecular structures can
be quite different for carbon and silicon, as evident from the
linear acetylene (HCCH; 1) strongly contrasting the dibridged
disilyne species (Si(H,)Si; III), which represents the global
minimum of the Si,H, potential energy surface (PES) (Scheme
1).”® Therefore, silicon hydrides have been exploited as
benchmarks to understand not only the similarities but also
the differences in the chemical bonding and molecular
structures compared with their isovalent hydrocarbon counter-
parts.” "

Whereas the C,H, and Si,H, surfaces have been explored
both experimentally and computationally,”"' ™" the next higher
homologues in this series, Si;H,, have escaped any experimental
identification to date. This is in sharp contrast with the
isovalent C;H, isomers with methylacetylene (VII) being the
global minimum only § k] mol™" below the energy of allene
(VIID);'* three singlet carbenes (X, XI, XII) have significantly
higher energies of up to 273 kJ mol™' above methylacetylene
(Scheme 2).”"* The inability in synthesizing any Si;H, isomer
(Scheme 2; XIII—XIV) showcases the difficulties of silicon to
form silicon—silicon double bonds due to the size of the silicon
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atom that precludes an atomic p orbital from approaching
sufficiently close to a second silicon atom to form 7z bonds.
Electronic structure calculations, however, suggest that various
Si;H, isomers like XIIT and XIV are kinetically stable.”"> In
addition to the structures equivalent to C;H,, multiple Si;H,
isomers have been located within 100 kJ mol™' including
hydrogen-bridged isomers, whose carbon counterparts do not
exist. Most interestingly, a highly bent H,SiSiSiH, structure
with a delocalized 7-system over the three silicon atoms (XIV)
was found residing 86 kJ mol™' below the carbon analogue
trisilaallene (XIII), which was characterized only as a second-
order saddle point.”'® Therefore, a replacement of carbon by
isovalent silicon leads to novel molecules, whose isovalent
carbon counterparts do not always exist. Interestingly,
electronic structure calculations predict that the substitution
of hydrogen atoms in the bent trisilaallene (H,SiSiSiH,; XIV)
by bulky and electropositive groups possessing o-donor and 7-
acceptor character restores the Si=Si=Si bond linearity from
an acute angle of ~70°.'>'7'® Recently, thermally stable,
crystalline compounds with formally sp-hybridized silicon
atoms have been synthesized via substitution of the hydrogen
atoms by bulky groups (XV, XVI; Scheme 3)."”'® These results
highlight the striking differences in molecular structure and
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Scheme 1. Lewis Structures of Distinct C,H, (I, II) and Si,H, Isomers (III-VI)“
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“Point groups and relative energies (k] mol™) with respect to the most stable isomer are also given.

Scheme 2. Structures of C;H, Isomers (VII-XII) and
Selected Si;H, Isomers (XIII, XIV)“
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Scheme 3. Structures of Isolated Trisilaallene-Based
Compounds with Si=Si=Si Angles of 136°(XV) and
164°(XVI)
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bonding of carbon hydrides versus silicon hydrides, thus
emphasizing the need to synthesize higher silicon hydrides
experimentally to gain innovative insights into the exotic
chemical bonding of carbon versus silicon and to supply basic
concepts on chemical reactivity and bond-cleavage processes of
silicon-bearing molecules.

We present the results of a crossed molecular beam reaction
of ground-state atomic silicon (Si; *P) with disilane (Si,Hg;
'A;,)) under single collision conditions to synthesize for the
very first time free Si;H, isomers in the gas phase via
nonadiabatic reaction dynamics. These results shed light on an
exotic silicon chemistry and puzzling chemical dynamics of
atomic silicon, which are very different compared with the
isovalent carbon systems.

The reactive scattering signal was recorded at mass-to-charge
ratios (m/z) of 91 to 87 to probe potential adducts along with
atomic and molecular hydrogen loss pathways. Accounting for
the natural abundances of silicon (*°Si (3.10%), *Si (4.67%),
288i(92.23%)), and carbon (*C (1.1%), "*C (98.9%)), no signal
was detected at m/z 91 and 90, indicating the absence of
adducts (*Si**Si,Hy*/**Si;H,") and the atomic hydrogen loss
channel (*Si**Si,H"/*°Si**Si,H"). However, signal was
observed at m/z 89 and 88. Ion counts at m/z 89 could arise
from the atomic hydrogen loss pathway (**Si;H;") or from the
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molecular hydrogen emission channel (*Si**Si,H,"); signal at
m/z 88 could be attributed to the molecular hydrogen
elimination pathway forming **Si;H, isomer(s). Considering
that the time-of-flight (TOF) spectra at m/z 89 and 88 are
superimposable after scaling, signals at m/z 89 and 88 originate
from ionized *Si;H, and **Si;H, (hereafter: Si;H,), respec-
tively. Finally, signal at m/z 87 stems from dissociative electron
impact fragmentation of the Si;H, product to Si;Hj".
Therefore, the laboratory data alone provide evidence of the
existence of the molecular hydrogen loss pathway forming
Si;H, isomers in the reaction of ground-state atomic silicon
with disilane. The associated laboratory angular distribution
obtained at m/z 88 (**Si;H,") depicts a distribution maximum
close to the center-of-mass (CM) angle of 51.9 + 1.0° and
spans a scattering range of ~45° (Figure 1). These results
indicate a complex-forming reaction mechanism (indirect
scattering dynamics) involving Si;H, intermediate(s).

The final objectives of our study are not only to extract the
molecular formula of the reaction product (Si;H,) but also to
untangle the structure(s) of the isomer(s) along with the
formation mechanism(s) of the exotic organosilicon molecules.
To accomplish this goal, it is important to acquire information
on the chemical dynamics. This is achieved by exploiting a
forward-convolution routine,'” which transforms the laboratory
data (TOF spectra, laboratory angular distribution) of the Si;H,
product(s) detected via its parent ion at m/z 88 into the CM
reference frame. This approach yields two “best-fit” CM
functions: the translational energy flux distribution P(E;) and
the angular flux distribution T(6) (Figure 2). A close inspection
of the CM translational energy flux distribution, P(Er), reveals
a maximum translational energy (E,.,) of 114 + 19 kJ mol ™.
For molecules born without rovibrational excitation, E,
represents the sum of the collision energy plus the reaction
exoergicity. Therefore, a subtraction of the collision energy
from E_,, suggests that the reaction forming Si;H, plus H, is
exoergic by 93 + 20 kJ mol™". Also, the P(Ey) shows a broad
distribution maximum from zero to ~20 kJ mol™’; this broad
plateau suggests multiple exit channels upon unimolecular
decomposition of the Si;H complex forming Si;H, isomer(s)
via molecular hydrogen elimination.”* Finally, the CM angular
flux distribution T(6) depicts flux over the complete scattering
range from O to 180°. The “best-fit” T(6) results in a symmetric
forward—backward scattered distribution, indicating the life-
time(s) of the decomposing complex(es) is(are) longer than
its(their) rotational period(s).”’ Furthermore, the pronounced
distribution maximum close to 90° suggests geometrical
constraints upon decomposition of at least one Si;Hg complex
in which the molecular hydrogen is emitted perpendicularly to
the rotational plane of the decomposing complex almost
parallel to the total angular momentum vector.””

Possible Si;H, isomer(s) formed via the bimolecular reaction
of ground-state atomic silicon with disilane can be revealed by
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Figure 1. Laboratory angular distribution (A) and time-of-flight
spectra (B) recorded at a mass-to-charge ratio 88 (Si;H,") in the
reaction of ground-state atomic silicon with disilane. The circles define
the experimental data and the red lines represent the fitting based on
the best-fit center-of-mass functions, as depicted in Figure 2. Errors
with an uncertainty of +1¢ are indicated. Here CM arrow indicates the
center-of-mass angle.

comparing the experimentally determined reaction energy
(=93 + 20 kJ mol™") with the reaction energies obtained
from our electronic structure calculations (Figure 3; Supporting
Information). The geometries and relative energies of the
triplet and singlet Si;H, isomers were explored via electronic
structure calculations, as described in the Methods. In detail,
our investigations indicate the existence of 10 triplet and 19
singlet Si;H, isomers. Among the triplet isomers, even the
energetically most favorable isomer 3p10 (—47 + 8 kJ mol™")
does not correlate with the experimentally derived reaction
energy of —93 + 20 kJ mol™'. Considering the singlet Si;H,
surface, within the error limits, eight singlet isomers ('p8 to
'p17), which are linked to reaction energies between —75 + 8
and —97 + 8 kJ mol™’, can account for the experimentally
determined reaction energy of —93 + 20 kJ mol™". Therefore,
we can conclude that because the reaction of ground-state
atomic silicon with disilane starts on the triplet surface, but the
energetically feasible product(s) ('p8 to 'p17) along with
molecular hydrogen both hold singlet ground states, at least
one channel of the reaction must involve intersystem crossing
and hence nonadiabatic reaction dynamics. A closer look at the
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Figure 2. Center-of-mass translational energy flux distribution P(Er)
(A) and angular distribution T(6) (B) leading to the formation of the
SizH, molecules plus molecular hydrogen in the reaction of ground-
state atomic silicon with disilane. Shaded areas indicate the acceptable

upper and lower error limits of the fits. The red solid lines define the
best-fit functions.

geometry of the reactants and potential products ('p8 to 'p17)
suggests that isomers 'p8 to 'p11, 'p13, and 'p17 hold a single
silyl group. Furthermore, all of those energetically accessible
product isomers are cyclic holding a Siy moiety except for 'p9
and 'p11, which are cyclic structures associated with bridged
hydrogen atom. Therefore, hydrogen migration(s) or isomer-
ization via cyclization must be important steps in the reaction of
ground-state silicon with disilane. Considering the complexity
of this system (intersystem crossing, ten energetically accessible
product isomers), a presentation of a complete singlet and
triplet Si,H¢ surface along with the search for conical
intersections is beyond the scope of this Letter but will be
conducted in the future.
In conclusion, our investigation of the bimolecular gas-phase
reaction of ground-state atomic silicon (Si; *P) with disilane
(Si,Hg 'A,,) revealed indirect scattering dynamics via Si;Hg
collision complex(es) along with a facile formation singlet Si;H,
isomer(s) involving intersystem crossing from the triplet to the
singlet surface. These nonadiabatic reaction dynamics can lead
to the formation of one (or more) singlet Si;H, isomers ('p8 to
'p17) in overall exoergic reaction(s) (—93 + 20 kJ mol™").
Both the broad distribution maximum of the CM translational
energy distribution and the shape of the CM angular
distribution suggest multiple exit channels, of which at least
one pathway is likely barrierless, but the second mechanism
could involve a tight exit transition state. In strong contrast, the
isovalent carbon—ethane system shows no reactivity at all.
Consequently, the isovalency of the silicon atom predicts an
incorrect reactivity in this system. This finding strongly
influences how we rationalize not only the chemical reactivity
of silicon-containing systems but also the reaction mechanism,
thermochemistry, and chemical bonding classifying the silicon—
disilane system as a critical benchmark toward a detailed
understanding of the formation of small (organo)silicon
molecules. The comparison of the chemical behavior of silicon
relative to carbon is fundamental to our understanding of
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Figure 3. Computed structures of triplet (*}p1-*p10) and singlet ('p1-'p17) Si;H, isomers along with their point groups and symmetries of the
electronic wave functions. The labels in red indicate the isomers that are energetically accessible under current experimental conditions. The energies
are given in kJ mol™" relative to the energies of the separated reactants.

chemistry and will affect how we explain chemical bonding
involving silicon atoms and how we think about chemical
structure in the future. Further experimental and theoretical
studies of these systems under single-collision conditions are
clearly warranted to fully uncover the unique reactivity of
atomic silicon along with the formation of novel organosilicon
molecules to gain a comprehensive understanding of their
electronic structures, chemical bonding, and stability.

B METHODS

Crossed Molecular Beam Experiments. The reaction of atomic
silicon (Si; °P) with disilane (Si,Hg; 'A,,) was investigated in a
universal crossed molecular beam machine at the University of
Hawaii at Manoa.””** In the primary source chamber, a pulsed
beam of neon-seeded silicon atoms was produced in situ by
ablating a rotating silicon target by 266 nm photons from the
output of a Spectra-Physics Quanta-Ray Pro 270 Nd:YAG laser
operating at 30 Hz and power of 9 + 1 mJ per pulse. The
ablated species were then seeded in neon (Ne; 99.999%;
Specialty Gases of America) carrier gas at a backing pressure of
4 atm released from a pulsed piezoelectric valve (Piezo Disk
Translator P-286.23; Physik Instrumente) operated with a
repetition rate of 60 Hz, a pulse width of 80 us, and a peak
voltage of —400 V. The pulsed beam of the silicon atoms
passed through a skimmer and a four-slit chopper wheel
rotating at 120 Hz; the chopper wheel selected a pulse of the
silicon atom beam with a well-defined peak velocity (v,) and
speed ratio (S) of 1390 + 14 ms™" and 2.8 + 0.2, respectively.
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In the secondary chamber, a pulsed beam of disilane (99.998%,
Voltaix) was prepared by a second piezoelectric valve operating
at 60 Hz, a pulse width of 80 ys, and a peak voltage of —400 V
with a backing pressure of 550 Torr; this resulted in a peak
velocity and speed ratio of 750 + 15 ms™' and 7.2 + 0.4 for the
disilane pulse. Because of the extreme flammability of disilane,
we incorporated a nitrogen cold trap (Nor-Cal, Inc.) between
the turbo molecular pump and roots roughing pump to trap
disilane. After passing through the secondary skimmer, the
pulsed disilane beam crossed perpendicularly with the beam of
atomic silicon at a collision energy of 21.0 + 0.8 kJ mol™'; the
center-of-mass (CM) angle was calculated to be 51.9 + 1.0°.
Note that the primary pulsed valve was triggered after 1872 us
with respect to the time zero defined by the infrared diode
mounted at the top of the chopper wheel, while the flash lamps
of the ablation laser were fired 155 us after the primary pulse
valve with Q-switch initiated 186 us after the flash lamp pulse
to allow a maximum overlap of the laser pulse with the neon
beam. The secondary pulsed valve was triggered 65 s prior to
the primary pulsed valve due to the lower velocity of disilane.
The 60 Hz repetition rate of pulsed valves and 30 Hz frequency
of the ablation laser enable a “laser-on” minus “laser-off”
subtraction to eliminate potential background. The reactively
scattered products were mass-filtered after ionization utilizing a
quadrupole mass filter and detected by a Daly type time-of-
flight (TOF) detector housed in a rotatable, triply differentially
pumped ultrahigh vacuum chamber (1 X 107"' Torr) after
electron-impact ionization of the neutral products at an
electron energy of 80 eV and an emission current of 2 mA.
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This detector can be rotated within the plane defined by the
primary and the secondary reactant beams, allowing recording
of angular-resolved TOF spectra. At each angle, up to 6 X 10°
TOF spectra were accumulated to obtain good signal-to-noise
ratios. The recorded TOF spectra were then integrated and
normalized to the intensity of the TOF at the CM angle to
extract the product angular distribution in the laboratory frame.
To acquire information on the scattering dynamics, the
laboratory data were then transformed from the laboratory
into the CM reference frame utilizing a forward-convolution
routine.'””*® This iterative method employs a parametrized or
point-form translational energy flux distribution, P(E;), and
angular flux distribution, T(6), in the CM frame. Laboratory
TOF spectra as well as the angular distribution are calculated
from the P(Er) and T(0) functions and are averaged over a grid
of Newton diagrams accounting for the apparatus functions,
beam divergences, and velocity spreads. For the fitting, we
considered a reactive scattering cross section of an E\3
energy dependence, where E_ defines the translational energy.
This method is adopted within the line-of-center model for
exoergic and barrierless entrance reactions dominated by long-
range attractive forces.”® In addition to the mass spectrometric
detection, the spin states of silicon atoms were characterized
utilizing laser-induced fluorescence (LIF).””*® Silicon atoms in
their ground (triplet) and first excited (singlet) states were
probed via the 3p* P — 3p4s P and 3p> 'D — 3p4s 'P
transitions around 251 and 288 nm, respectively. The °P
ground state was detected for several j states. No signal was
observable for the 3p* 'D, — 3p4s 'P; transition implying the
absence of electronically excited silicon atoms (Si; 'D) in the
beam.

Electronic Structure Calculations. The reaction of ground-state
atomic silicon (Si; >P) with disilane (Si,Hg; 1Alg) is also
explored theoretically. Here geometries of possible triplet and
singlet Si;H, isomers are optimized via density functional
B3LYP***/cc-pVTZ and coupled cluster’*™*® CCSD/cc-
pVTZ calculations. The completed basis set limits,”” CCSD-
(T)/CBS energies, are obtained by extrapolating the CCSD-
(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, and CCSD(T)/cc-pVQZ
energies, with B3LYP/cc-pVTZ or CCSD/cc-pVTZ zero-point
energy corrections. The accuracy of these CCSD(T)/CBS
energies is expected to be within 8 kJ mol™.>* GAUSSIAN09
programs™ are facilitated in density functional and coupled
cluster calculations.
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Figure S1: Laser-induced fluorescence spectra for *P and
'D states of atomic silicon. Table S1: Optimized
Cartesian coordinates, rotational constants, and vibra-
tional frequencies of H, dissociation products for the Si +
Si,Hy reaction. Table S2: Coupled cluster CCSD(T)/
CBS energies with B3LYP/cc-pVTZ zero-point energy
corrections of H, dissociation products for the title
reaction. (PDF)
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